Hydrol. Earth Syst. Sci., 26, 5185-5206, 2022
https://doi.org/10.5194/hess-26-5185-2022

© Author(s) 2022. This work is distributed under
the Creative Commons Attribution 4.0 License.

Hydrology and
Earth System
Sciences

Flood patterns in a catchment with mixed bedrock geology and a
hilly landscape: identification of flashy runoff contributions

during storm events

Audrey Douinot!, Jean Francois Iffly', Cyrille Tailliez', Claude Meisch?, and Laurent Pfister!

'Environmental Research and Innovation Department (ERIN), Luxembourg Institute of Science and Technology (LIST),

Belvaux, Luxembourg

2 Administration de la Gestion de 1’Eau — Division de 1’Hydrologie, 1, avenue du Rock’n’roll,

4361 Esch-sur-Alzette, Luxembourg

Correspondence: Audrey Douinot (audreydouinot@gmail.com)

Received: 18 January 2022 — Discussion started: 28 January 2022
Revised: 8 September 2022 — Accepted: 16 September 2022 — Published: 14 October 2022

Abstract. With flash flood events having been repeatedly ob-
served in Central and Western Europe in recent years, there
is a growing interest in how catchment physiographic prop-
erties and hydrological conditions are eventually controlling
rapid and concentrated hydrological responses. Here we fo-
cus on a set of two nested catchments in Luxembourg (Eu-
rope) that have been exposed in 2016 and 2018 to flash flood
events and study their seasonal runoff time transfer distri-
butions. Both catchments are of similar size (~ 30km?) and
have analogous hydrological distance distributions, but their
geological bedrock and landscape features are notably differ-
ent. The upper catchment (KOE) is dominated by a low land
area (38 % of the catchment is located less than 30 m above
the river network) consisting of variegated marly bedrock
(middle Keuper Km3) and moderately steep Luxembourg
sandstone outcrops (lower Liassic Li2). The lower catch-
ment (HM) has its drainage network deeply cut into the Lux-
embourg sandstone, with half of it being covered by marly
plateaus (Lower Liassic Li3, located between 80 and 100 m
above the river network) featuring heavy clay soil. Based on
data generated from a dedicated hydro-meteorological moni-
toring network, we calculated for 40 rainfall-runoff events
observed between August 2019 and July 2021 the corre-
sponding net rainfall transfer time distributions (TTDs) from
the hillslopes to the catchment outlet. We then compared the
TTD properties and related them to the catchment’s hydro-
logical state and rainfall properties.

We observed a marked seasonality in TTDs for both catch-
ments. The KOE catchment reacts fastest during the winter
period (December—February), while its response time is most
delayed and spread out during periods of catchment recharg-
ing (October—November) and drying (March—May). The HM
catchment exhibits similar TTDs during the mid-October to
mid-April period, but they diverge markedly during the re-
maining part of the year, with opposite variations. During
the mid-April to mid-October period, the average response
time increases progressively in the KOE catchment. This be-
havior is in stark contrast to the HM catchment, where re-
sponse times are significantly shorter (peak discharge de-
lay time decreases by —70 % =+ 28 %) and more concentrated
(runoff volume occurring in 1 h increases by +48 % + 87 %)
during the mid-April to mid-October, in comparison to the
extended winter period. This opposite seasonality leads us to
consider different control factors of the runoff transfer pro-
cesses in relation with the topographic and geological layout
of the catchment areas. In the KOE catchment, we found the
TTD to be essentially driven by onset and cessation of hydro-
logical connectivity on the flat marly terrain — the latter op-
erating like a variable contributing area in terms of deep soil
storage dynamics (except for one summer event). The HM
section exhibits contrasted TTDs throughout the year, sug-
gesting threshold-dependent hydrological processes. More
specifically, particularly quick runoff transfers seem to dom-
inate under dry conditions (mid-April to mid-October). Cor-
relation analyses compared to the literature on runoff gener-
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ation on the one hand and our descriptive knowledge of the
catchments on the other hand suggest multiple causes for the
triggering of these rapid flows. The fractured marly plateaus,
but also the hydrophobic forest litter forming during dry con-
ditions on steep slopes, stand as our main hypotheses in this
respect. Moreover, the absence of a riparian zone, prevent-
ing any dampening of (observed) abrupt and massive flows
during extreme precipitation events, also seems to be a key
feature of the rapid runoff transfer.

For improving our understanding and forecasting capabil-
ities in Luxembourg (and more broadly in the nearby regions
of Germany, Belgium, and France with similar physiographic
and climate conditions), we recommend further studies fo-
cusing on catchments with fractured bedrock and limited ri-
parian zones. Special attention may equally be given to the
hypothesized responses of hydrophobic soil surfaces on steep
hillslopes and marly soils to heavy precipitation events oc-
curring after extended dry spells.

1 Introduction
1.1 Background

One key aspect of flood risk management consists in de-
termining vulnerable areas exposed to hydrological hazard.
When affecting built areas, flash floods can be particularly
destructive due to (i) their short time of occurrence that
leaves very limited or no time to the population for protect-
ing their lives and properties (e.g., evacuation of people and
goods, flood fencing); and (ii) a very rapid concentration of
water volumes, leading to high — or even extreme — flood
peaks.

Such sudden and devastating flood events are commonly
referred to as “flash floods”. The non-exhaustive emergency
events database (EM-DAT, 2020, https://www.emdat.be/) has
reported no less than 550 fatalities, 616 760 affected inhabi-
tants and USD 17.6 billion of damage related to flash floods
in Europe over the past 20 yr. They have been extensively
studied precisely because of their high destructive potential
for exposed populations and infrastructures. More than 170
publications with the keyword “flash flood”” have been listed
in Scopus every year since 2015.

So far, studies on flash floods in Europe mainly focused
on the Mediterranean area (MA) (Pereira et al., 2017; Llasat
et al., 2016; Marchi et al., 2010; Ducrocq et al., 2014; Di-
akakis and Deligiannakis, 2017; Saber et al., 2018; Gaume
et al., 2016). These studies show that the rainfall properties —
more specifically the maximum amount of precipitation ac-
cumulated in a few hours — are of paramount importance
for flash flood generation. However, many of these studies
also pointed out the discrepancies of flash flood responses
between catchments with contrasting geological substrate —
the latter appearing to control the general flood shape, even in
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those very specific cases of quick storm flow generation pro-
cesses (Payrastre et al., 2012; Vannier et al., 2013; Douinot et
al., 2018). Likewise, catchment water storage prior to these
extreme events is determining the magnitude of the hydro-
logical response (Massari et al., 2020; Tramblay et al., 2010;
Berghuijs et al., 2019).

Headwaters are most prone to be impacted by flash flood-
type hydrological events. Orographic rainfall forcing can
lead to intense and prevailing precipitation on catchments lo-
cated at higher altitude. Steep hillslopes are intuitively per-
ceived as contributing to a rapid concentration of the surface
and subsurface flow, eventually leading to a quick transfer
of runoff at event scale. Moreover, mountainous catchments
may exhibit a more fractured bedrock, as they are subject to
higher structural constraints (Miller and Dunne, 1996; Mol-
nar, 2004; Slim et al., 2015). The numerous faults and cracks
support quick water transfer through the weathered bedrock
and explain fast hydrological responses, even though the soil
can be highly permeable (Braud et al., 2016; Braud, 2015).

In recent years, flash flood events have been reported for
catchments located in Central Europe (Ruiz-Villanueva et al.,
2012; Van Campenhout et al., 2015; Bronstert et al., 2018;
Bryndal et al., 2015). For example, two flash floods have oc-
curred in 2016 and 2018 in Luxembourg (Pfister et al., 2018,
2020). While the runoff coefficients determined for these
events remained rather moderate (12 %—25 %, Pfister et al.,
2020), their almost instantaneous and non-attenuated hydro-
logical response was very unusual for this physiographic and
climate setting.

While most flash flood-related literature published to date
refers to the Mediterranean area (MA), the processes under-
lying flash floods in North Central Europe remain poorly un-
derstood. This mainly relates to the fact that in these catch-
ments (i) the climate forcing is not primarily controlled by
topography (as opposed to MA), (ii) catchment storage filling
states are very different between early summer (storage lev-
els being still high when flash floods occur in central Euro-
pean catchments) and autumn (storage levels being low when
flash floods occur in MA catchments), and (iii) the underly-
ing bedrock geology is very different between Central Euro-
pean and MA catchments.

Within North Central Europe, Luxembourg stands as an
ideal hydrological test bed, located mostly inside the Moselle
River basin. The country embraces a wide range of nested
(headwater and mesoscale) catchments with various bedrock
types and contrasted physiographic settings — covering a rel-
atively small area (~ 2600 km?) exposed to a rather homoge-
nous pluvio-oceanic climate. The rainfall-runoff transforma-
tion has been extensively characterized and shows strong ge-
ological controls (Fenicia et al., 2014; Wrede et al., 2015;
Pfister et al., 2017).

For a set of 16 nested catchments in Luxembourg, Pfis-
ter et al. (2017) reported very contrasted hydrological func-
tions of water collection, storage, and release. By leveraging
9 yr worth of hydro-meteorological and stream isotopic data,
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they were able to document that a catchment’s resilience
to variable meteorological conditions is largely controlled
by bedrock geology. Less permeable bedrock will lead to
smaller catchment storage capacity, larger seasonal variabil-
ity in runoff coefficients, and smaller baseflow mean transit
times.

Wrede et al. (2015) and Fenicia et al. (2014) confirmed
the threshold (or seasonally contrasted) behavior of imper-
meable catchments. Using either a modeling framework over
long-term time series or geochemical tracing of two events,
they concluded that non-linear models are more appropri-
ate for simulating rainfall-runoff responses, and that the pre-
event water proportions differ between seasons. Note that the
catchment with a higher bedrock permeability (composed of
sandstone) is characterized by a more stable reservoir that is
reasonably well simulated by a linear model.

1.2 Status quo

To date, all investigations focusing on rainfall-runoff trans-
formation processes in the Luxembourg context have been
limited to small experimental watersheds (<5 km?2) or ded-
icated to catchment storage and release functions. While
these studies have substantially improved our understand-
ing of physiographic controls on runoff generation, we still
have poor knowledge of the processes triggering flash flood
events.

In flash flood prevention-related research, the interest is
not only set on runoff volumes, but also on the high reac-
tivity, magnitude, and intensity of the related hydrological
response. Here we ask — in the context of a North Central
European study area — what is influencing the specific flash
flood event patterns, beyond the extreme rainfall properties?
We leverage prior work in our nested catchment set-up and
explore if, how, and to what extent catchment physiographi-
cal properties and hydrological states may eventually control
— by dampening or enhancing — (i) mean transfer time and
(i1) magnitude of hydrological responses in case of extreme
precipitation events.

1.3 Hypotheses

Based on the current state of the art on flash flood-type events
in Central Europe and MA regions, and on our recent find-
ings on bedrock geology controls on fundamental catchment
functions, we hypothesize the following:

— Catchment bedrock geology is influencing — equally
to what has been found for mean summer and winter
runoff coefficients — flood hydrograph characteristics
proper to intense summer storm events, similar to those
typically found in the MA;

— Initial catchment storage — as translated by groundwater
levels and soil moisture — alongside vegetation grow-
ing state, are important factors, controlling both the re-
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sponse time and the damping effect of the catchment,
eventually worsening or mitigating the devastating po-
tential of a flash flood.

1.4 Methodology

For testing our hypotheses, we compare the runoff trans-
fer time distributions of two nested catchments in the Ernz
Blanche Basin (Luxembourg) — an area that has recently ex-
perienced several flash flood events. These two catchments
have almost equal surface area, and similar elevation ranges
and hydrological distances, while their bedrock geology and
physiographic features are very different. This makes them
suitable candidates for comparing transfer time distributions
(TTDs). We rely on a unit hydrograph model for calculat-
ing a TTD irrespective of the rainfall distribution. The model
is applied on 40 moderate rainfall events that have occurred
over 2 hydrological years (August 2019-July 2021). We in-
deed conjecture that the hydrological responsiveness of a
given catchment is detectable independently of the magni-
tude (i.e., volume and/or intensity) of the precipitation event.
The same model is also applied on the 2016 and 2018 flash
flood events, with the aim of having reference transfer times
characteristic of flash floods.

2 Study area and hydrological events
2.1 The Ernz Blanche catchment

The elongated Ernz Blanche catchment (102km?, approx-
imatively 22.5km long, 4.5km wide) is located in east-
ern Luxembourg (Western Central Europe). This mesoscale
catchment is part of the eastern limit of the sedimentary Paris
Basin — also called the Gutland area — where layers of perme-
able sandstone alternate with less permeable marls (Wrede et
al., 2015). The elevation ranges between 190 and 420 m.

The local climate is dominated by westerly atmospheric
circulation and temperate air masses from the Atlantic (Pfis-
ter et al., 2000). Seasonal differences in air temperature mea-
sured over the period 1971-2000 range from 3.8 °C in winter
(from October to March) to 14.3 °C in summer (from April
to September) (Pfister et al., 2017). Average annual precipita-
tion in the catchment is 853 mm yr~! over the studied period
(1 August 2019-1 August 2021). The spatial distribution of
precipitation follows the topography, with annual rainfall to-
tals decreasing from 890 mm on the high elevated plateaus to
760 mm around the catchment outlet (Reisdorf, Fig. 1).

The Ernz Blanche catchment has been exposed to several
flash flood events in the past (1958, 2016, and 2018). This
area is representative of most physiographic features found
in Luxembourg. With a view to study flash flood mecha-
nistics, we have installed a multi-parameter monitoring net-
work in June 2019, geared towards the study of extreme
rainfall-runoff responses. Six stream gauges have been in-
stalled along the 27.5 km long Ernz Blanche River (Douinot
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et al., 2019) — crossing two contrasted physiographical set-
tings with a view to TTD comparison. In addition, four rain
gauges and soil moisture sensors were dispatched across the
catchment to measure precipitation and soil water content,
respectively (Fig. 1). Three of the six stream gauges — lo-
cated at Koedange, Heffingen, and Medernach — cut the Ernz
Blanche catchment in two distinct sections: the Koedange
subcatchment (KOE) and the Heffingen—-Medernach section
(HM). The two sections cover almost equal areas and ex-
hibit similar elevation range and slope (Table 1), but with dif-
ferent geological substrates and physiographic features. The
area extending upstream of the Koedange station is almost
equally split between variegated marly terrain (middle Keu-
per, Km3) which roughly delimits a flat area, and the Luxem-
bourg sandstone outcrops (Li2, Table 1). The area extending
between the Heffingen and Medernach stations (hereinafter
referred to as the HM catchment) mainly consists of deeply
cut Luxembourg sandstone, the river network forming nar-
row valleys. A marly layer (Li3) partially overlays the sand-
stone and designs two elevated plateaus located on both sides
of the Ernz Blanche (green features in Fig. 1). The land uses
follow the geological delineation: the Luxembourg sandstone
substrate is essentially covered by forest while the marl sub-
strates (Li3, Km3) are used for agriculture purposes (see the
land uses in Fig. S2, in Supplement).

The similar elevation and slope characteristics actually
hide contrasted landscape features (Fig. 3). In the Koedange
catchment (KOE, Fig. 3a) and on the left-handed hillslopes
of the Ernz Blanche river between Medernach and Laro-
chette (part of HM, Fig. 3d), the marly middle Keuper sub-
strate is predominant and slopes are moderate (Fig. 2, right).
In the KOE catchment particularly, the marly middle Keu-
per substrate mainly forms a flat terrain in the vicinity of
the river network and does not extend further than 30 m in
height above the river network (Table 1). On the Larochette—
Heffingen section (Fig. 3b) and on the right riverbank of
the Medernach—Larochette section (Fig. 3c) sandstone cliffs
are more prominent. The river network is deeply cut into
the sandstone bedrock. Steep slopes close to the river net-
work delineate narrow valleys (Table 1 and Fig. 1, right).
As described in Kausch and Magquil (2018): “The Luxem-
bourg Sandstone as a whole is cut through by a nearly vertical
network of primary joints, with a meter- to decameter-wide
spacing. These joints define large blocks or slabs and influ-
ence strongly the layout of the drainage system. Joints and
fissures are mostly closed on the plateaus but may be widely
opened by dissolution in lower lying zones of water infiltra-
tion or by unloading along the plateau edges” (Fig. 2, left).
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2.2 Hydro-meteorological datasets
(August 2019-July 2020)

2.2.1 The monitoring network

We leverage 2yr of rainfall and discharge measurements
recorded at a 5Smin time step between 1 August 2019 and
1 August 2021. Rainfall has been recorded using four tipping
bucket rain gauges with an impulse of 0.2 mm (Campbell Ka-
lyx, see Fig. 1 for the rain gauge locations). The observed
rainfall measurements were interpolated using the Thiessen
polygon method. The water levels have been recorded us-
ing a CS475A radar sensor. The discharge rating curves were
determined via 20 gauging measurements per station, all car-
ried out within the studied period. Note that the gauging cam-
paigns also cover the two highest floods observed.

Soil humidity sensors (Campbell CS650) were installed
at 20 and 50cm depth next to the rain gauge locations.
They recorded soil humidity at a 5 min time step in the two
main soil textures of the catchment, namely sandy soils and
clay soils. The observed soil humidity measurements were
weighted according to the cover rate of each soil texture to
account for their spatial variability.

2.2.2 Selection of the rainfall-runoff events and their
characteristics

We selected 40 rainfall-runoff events (Fig. 4, Table 2) ac-
cording to the following criteria: (i) the average rainfall
amount based on data from the four rain gauges had to ex-
ceed 10 mm, and (ii) there had to be less than 6 h without
rain within a single event. The data set covers a wide range
of rainfall event durations (Table 2), spanning from several
summer storms having lasted a few hours (with a minimum
of 2.8 h) to winter events spread over several days (the max-
imum being 6 d). Aggregated 5 min rainfall varies from sig-
nificant (i.e., up to 21.7 mm in 1 h) to low (< 1.3 mm in 1 h)
rates. The seasonal cycle of the soil wetness state is also well
represented by our dataset, with initial soil moisture condi-
tions spanning almost the full width of the annual distribution
[¢'""—¢%"™]. Due to the large range of the observed rainfall
forcing and initial catchment wetness states, our 2 yr dataset
covers a large diversity in floods. The runoff coefficients vary
from 1.2 % to 38.1 %. The observed flood peaks span 2 or-
ders of magnitudes.

Within our dataset, the extraordinary summer event of
13 July 2021 — which had dramatic consequences in the
greater region (South Belgium, Eastern Germany) — consists
of an extreme event in terms of rainfall amount (129 mm
in 62h) and discharge peak (the highest water level was
recorded during that event, ever since the installation of the
oldest hydrometric station at Larochette in 2014). Although
runoff volumes are rather uncertain (Table 1), the flood tim-
ing required for the methodology was recorded well enough
to apply the unit hydrograph model. In addition, we selected
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Figure 1. Ernz Blanche catchment (102 km2). Discharge and rainfall monitoring network; left: geological characteristics (see Kausch and
Maquil, 2018 for more details). Right: topographical properties: slopes and height above the nearest drainage (HAND, Nobre et al., 2011).
The Koedange subcatchment (KOE) and Heffingen—-Medernach section (HM) are highlighted with orange and green contours, respectively.

Table 1. Properties of the Ernz Blanche catchment by section.

Catchment section Area  Elevation [m] Slope [%] Distance to the ~ Area below 10m  Lower Outcropping/overlying
[km?] q25‘h—q75[h q251h%1751h outlet [km]  height above the  geology geology
q25‘h—q75[h nearest drainage
[km?]
Koedange subcatchment  31.14 320-385 3.55-12.5 3.91-8.57 4.6 (14.8%)  Variegated marls Km3 (41.7%)  Lux. sandstone Li2 (46.2 %)
Heffingen — Medernach 30.35 323-372 4.6-12.3 3.72-7.78 1.6 (5.3%) Lux. sandstone Li2 (40.4 %) Marls of Strassen Li3 (35.2 %)

the 2016 and 2018 flash flood events for which valuable dis-
charge had been recorded at Larochette (69.4 km?). We de-
termined 5 min rainfall amounts from radar observations and
rain gauge measurement-based corrections. For both events,
precipitation and the resulting floods relate to the catchment
downstream of Heffingen (see the spatial rainfall amount pat-
terns in Fig. S1 in the Supplement).

Based on the rainfall properties and catchment states, the
data set can be split in two categories related to the sea-
son of occurrence: the winter events occurring from Octo-
ber to April (i.e., when soil moisture reaches field capacity)
are characterized by longer durations (Fig. 4, left), while in
summer (May—September), the rainfall intensities are higher.
Among the observed hydrological responses (Fig. 4, right),
two moderate winter rainfall-runoff events (3 February and
21 December 2020) stand out with high discharge peaks, as
well as the 2016 and 2018 summer events. The extraordinary
event of 13 July 2021 is out of the frame of the principal com-
ponent analysis (PCA), due to the related extreme rainfall
amount and peak discharge. Note that the rainfall properties
of the 2016 and 2018 flash floods do not appear that excep-
tional when compared to the data set of moderate events used
in this study.

From the discharge response visualizations (Fig. 5), we
were already able to discern two distinct patterns. The head-
waters (as expressed through the Koedange and Heffingen
stream gauges) consistently triggered rather attenuated hy-
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drological responses. Further downstream, the stream gauges
located downstream of Larochette exhibited a much more re-
sponsive behavioral pattern. The difference is most notice-
able during summer.

3 Methodology — the unit hydrograph model
3.1 Modeling the rainfall-runoff transformation with a
gamma distribution function

We applied a simple unit hydrograph model to reproduce
the hydrological responses of each rainfall forcing over each
catchment section. The unit hydrograph model assumes (by
definition) that each net rainfall unit has the same TTD. We
assume that the runoff coefficient (RC) is constant during the
event, and we thus consider our catchment in steady state.
This strong assumption prevents us from imposing a tran-
sient phase (variable RC and TTD) that we cannot measure.

Applying a unit hydrograph model allows for calculating
a TTD independently of the rainfall distribution. Moreover,
the hydrological response of the HM section can be extracted
from that determined for the entire Medernach Catchment.
We chose the gamma probability density function (PDF) as
unit hydrograph model. The gamma PDF enables a wide
range of likelihood TTD (Hrachowitz et al., 2010), while
only requiring the calibration of two parameters.
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Table 2. Rainfall event properties, initial soil moisture and discharge characteristics. ? rainfall statistics relate to the Medernach upper
catchment. P initial soil moisture values correspond to the arithmetic mean of the four observed TS. ¢ RC: runoff coefficient calculated for
the Medernach upper catchment; peak discharge: arithmetic mean of peak discharge observed at Koedange and Medernach. In bold: extreme
values. (1) The peak discharge and the runoff coefficient was roughly estimated for the 13 July 2021 event. (2) The 2016 and 2018 flash flood
events properties were assessed for the Ernz Blanche catchment at Larochette. NA — not available.

Rainfall? ‘ Soil moisture® [%)] ‘ Runoff®
Event Amount Duration = Max. intensity —20cm —50cm RC Peak disch.
(yyyy/mm/dd) [mm)] [h] [mm h_l] in depth in depth [%] (1 km~2 s_l]
2019/08/06 11.1 14.5 3.45 52.6 70.1 1.44 24
2019/08/09 14.2 11.8 12.08 60.3 71.6 1.38 54
2019/08/12 13.5 7.9 8.21 54.4 72.8 1.65 5.7
2019/08/17 16.3 34.0 2.94 60.2 73.1 1.67 39
2019/09/24 11.0 279 4.12 52.5 70.6 1.24 5.0
2019/09/26 9.8 17.7 2.87 54.0 72.0 1.33 2.5
2019/10/07 30.3 67.1 3.51 84.2 77.9 2.30 6.7
2019/10/19 43.6 24.6 6.30 89.6 87.8 8.34 45.9
2019/11/02 214 74.4 3.35 91.0 88.7 10.00 19.1
2019/11/17 17.9 37.3 2.01 88.1 89.9 16.69 31.6
2019/11/26 17.3 60.5 1.99 90.6 89.2 14.12 22.5
2020/01/26 353 49.7 6.05 88.1 89.1 25.09 126.2
2020/01/31 21.5 35.7 6.56 88.0 89.8 23.18 98.1
2020/02/03 30.6 29.0 8.38 96.0 91.7 24.25 221.5
2020/02/09 26.2 53.6 4.57 89.2 91.7 19.76 77.9
2020/02/29 20.5 39.0 3.17 96.3 92.0 12.82 529
2020/03/04 242 454 2.42 93.3 93.8 30.34 126.7
2020/03/09 11.6 41.2 2.16 92.6 93.0 19.52 33.7
2020/04/29 352 69.8 4.48 579 77.6 2.12 54
2020/06/03 27.3 19.6 7.88 52.8 69.6 1.42 6.3
2020/06/12 16.6 16.0 9.74 60.5 70.1 2.65 8.8
2020/06/17 17.2 133 6.21 67.4 724 2.25 9.2
2020/06/26 28.4 20.3 21.68 63.8 71.9 3.99 27.7
2020/09/26 223 13.8 4.70 47.7 65.5 1.46 8.3
2020/12/02 17.4 433 3.13 89.3 84.3 8.47 32.0
2020/12/21 574 85.7 7.08 88.9 87.6 29.07 227.3
2020/12/27 14.0 56.3 1.26 89.6 92.5 38.08 77.29
2021/01/21 20.9 18.0 3.75 93.0 88.9 28.77 112.7
2021/01/27 43.5 129.7 3.49 90.0 88.2 34.80 87.0
2021/02/02 21.2 423 4.80 94.3 95.2 2421 113.0
2021/02/06 13.0 17.4 4.55 92.6 94.7 31.55 73.7
2021/03/11 38.5 154.2 4.08 84.0 84.9 15.02 37.6
2021/04/09 36.8 46.7 3.35 79.1 83.2 13.18 52.5
2021/05/14 26.0 86.7 3.25 69.7 80.9 242 44
2021/05/24 259 53.6 3.10 78.0 80.6 4.50 10.0
2021/06/04 234 2.8 15.39 81.0 84.0 6.70 36.6
2021/06/19 15.8 6.7 11.53 63.1 83.7 1.96 7.4
2021/06/24 17.0 12.3 5.27 65.4 83.5 2.60 9.8
2021/07/13 128.9 62.1 15.49 87.0 86.3 22-30! 400-600"
2021/07/27 20.6 7.7 10.65 81.0 86.6 9.02 50.5
EXTREMA 9.8-128.9 2.8-154.2 1.26-21.68 | 47.7-96.3 65.5-95.2 | 1.24-38.08 2.4-227.3
2016/07/222 23.9 12 5.03 NA NA 12-16 210-260
2018/06/012 43.0 22 12.2 NA NA 19.0-22.0 170-200
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Figure 2. Overview of the Ernz Blanche catchment. Left: view of the sandstone cliffs in the White Ernz valley at Larochette (Kausch and
Magquil, 2018). Right: view the upstream part of the Koedange station (marked in orange). The arable land roughly corresponds to the Km3

geology, while the surrounding forest corresponds to the Li2 geology.

Koedange Heffingen - Medernach subcatchment
subcatchment
audkw | |Meffingen-larochete Larochette - Medemach /| |Larochette - Medernach |

150
!

l208km

100
|

50

Elevation from the
outlet of the section [m]

1]

0 20 4 60 80 100 0 20 40 60 80 100
Surface area distribution [%)]

Surface area distribution [%]

right riverbank
4.85 km?

i left riverbank
4.7 km?

i} 20 40 60 B0 100 0 20 40 60 80 100

Surface area distribution [%] Surface area distribution [%]

Figure 3. Geological profiles in the Ernz Blanche catchment. Elevation distribution of (a) the Koedange subcatchment, (b, ¢, d) 3 subsections
of the Heffingen—Medernach area: (b) the Larochette — Heffingen subsection; (c) the right riverbank of the Medernach — Larochette subsec-
tion; (d) the left riverbank of the Medernach — Larochette subsection. Elevation is counted from the minimum elevation of each section.
The geological substrates are designed according to their proportion in each section. Blue: marls from middle Keuper (Km3); dark yellow:
Luxembourg sandstone (Li2); green: Strassen marls (Li3), dark brown: conglomerates, marls and altered limestone.

The Heffingen—Merdernach Catchment section requires an
additive modeling unit to simulate the hydraulic transfer of
the discharge inflow from Heffingen. We chose a Gumbel
PDF to simulate the 7.9 km hydraulic transfer from Heffin-
gen to Medernach. The hydraulic transfer process is indeed
linear enough to be well simulated by this function. Two unit
hydrograph models and one hydraulic transfer model are ap-
plied to simulate the discharge at Koedange and Medernach
stations as described in Egs. (1) and (2).

t

Q(t)Koedange = fRKoedange (T) Gaﬁ,e (t - T) dT’ (1)
0

https://doi.org/10.5194/hess-26-5185-2022

t
R
ot )Medernach= / RHefﬁngen—Medemach (v) Gap,g (t—r7)dr
0
t

+/ OHeffingen () Gu}?’g (t—r7)d. 2)
0

With: R, (¢) is the net rainfall amount after infiltration on
the X (either KOE or HM) catchment section; QHeffingen (t)
is the discharge observed at Heffingen station; Gaﬁﬁg(t) is
the gamma PDF modeling the transfer time distribution of
Ry (t); and Gu? (1) is the Gumbel PDF modeling the hy-
draulic transfer of the catchment inflow at Heffingen. (u, 9)
are the model parameters.

Hydrol. Earth Syst. Sci., 26, 5185-5206, 2022
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Figure 4. Overview of the events from August 2019 to July 2021. (a) Principal component analysis (PCA) taking into account rainfall
properties and the wetness state of the Ernz Blanche catchment at Medernach. (b) PCA including hydrological response properties (Qmax:
peak discharge and RC: runoff coefficient). The two flash flood events of 2016 and 2018 are positioned on the figure using the Larochette
Catchment data. The extraordinary event of the 13 July 2021 plots out of the lower left corner of the frame.
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Figure 5. Four rainfall-runoff events that have occurred in the Ernz Blanche catchment with different soil moisture conditions. Rainfall
amounts are calculated for the Ernz Blanche catchment at Medernach (79 kmz). The runoff time series are observed at Koedange (31.1 km?
orange), Heffingen (48.8 km2, purple), Larochette (69.4 km2, cyan), Medernach (79 km?2, green), and Reisdorf (100.6 km2, black). Hl.20Cm
corresponds to the soil moisture conditions observed at 20 cm in depth before each event. Note that scales for discharge time series are

different on each panel.

The gamma and the Gumbel PDF are described in Egs. (3)
and (4), respectively,

Gay, g (1) = e th 3)
. T (w)
where I"(w) is the gamma function.
1 —t—un —t—p
Guy g (1) = P - exp 5 +e 7 . )

For each event, the net rainfall amount after infiltration —
R)";V"’ (t) — is assessed from the observed runoff coefficient

Hydrol. Earth Syst. Sci., 26, 5185-5206, 2022

(RC&") as described in Egs. (5), (6), and (7).

1,
ti:?td OMedernach (f) — OMedernach (finit) d?

17
_ft end QHefﬁngen ) — QHefﬁngen (finit) dt

Rcﬁlﬁl — init ( 5)
Zi:f P Medernach—Heffingen (t )
fend
f QKoedange ) — QKoedange (tinit) dt
RC?H _ Tinit (6)
Z;::f P Koedange (t )
R (1) =RCSY . P, (1). (7
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Table 3. Model’s parameter ranges.

w 6
Koedange model 1-18  0.1-15
(Gamma PDF)
Heffingen—-Medernah model  0.1-16  0.1-15
(Gamma PDF)
Hydraulic model 0.1-4.5 0.1-5
(Gumbel PDF)
Larochette model 0.1-16  0.1-15

(Gamma PDF)

With: P, (¢) and R, (t) is the rainfall amount and the net rain-
fall amount, respectively, observed in the X (KOE or HM)
catchment section; tiir and fenq the start and the end time of
the event evt-i, and RCiV” the observed runoff coefficient
during the event evt-i in the X catchment section.

We relied on a Monte Carlo analysis with 2000 parameter
sets for calibrating the models. The models’ parameter (u,
0) ranges are presented in Table 3. They have been chosen
according to prior rough assessments of the median transfer
time (period between the median times of the net rainfall and
the runoff distribution, see Supplement Sect. S3) and the time
lag between flood peaks at Medernach and Heffingen (for the
hydraulic model).

We applied the unit hydrograph model to the 2016 and
2018 flash flood events at Larochette, similar to modeling of
the KOE catchment. Although the modeling covers the hy-
drological response of the entire 69.4 km? of the catchment
at Larochette, we assume comparable transfer times — and
therefore comparable parameter ranges — because of the pre-
cipitation during these two events being located in the first
half of the catchment (see rainfall pattern in Supplement,
Fig. S1).

For our event-based calibration, we used the root mean
square error (RMSE) as objective function. It enables to fo-
cus the calibration on the high flows and their timing (un-
like an objective set on the flow duration curve for example).
From the calibration results, we first select the 50 best sim-
ulations. We then gradually reduce the number of acceptable
simulations, as the variation of the RMSE scores among this
likelihood subset exceeds 10 % of the mean discharge. This
limit ensures homogeneous modeling results within the sub-
set, so that they could consequently be equally considered.
(Note that a weighting process according to the RMSE could
also have been chosen for similar results.)

https://doi.org/10.5194/hess-26-5185-2022
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3.2 Properties of the transfer time distributions and
correlation analysis

From the event-based calibration, we obtain a TTD set for
each event over each catchment section. We opted for com-
paring the different TTD sets by defining three properties
(Fig. 6):

— TTD50: the median transfer time [h], i.e., the 50th per-
centile of the TTD;

— TTDpk: the flow peak lag time [h], i.e., the time where
the TTD is at its maximum,;

— VOLI1h: the runoff response concentration in 1 h (% of
the total runoff volume).

TTD50 is representative of the time lag between the hyeto-
graph and hyetogram barycenter, which characterizes the av-
erage transfer speed of a catchment. TTDpk and VOLI1h
characterize the dominant transfer speed and how the trans-
ferred water volume is more or less concentrated around the
flood peak. The two latter properties are of first order of in-
terest to characterize the ability of a catchment to generate
fast and high magnitude floods, and eventually flash floods.

We analyze the variation of the TTD properties accord-
ing to the different rainfall and catchment properties. Among
a larger number of rainfall properties, we chose the rainfall
amount (Rcumul [mm]), the rainfall duration (Rduration [h]),
the maximum rainfall intensity in 1h (Ilh [mm h~!7), and
the mean rainfall intensity (Imean [mm h~!). Those statis-
tics were picked from a larger number of options, appearing
during the analysis to be the most significant. The catchment
state before each hydrological event is described using the
soil moisture at —20 cm depth (SWC20 [%]), and at —50 cm
in depth (SWC50 [%]), the baseflow (Qbase [m> km—2s~1]),
and the calendar day (DAY). The different statistics were
chosen because of their availability and as they enable to
characterize catchment storage state (Qbase), soil moisture
states (SWCx), and seasonal time (DAY).

The dependency of the TTDs versus the rainfall and catch-
ment state properties is studied through the non-parametric
correlation scores Kendall’s T (Kendall, 1938) and Hoeffd-
ing’s D (Hoeffding, 1948). Both are rank-based approaches.
Kendall’s t assesses the possible monotonic relationship be-
tween two variables, including non-linear relations (unlike
the Pearson coefficient). Hoeffding’s D can detect non mono-
tonic relationships. The statistics are calculated using Stats
(version 3.4.4) and Hmisc (version 4.4-0) packages on R.

4 Results
4.1 Validation of the models

Table 4 provides a multiple assessment of the model calibra-
tions using the root mean square errors of the event times

Hydrol. Earth Syst. Sci., 26, 5185-5206, 2022
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Figure 6. Illustration of the TTD properties on a unit hydrograph:
TTDS50, TTDpk, and VOL1h.

series (RMSE), as well as of the flow duration curve (FDC),
and the Nash-Sutcliffe coefficient (NASH).

According to the Nash coefficient, the models fitted very
well all events, except one (12 June 2020) on the Heffingen—
Medernach section. Most of the RMSE scores are below
15% of the maximum peak discharge — which is an ac-
ceptable result — except for one event on the Heffingen—
Medernach section (HM) and one event on the Koedange
subcatchment (KOE). The latter corresponds to one of the
smallest events in terms of flood peak which make it sen-
sitive to this assessment. The simulation for the Heffingen—
Medernach section was rather poor for a three-peaked flood
event that had occurred on 29 February 2020.

According to the flow duration curve assessment, the mod-
els show limitations for simulating three summer events with
high rainfall intensity on HM, two large winter events on
KOE occurring while water storage was high but not yet at
maximum levels, and four summer events.

Figure 7 shows three event simulations for the KOE catch-
ment. The events were chosen as representative of the event
set simulations. The simulations of the 26 January 2020 event
for the Koedange subcatchment (Fig. 7a) overestimate the
rising limb and underestimate and delay the flood peak. This
limitation of the model is indicated by the low FDC values.
While the first part of the flood is overestimated, the second
part with the major peak is slightly underestimated. The sec-
ond batch of examples (Fig. 7b) shows well-simulated events
for KOE, where the flood pattern is well reproduced, despite
the strong heterogeneity of the rainfall. The particular case
of the 26 June 2020 event is shown in Fig. 7c. This event
consisted in two consecutive storms, the first one having the
highest intensities of the entire time series. Here the simu-
lations “do a compromise” for simulating both flood peak
responses: the first one tends to be underestimated, while the
second one is overestimated. We can also notice that only a
few simulations have been validated.

Figure 8 shows three event simulations for the HM section.
Similar to the KOE catchment, the simulations tend to over-
estimate the rising limb and to underestimate the flood peak

Hydrol. Earth Syst. Sci., 26, 5185-5206, 2022

for autumn and early winter events — but to a smaller extent
(Fig. 8a). The 29 April 2020 event displayed on panel b in
Fig. 8 is representative of the well-simulated events for the
HM section. It shows how well the overall flood pattern is
simulated. Note that for the HM section, the instantaneous
flood peaks observed during the early stages of the rising
limb are not reproduced by the simulations. Those peaks last
little more than two or three 5 min time steps, which explains
why the scores are not affected by these model limitations
(the errors calculated on a couple of time steps are dissolved
within the overall TS assessment).

The 12 June 2020 event displayed in Fig. 8c, alongside
three short storm events that occurred on 19 June, 27 July,
and 4 June 2021, show the models’ limitations. A three-
peaked observed response is caused by a high intensity and
short rainfall forcing. Note that there is reportedly no error in
the one peak rainfall observation.

4.2 Comparison of Koedange and
Heffingen-Medernach TTDs

We observed a large diversity in TTDs, as obtained after the
event-based calibration for the HM section and KOE catch-
ment (Fig. 9; Table 5). The median transit times (TTD50)
vary between 2.0 and 23.9 h, the lag time between the rain-
fall unit occurrence and the peak response (TTDpk) varies
from 0.5 to 19.7h, and the runoff concentration (VOL1h)
varies between 3.2 % and 30.1 %. The TTD50 and TTDpk
estimates of the events show a homogeneity by season of oc-
currence. Moreover, these estimates have a low uncertainty
given the total variability observed over the year, except for
the period from March to May.

KOE and HM exhibit similar TTD during the mid-October
to mid-April period, although the hydrological transfer on
HM is almost constantly slightly quicker (—2 h in average for
TTDS50) and slightly more concentrated (4-2.5 % in average).
In contrast, significant discrepancies between both catchment
sections are observed during the summer period (mid-April
to mid-October). For the HM section, the TTD50 decreases
from an average of 8.9h in winter to half the value (4.6 h)
in summer. In contrast, the TTD50 shows less variability for
the KOE catchment, and even an increase by 1.6 h in summer,
suggesting an opposite effect of the dry conditions on catch-
ment responses. Eventually, TTD50 in summer is on average
2.6 times shorter for the HM section than for the KOE catch-
ment. The peak lag times show even more contrasted values,
with the average TTDpk during summer being 1.9 and 8.5h
for the HM section and the KOE catchment, respectively. We
may also note the very high reactivity (i.e., short response
time) of the HM section, considering its area.

The TTD spread (VOL1h or runoff concentration) shows
also different variations along the season, depending on
the catchment considered. For the KOE catchment, VOL1h
varies only moderately throughout the seasons around the
small average of 7.1 % (o0 =2.3%). A notable exception
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Table 4. Assessment of the models’ calibration. Median score of the likelihood selected simulations: RMSE =root mean square error
expressed as a percentage of the observed peak discharge; NASH = Nash—Sutcliffe coefficient; FDC =root mean square error of the flow
duration curve expressed as a percentage of the mean discharge. Bad scores are highlighted in bold.

Event KOE \ HM

(yyyy/mm/dd) RMSE [% maxQ] NASH[-] FDC [% meanQ] ‘ RMSE [% maxQ] NASH [-] FDC [% meanQ]
2019/08/06 8.2 0.93 11.6 NO DATA

2019/08/09 16.6 0.75 24.6

2019/08/12 11.9 0.87 19.2

2019/08/17 6.8 0.95 11.9

2019/09/24 7.4 0.95 14.7 5.3 0.87 39.6
2019/09/26 8.1 0.94 10.5 10.5 0.80 19.0
2019/10/07 9.9 0.86 19.3 9.4 0.85 7.9
2019/10/19 8.8 0.94 18.1 7.8 0.93 10.0
2019/11/02 14.7 0.78 31.4 6.8 0.94 9.7
2019/11/17 10.5 0.81 50.9 9.3 0.90 16.4
2019/11/26 10.6 0.84 14.3 5.9 0.96 9.6
2020/01/26 11.2 0.83 38.9 8.3 0.91 14.4
2020/01/31 7.6 0.93 16.3 8.1 0.94 13.0
2020/02/03 4.8 0.98 154 10.4 0.91 21.7
2020/02/09 6.7 0.94 16.2 7.5 0.94 8.0
2020/02/29 10.0 0.89 259 17.8 0.63 26.3
2020/03/04 5.1 0.97 7.7 4.6 0.98 8.9
2020/03/09 9.2 0.88 27.5 9.1 0.90 10.0
2020/04/29 7.4 0.93 11.8 9.1 0.77 10.0
2020/06/03 12.5 0.79 14.4 9.9 0.74 23.2
2020/06/12 7.5 0.93 15.7 12.3 0.18 39.1
2020/06/17 8.8 0.92 18.0 9.7 0.80 19.7
2020/06/26 8.6 0.85 42.6 10.4 0.60 46.0
2020/09/26 4.9 0.98 8.4 5.5 0.93 10.9
2020/12/02 5.5 0.97 12.0 6.9 0.96 12.2
2020/12/21 6.8 0.92 21.1 6.2 0.92 25.0
2020/12/27 6.0 0.95 14.6 7.8 0.91 11.9
2021/01/21 8.0 0.94 14.3 10.5 0.93 11.6
2021/01/27 7.6 0.93 9.1 9.0 0.91 13.0
2021/02/02 8.8 0.91 18.0 9.0 0.94 19.1
2021/02/06 7.2 0.95 13.2 10.9 0.92 12.6
2021/03/11 11.6 0.69 26.8 10.1 0.86 17.5
2021/04/09 14.1 0.64 82.6 8.2 0.88 20.6
2021/05/14 11.7 0.80 18.9 10.9 0.74 10.3
2021/05/24 12.7 0.69 36.7 10.2 0.84 9.6
2021/06/04 8.4 0.91 33.8 8.1 0.90 15.9
2021/06/19 11.1 0.81 26.7 10.2 0.70 36.9
2021/06/24 8.1 0.91 16.1 7.5 0.85 29.3
2021/07/13 8.6 0.82 60.4 5.3 0.94 39.5
2021/07/27 9.7 0.93 15.3 8.1 0.93 8.6
2016/07/22 At Larochette 12.0 0.77 14.1
2018/05/31 14.6 0.76 35.9

is the February—March period, when antecedent wetness is
at its highest and VOL1h then reaches 9.4 % (o =2.0 %).
Relatively high values of VOL1h also define the hydrolog-
ical responses of the extreme event of 13 July 2021 and
the high rainfall intensity event of the 26 June 2020. For
the HM section, the assessment of VOL1h is highly uncer-

https://doi.org/10.5194/hess-26-5185-2022

tain, but a seasonal trend can nevertheless be identified: there
are two periods of concentrated TTDs corresponding to the
January—February months and the end of the summer period
in September. In this later period, the TTDs are particularly
concentrated, with VOL1h varying between 20 % and 30 %.
In contrast, transition periods, i.e., the recharging in autumn

Hydrol. Earth Syst. Sci., 26, 5185-5206, 2022
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Figure 8. Examples of simulated events on the Heffingen-Medernach catchment section. The gray lines correspond to the HM runoff transfer
only, while the green lines correspond to this runoff transfer + the hydraulic transfer of the Heffingen inflow.

(end of October, November) and the drying out in spring (end
of March, April) have the lowest VOL1h (7.2 2.7 %).

The 2016 and 2018 flash flood event TTDs (Table 5) are
partly in the lower range of variation for the hydrological
responses of the HM section during summer, with the first
one being significantly more concentrated (50 %, outside the
chart’s limits) and the second one exhibiting a 6 min flood
peak occurrence.

Finally, the TTD properties show that the Koedange sub-
catchment is much more resilient to rainfall variability and
catchment water state, exhibiting less variability along the
seasons, and reflecting damped and delayed hydrological re-
sponses. In contrast, the high variability of the HM’s TTD
highlights its non-linear response, and its specific sensitiv-
ity to soil wetness, storage levels, and rainfall forcing. More
specifically, this catchment section appears to be vulnerable
to flash flood processing as the hydrological response peak
occurs really shortly after rainfall forcing and in a concen-
trated way during the summer period.

Hydrol. Earth Syst. Sci., 26, 5185-5206, 2022

4.3 Relating the seasonal TTD variation to the rainfall
forcing and the catchment wetness state

The correlation between the hydrological response prop-
erties (RC, TTD50, TTDpk, VOL1h), the catchment eco-
hydrological state (Qbase, SWC50, SWC20, DAY), and the
rainfall forcing properties (Rduration, Rcumul, I1h, I15min,
Imean) are studied using Kendall’s 7 (Kendall, 1938) and
Hoeffding’s D (Hoeffding, 1948) correlation tests. Figure 10
illustrates the variation of the catchment state and of the rain-
fall properties proper to the events. Figures 11 and 12 show
the Kendall’s T and Hoeffding’s D correlation matrices for
KOE (left panels) and HM (right panels), respectively.

For the KOE catchment, the properties of the hydrolog-
ical responses show almost no significant correlation with
the rainfall properties. Only the runoff coefficients appear
to have a moderate non-monotonic correlation with rainfall
duration. The transfer time distributions appear to be to-
tally independent of the rainfall properties, except for the
peak lag times that are weakly correlated to the maximum
precipitation in 6 h (I6h). In contrast, the TTDs properties
show dependencies on the catchment wetness state. More
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Figure 9. Properties of the simulated transfer time distributions: the median transfer time (TTDS50 [h], a), the peak flow lag time (TTDpk [h],
b), and the runoff response concentration in 1 h (VOL1h [%], ¢). The events are ordered by calendar day. The orange and green envelopes
correspond to the average calendar values, based on the three closest estimates and taking into account the uncertainties of the metric (TTD50,
TTDpk, or VOL1h) assessments. The purple arrow on the third panel points to VOL1H of the flash flood of July 2016 which exceeds the

graph scale (VOL1H = 64.3 %).

Table 5. Seasonal average of the TTD properties.

Koedange ‘ Medernach ‘ Flash flood events at Larochette

16 Oct—14 Apr 15 Apr-15 Oct ‘ 16 Oct—14 Apr 15 Apr-15 Oct ‘ 22 July 2016 31 May 2018

TTDS50 [h] 10.9+3.0 120+24 89+4.1 46+13 1.1£0.1 52+0.75
TTDpk [h] 83+24 85+2.4 6.5+3.1 1.9+£09 09+0.1 0.1+0
VOLT1h [ %] 77£25 6.5+2.0 102+4.1 15.1£6.0 643£50 17.4+£25

specifically, the runoff coefficient is highly correlated with
all catchment properties (SWC20, SWC50, Qbase). The me-
dian transfer time (TTD50) and the TTD damping (VOL1h) —
which are highly anticorrelated — are linked to the soil mois-
ture states (SWC50 and SWC20) in a non-monotonic way.
Note that the highest correlation to the transfer lag times
(TTD50, TTDpk) is obtained with the seasonal period (DAY,
non-monotonic correlation), which contrasts with the lack of
correlation with the baseflow (Qbase).

We find slightly contrasted results for the HM section. As
for the KOE catchment, the runoff coefficient is strongly
linked to the catchment wetness state and less to rainfall
properties. However, the TTD variability shows an almost
opposite correlation to the one observed for the KOE catch-
ment. The TTD properties are correlated to 4 out of 5 of the
studied rainfall properties. Specifically, the characteristic lag
times (TTD50, TTDpk) are highly correlated with the mean
rainfall intensity (Imean) and the maximum hourly rainfall
rates (I1h). There is a moderate (or high non-monotonic) cor-
relation between the transfer lag time (TTD50, TTDpk) and
the catchment states (Qbase, SWC20, SWC50), but not at all
with the seasonal period (DAY). Note that moderate correla-
tions between catchment states and rainfall properties appear
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in this catchment, which might confound the interdependen-
cies observed in this analysis. Finally, the TTD spread ap-
pears to be moderately linked to the rainfall properties (Rdu-
ration and Imean, particularly).

5 Discussion

In our set of nested catchments with contrasted physio-
graphic characteristics, we have targeted a better understand-
ing of runoff generation processes during flash floods — and
more specifically their respective timing. The catchment has
been extensively instrumented for differentiating the hydro-
logical responses of several catchment sections. We stud-
ied two sections of similar dimensions and routing distance
distributions, but with different substrate and structure. The
KOE catchment has a marly substrate (Km3) and moder-
ately steep Luxembourg sandstone outcrops (Li2). The HM
section has its drainage network deeply cut into the Luxem-
bourg sandstone, with the latter being half covered by marly
plateaus (Li3) with heavy clay soil. We applied a unit hy-
drograph model to properly extract comparable transfer time
distributions of the net rainfall from the hillside to the out-
let of both catchment sections. Both TTD sets relating to the
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Figure 10. (a) The catchment state at the start of each event (points): the minimum discharge during the 7 d before the event (Qbase,
[m3 km~ 2! 1), and the soil saturation at 20 cm in depth (SWC20 [%]). The light blue color corresponds to the weekly average discharge
minimum at Koedange (solid line) and Medernach (dashed line) over the studied period. The red line corresponds to the soil saturation
calendar day average at 20 cm depth in the Medernach Catchment over the same period. (b) The rainfall properties: the maximal hourly
rainfall intensity (R-1h (mm), light blue), and the maximum rainfall amount over 6 h (R-6h (mm), dark blue).

> O >

& S P A S

(a) S & Y Y Q&Q‘T & éoévo\/

Rduration
Rcumul 08
iih | @ 06
I6h &5 04
Imean 02
SWC20
®® © )
sweso @ @
Qbase @ 02
DAY -0.4
RC 06
K@E 150 @ @ 08
TTDpk

-1

3 S (9

(b) @&i“ & \@ei&”%&%%‘ié & ,\/\ch«oio"& .
Rduration
Rcumul 08
11h D& () 06
I6h € 0.4
Imean e 5 & () 02
SWC20
sweso @ @ °
Qbase @ 02
DAY -0.4
RC 0.6
s @@ .
TTDpk &

Figure 11. Kendall correlation coefficients between rainfall (blue), catchment hydrological states (green), seasonal cycle (DAY of the year),
and outlet runoff properties (black). See Sect. 3.2 for more details on properties. (a) and (b) refer to KOE and HM catchment section,
respectively. The size and the color of the circles are related to the Kendall coefficients. The yellow box highlights the scores of interest

for our study. The blue background and the red stars indicate the significant correlations:

value < 1072; * when 102 < p-value < 2 x 1072,

2019-2021 rainfall-runoff event database are compared and
linked to the catchment hydrological state and rainfall prop-
erties.

5.1 Insights gained on model assumptions and
limitations

The application of the unit hydrograph model has revealed

its limitations for simulating some specific rainfall-runoff
events in specific catchment sections. These limitations can
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*% when p-value < 1073; ** when 1073 < p-

be linked to the assumptions that the model relies on. This
may eventually give us a hint to the actual mechanisms and
hydrological functioning of both catchment sections.

Under wet but not yet saturated conditions, the model
overestimates the discharge during the rising limb of the
flood wave for the KOE catchment, while it underestimates
and delays the flood peak. This suggests the actual net rain-
fall to be rather small at the start of the event and larger to-
wards the end. Additional simulations on the KOE catchment
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A. Douinot et al.: Runoff transfer rates and catchment characteristics

> D S o O
& S P A PO
O & 5 Q7O Qv
(@) &S E N FF L L o5
Rduration | s« SR * ok '
Reumul |+ o 0.52
11h |G Gee 0.46
16h | s 5 041
Imean | « * 0.35
SWC20 Sk xx - ok
o= -0 e
SWCS50 | sk« Gk #x =
Qbase | . 0.23
DAY xtx | sk | xak 0.17

RC |+ = |

TTD50 | wx @
TTDpk | +

0.06

— 0

5199

> © S e SIS

N S OV P A PR D

Ny Q@ QN AV
(b) & FN N @ L

RAuration | s« s xx e

11h ***. z o o 8 @ 0.46

16h | e z =z of WA

Rcumul

Imean | s #xx  xx ak | akk | GRR w
SWC20 ‘ S| .| @ |
SWCH0 |Gk + Gk xek ok

Qbase | s wk wx we ok

DAY * 0.17

RC [l ] [ o 22

TTD50 .. 0.06

TTDpk | s

— 0

Figure 12. Hoeffding correlation coefficients between rainfall (blue), catchment hydrological states (green), seasonal cycle (DAY of the
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with lower RC during the first 20 h of each event (Table S4
and Fig. S5) support this conjecture — the FDC simulation
scores being slightly better for 11 out of 40 rainfall-runoff
events (mostly occurring during the November—May period).
It is likely that the first rainfall amounts reactivate the water
paths to the river, resulting in a low RC at the beginning of
the event that gradually increases towards a nominal value.
Nevertheless, the simulations carried out with a variable RC
show little impact on the assessments of the TTD proper-
ties, except for a decrease in the confidence intervals for the
April-May period. They also lead to the same seasonal vari-
ation already observed and described with constant RC. For
the HM section, the limitation of a constant RC appears to be
less critical. But rather than suggesting a difference in catch-
ment behaviors, this finding is probably linked to the fact
that the unit hydrograph model is only a part of the entire
discharge simulation (with the other part — i.e., the hydraulic
transfer, being well simulated).

For the KOE catchment, the flood peak of the highest 1 h
rainfall intensity event (26 June 2020) is underestimated.
One explanation can be that the infiltration capacity has
been exceeded during the short period of intensive rainfall
(I-1hour =17.2mmh~"). Assuming a steady RC for the en-
tire event was again not appropriate for calculating the net
rainfall distribution. The peculiar TTD of this event in com-
parison to the other summer events corroborates a change in
the partitioning of the involved hydrological processes (faster
overflow, resulting in a quicker response for this event).

For the HM section, we noticed that for high intensity
events, the almost instantaneous and furtive flood peaks are
not well simulated. Here, we propose two non-excluding
mechanisms.

As for the KOE catchment, the infiltration capacity has
been reached, causing the net rainfall to be underestimated
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%% when p-value < 1073;

during the time steps with high intensity rainfall. In contrast
to the KOE catchment, this is the case for several events and
not only for particularly high rainfall intensities. This finding
suggests an overall lower infiltration capacity, which is in full
agreement with the lower permeability that characterizes the
clay soils of the marly plateaus. Also, the sensitivity of the
TTD properties to rainfall characteristics reported in Sect.
4.3 corroborates this interpretation.

The erratic three-peaked response observed after the
impulse-like forcing of the 12 June 2020 event (Fig. 8c) high-
lights the spatial heterogeneity of the water transfer to the
outlet. The low dispersion of the three peaks suggests distinct
and quick flow paths, almost without damping or buffering
effects on the rainfall distribution. Rather than different flow
paths in a same vertical profile, it is more likely that the dif-
ferent flow paths correspond to different tributaries that first
concentrated and routed the net rainfall. The unit hydrograph
model failed here to simulate a rather complex response, as
the gamma function hinted that the soil and/or the substrate
would get little but enough dampening effects to inhibit the
impact of the stream network layout. The HM section’s be-
havior was eventually similar to that of an urban or paved
area.

5.2 Conjectured hydrological processes in the studied
catchment sections

5.2.1 The KOE catchment

For the KOE catchment, the runoff transfer time shows little
variability, which nevertheless delimits four periods: in win-
ter (January—February) the observed transfer times are the
shortest, followed by an abrupt transition to spring with the
longest transfer times (March—May). The transfer lag times
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get to a minimum at the end of June and July, before again
increasing until the beginning of autumn (end of October,
November). This double variation over the hydrological year
suggests complex interactions, since all the assumed influ-
encing variables (catchment water states and rainfall proper-
ties) are characterized by monotonic variation (only one in-
creasing and one decreasing period for each variable) along
the hydrological year. The high non-monotonic correlation
with the calendar day suggests a stable variability along the
study period although the first year was rather dry and the
second year rather wet. The stable seasonality suggests a hy-
drological functioning related to groundwater or deep layer
interflow processes which are less impacted by inter-annual
variability in comparison to runoff. More particularly, a pos-
sible interpretation is the buffering potential of the flat area
around the river network which reacts more or less rapidly
depending on its saturation state. The fact that the TTD prop-
erties are not at all or only moderately correlated with Qbase
and SWC50 respectively may appear to be contradictory. In
fact, it is rather that the indices are not as representative as
expected. Qbase, defined as the minimum flow over 7 d prior
to the event, shows a high variability in winter that is not
very representative of the gradual filling of the river’s wa-
ter table. Likewise, soil moisture measurements are obtained
in the upper sections of the catchment, causing a significant
time lag or difference with the soil moisture content of the
bottom valley — the latter reflecting more clearly the hydro-
logical connectivity of the flat area near the river.

The limited influence of the rainfall properties suggest that
the critical zone is resilient to the climatic forcing, and that
it enables important vertical infiltration (and water storage),
which has been only exceeded during one event. The mod-
erate correlation between the peak flow lag time and the 6 h
rainfall amount nevertheless suggests a light impact which
might explain the complex seasonal variation, or the transfer
lag times variability in June and July with lowest values with
the highest rainfall intensity events.

The hydrological processes suggested here can be com-
pared to those found in the Wollefsbach Catchment (4.5 km?)
in Luxembourg (Wrede et al., 2015; Fenicia et al., 2014).
This almost 100 % marly (Km3) catchment has a rather large
storage capacity, despite the limited permeability of its un-
derlying bedrock. The concept of variable contributing areas,
according to soil and deep layer connectivity (wetness), is
also suggested to explain the seasonality in hydrological re-
sponses. Fenicia et al. (2014) eventually found that the serial
reservoir model is better suited for simulating the hydrologi-
cal behavior of the catchment, which has been justified by the
fact that flows are predominantly lateral. The similarities be-
tween the Koedange and Wollefsbach catchments eventually
concur for suggesting the main role of the flat marly terrain
in the vicinity of the river that covers half of the downstream
part of the Koedange subcatchment (Table 1).
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5.2.2 The HM section

For the HM section, the runoff transfer time exhibits high
variability throughout the year, highlighting the influence of
the climate forcing and environmental states on the hydro-
logical processes. As for KOE, the double variations (two
increases and decreases) within a hydrological year suggest
complex influences of the various compartments of the criti-
cal zone.

In the HM section, the longest lag times are observed in
November, when soil wetness is still moderate. As the soil
wetness increases through winter, the lag times gradually de-
crease — suggesting the onset of subsurface hydrological con-
nectivity, similar to that observed for the KOE catchment.
Note that both catchments exhibit a similar variability in their
lag times throughout the winter and spring periods, but they
significantly differ from May to October (Fig. 9). The lag
times tend to rapidly decrease in May, alongside a concen-
tration of discharge volumes around (almost instantaneously
occurring) peak flows, reaching their lowest values by end
of September, early October. These substantial changes in
the hydrological response suggest the onset of different pro-
cesses, compared to the winter season. Note that RC is 1 or-
der of magnitude smaller in summer than in winter, equally
suggesting a major shift in the dominating hydrological pro-
cesses — corresponding in summer to the onset of surface and
sub-surface contributions.

The hydrological behavior of the HM section has similari-
ties to those observed in catchments generating two peak hy-
drographs. In this type of catchment, a first fast peak is com-
monly assumed to be generated either through saturation-
excess overland flow in near-stream areas (e.g., Kirnbauer et
al., 2005; Westhoff et al., 2011; Padilla et al., 2015; Martinez-
Carreras et al., 2016), or via fast subsurface flow through
macropores or fractures along the hillslopes (Jackisch et al.,
2017; Martinez-Carreras et al., 2016; Gabrielli et al., 2012).
The delayed second peak is commonly linked to groundwater
processes, e.g., through a piston effect and/or an increasing
connectivity to the riparian zone with the rise of GW levels
and/or soil saturation (Onda et al., 2006).

5.3 Are the conjectured hydrological processes on the
basis of moderate events analysis transferable to
extreme events?

An important hypothesis of our study is that the high respon-
siveness of a catchment can be detected from moderate rain-
fall events, which means that there is no threshold effect be-
tween the intensity of precipitation and the reactivity of a wa-
tershed. From the moderate events that we have analyzed, we
have evidence that the HM basin is more likely to generate
fast floods because its hydrological response is about twice
as fast and more concentrated in summer (in comparison to
the KOE catchment). A first element supporting our hypoth-
esis is the fact that the correlation analysis shows very little
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dependence of the hydrological responsiveness of the KOE
catchment on general precipitation properties. This shows
its resilience to precipitation characteristics, and thus a con-
stancy in terms of responsiveness. Note that this statement
only holds within the range of variation of the analyzed pre-
cipitation properties, and a possible threshold effect beyond
this range of variation cannot be completely excluded. How-
ever, three events in the database include precipitation inten-
sities of more than 15 mm in 1 h. Without being extreme, this
is close to the properties of the flash flood events reported in
Table 2 and Fig. 4.

A closer analysis of the hydrological responses of two of
these three events with high intensities shows that the re-
sponse times of the KOE catchment are relatively shorter
than those observed in the summer period: the median
TTDpk are 3.75 and 7.25h and the VOL1H are 11.6 % and
11.1 % for the events of 23 June 2020 and 13 July 2021, re-
spectively (in comparison to an average of 8.5h and 6.7 %
over the mid-April-mid-October period). It is thus possible
that the correlation analysis via Kendall’s indices may miss
this dependence, by the fact that the strong main dependence
on seasonality hides a minor dependence. Furthermore, these
events are at the margin of those studied and Kendall’s coef-
ficients tend to minimize the influences of specific individual
events. Assuming then that this influence is possible (despite
the fact that it does not appear within the correlation analy-
sis), we can still compare these response times and concen-
tration rates to those observed for the HM catchment: median
TTDpk are 1.30 and 2.0 h, and VOL1H is 13.9 % and 11.9 %
for the events of 23 June 2020 and 13 July 2021, respectively.
Thus, the response of HM remains both more concentrated,
and above all more than twice as fast. The HM catchment
still appears to be more prone to rapid/flash floods than the
KOE catchment. Finally, if we compare the response times
observed during flash floods in 2016 and 2018 (TTDpk = 0.1
and 0.9h; TTD50=5.2 and 1.1h, respectively), they are
equivalent to the lowest response times observed in the HM
catchment (TTDpk = 0.5 h and TTD50 = 2 h), supporting the
fact that the high rainfall intensities of flash floods did not un-
equivocally generate faster runoff than moderate events (al-
though the magnitude is not mentioned). Based on the cor-
relation analysis and on the most intense summer events of
our data set, we tend to conclude that the high responsiveness
of the HM catchment (in comparison to the KOE catchment)
prevails during more intense rainfall events and therefore cor-
roborates our initial hypothesis.

5.4 Specificities of the HM section’s onset of quick
transfer runoff during dry summer conditions

Since our dataset appears to be (too) limited for validating
our hypothesis, we propose here a list of plausible explana-
tions — based on examples from scientific literature — for the
drastic decrease in response times observed in summer on the
HM section, as opposed to the KOE section.
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5.4.1 Why is there a quick transfer runoff on the HM
section but not in the KOE catchment?

In the HM section, a single fast peak response to rainfall is
characteristic of the mid-April to mid-October period. The
absent — or invisible — delayed groundwater response can be
related to the unsaturated soil wetness that prevents any deep
infiltration below the plateau, similarly to what has been ob-
served by Martinez-Carreras et al. (2016) in a catchment with
similar landscape units. Note that we cannot conclude on an
absence of a flat delayed response, similar to that observed
for the KOE catchment, as the consecutive overlap of the
two catchment responses cannot be distinguished due to the
uncertainties in discharge measurements at these low water
levels.

Previous studies have shown that the organization and dis-
tribution of landscape units can control the differences in
runoff responses between nested catchments (Sidle et al.,
2000; McGlynn et al., 2004; Iwasaki et al., 2020). Iwasaki
et al. (2020) studied five catchments with similar geology,
climate, and vegetation but different geomorphological lay-
out, and concluded on the key role of the riparian area in
buffering fast hillslope flow mechanisms.

We conjecture that the contrasted hydrological response
during summer in the KOE catchment — exhibiting no change
in dominant hydrological processes — could be caused by the
following:

1. The larger riparian zone and the gentle slopes in the
downstream part of the catchment buffer the inflow of
quick runoff (Iwasaki et al., 2015, 2020). In support of
the role of the riparian zone as a buffer to rapid flow,
we notice the same hydrograph patterns (Fig. 5) at the
following hydrometric station (Heffingen, Fig. 1), sug-
gesting similar hydrological processes, whereas a river
restoration project has been carried out along the hy-
draulic section between Koedange and Heffingen to im-
prove the lateral connectivity with the major riverbed. In
contrast, the riparian zone of the HM section is narrower
and more urbanized, which further limits the presence
of buffer zones for surface runoff, such as wetlands.

2. The less fractured Luxembourg sandstone in the KOE
catchment might be less prone to trigger rapid flow
paths contributions to the river. Highly fractured sub-
strates can indeed serve as preferential pathways for sig-
nificant subsurface flows (Graham et al., 2010). Focus-
ing on hillslope processes, Gabrielli et al. (2012) sim-
ilarly showed the key role of the weathered substrate
layers in the setting up of preferential lateral flow paths
during storm events in the Maimai Catchment (New
Zealand).

Hydrol. Earth Syst. Sci., 26, 5185-5206, 2022



5202 A. Douinot et al.: Runoff transfer rates and catchment characteristics

5.4.2 Why is there quick transfer runoff on HM in
summer and not during winter?

Note that in principle, quick transfers of water might also
occur in winter in the HM section, albeit mostly hidden by
larger groundwater contributions. However, a detailed scru-
tineering of the hydrographs did not reveal any intermediate
peak flows during the rising limb of the flood hydrographs,
that could have supported this conjecture. Consequently, we
conclude that the summer conditions are particularly prone
to fast flow paths.

The impact of dry conditions

Several studies, focusing on subsurface flow celerity on hill-
slopes, assessed the quicker flows during dry conditions
(Scaini et al., 2018; Anderson et al., 2009; Asano et al.,
2020), although they could not identify correlations between
hillslope flow celerity and antecedent wetness conditions
(Scaini et al., 2018; Iwasaki et al., 2020). The dry conditions
are characterized by a large variability in hillslope responses
(both in terms of volumes and timing), which decrease during
wetter conditions (Scaini et al., 2018; Bergstrom et al., 2016;
Teschemacher et al., 2019). The latter observation could ex-
plain the difficulty to assess correlations with highly variable
celerity at the hillslope scale.

In our study, we observed moderate or highly non-
monotonic correlations between response times and wet-
ness states. In particular, the shortest response times were
recorded in September when the soil moisture levels were
lowest (Figs. 9 and 10) and just before the soil re-wetting in
October. In contrast to KOE, the soil moisture measurements
in the top clay plateaus seem to be representative of the re-
sponse times and therefore a plausible actor. Moreover, the
absence of correlation with the seasonal variability (DAY)
supports the hypothesis that it is precisely the moisture con-
ditions inherent to previous rainfall events that are of impor-
tance, thus supporting the relevance of surface and subsur-
face moisture conditions on fast runoff transfer.

The impact of the hydrophobic properties of the land
surface

It can be assumed that dry conditions strongly limit the in-
filtration capability of soils, especially of clay soils, and ulti-
mately support the onset of rapid surface processes. But this
does not explain the runoff on sandy soil (with a high theoret-
ical infiltration capacity) that was observed on sloping grass-
land during the 12 June 2020 event. We therefore conjecture
that the hydrophobic characteristics of the soil surface pre-
vent runoff from being slowed down or retained as it travels
downslope. The hydrological network of the HM section is
mostly surrounded by steep and forested hillslopes, the latter
exhibiting a pronounced seasonality in forest litter properties,
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including lateral permeability and hydrophobic behavior dur-
ing dry conditions.

Prior studies have shown that organic litter can contribute
to the onset of subsurface flows — also known as biomat flows
(Sato et al., 2004; Sidle et al., 2007; Kim et al., 2014; Du
et al., 2019). Forest litter (especially under deciduous trees)
develops a lateral structure due to the incremental horizon-
tal accumulation of leaves or needles. At plot scale, Sidle
et al. (2007) and Du et al. (2019) showed that the biomat
flow can reach up to 44.6 % (46.3 %) and 12.3 % (28.5 %) of
the total precipitation in pines and forest litter, respectively,
which was roughly 3-8 times larger than Hortonian flow.

Also, in addition to the lateral structure, the litter — which
is particularly rich in organic matter — can develop hydropho-
bic properties under dry conditions (Zavala et al., 2009; Kim
et al.,, 2014) and consequently inhibit infiltration and pro-
mote runoff (Doerr et al., 2000; Gomi et al., 2008; Gerke
et al., 2015; Jeyakumar et al., 2014). For example, Miyata
et al. (2009) have shown that the soil water repellency en-
hanced the occurrence of pseudo-surface runoff during dry
conditions. Although the factors controlling the hydrophobic
property are not yet fully understood, the soil/litter moisture
has been conjectured to be a key factor (Doerr et al., 2000;
Butzen et al., 2015). Therefore, we can assume that the in-
fluence of forest floor water repellency on hydrological pro-
cesses is largely seasonal.

Thus, despite the highly permeable sandy soils that cover
the steep hillslopes of the HM sector, the infiltration capac-
ity may be limited at times by the properties of the (forest)
ground cover during dry conditions. The steep slopes could
then potentially develop quick flow paths, eventually rapidly
connected to the main river. Furthermore, the factual obser-
vation of surface runoff on an open slope (in grassland) dur-
ing the 12 June 2020 event, leads us to generalize the key
role of hydrophobic or infiltration properties of soil surface
on steep slopes.

6 Conclusion

We analyzed the runoff transfer time distribution over a com-
plete year in catchments that have been recently affected by
flash floods. The two studied catchments have similar size,
elevation ranges, and slopes, but differ in terms of geological
substrates and landscape features.

While the variability in runoff coefficients is explained for
both catchments by the soil storage dynamics, the variability
in TTD has different causes. In the KOE catchment, the wa-
ter transfer exhibits a seasonal variation, disconnected from
precipitation characteristics (except for four summer events).

The HM section exhibits contrasted TTDs throughout
the year, suggesting threshold-dependent hydrological pro-
cesses. More specifically, quick runoff transfers seem to
dominate under dry conditions. Particularly the median trans-
fer time and the peak lag time decrease 2 and 3 times, re-
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spectively, between the mid-April-mid-October period and
the remaining part of the year. We conjecture that the rapid
flows in the HM section are not only triggered on and by its
marly plateaus, but also by the hydrophobic forest litter and
soil cover of the sloping hillsides during dry conditions. The
topographical connectivity of the steep slopes could develop
flow paths prone to a rapid transfer of water. The absence of
a riparian zone prevents any dampening of these abrupt and
massive flows in the case of extreme precipitation events.

When targeting an improvement in flash flood forecasting
in Luxembourg, our results suggest that the focus should be
set on the development of a simulation tool adapted to catch-
ments with physiographic characteristics similar to those of
the HM sub-catchment — i.e., with fractured bedrock and
limited riparian zones. The non-linear hydrological behav-
ior of the basin throughout the seasons requires either the
implementation of a complex model that considers the non-
monotone relation between transfer velocity and soil wet-
ness, or the setup of a simpler model with a seasonal cali-
bration.

In general, catchments with little or no dampening zones
and steep slopes require specific attention and more focused
investigations on flash flood generation processes.

More research is needed on the onset and role of infil-
tration processes, as well as surface and sub-surface flows
at hillslope scale, under dry conditions. The latter may lead
to limited infiltration capacities on the marly plateaus, while
triggering at the same time the onset of surface flows on steep
forested slopes. These investigations will have to combine
multiple spatial (i.e., plots, hillslopes, catchments) and tem-
poral scales (from event to seasonal scale).

Code availability. The codes implementing the unit hydrograph
model and the hydraulic transfer model can be found at the LIST
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