
Hydrol. Earth Syst. Sci., 30, 6235–6248, 2026
https://doi.org/10.5194/hess-30-6235-2026
© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

The influence of lakes and reservoirs on estimated flood peaks at
hourly vs. daily timescale in the Alps
Jonas Götte1,2,3, Paul C. Astagneau1,2,3, and Manuela I. Brunner1,2,3

1Institute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland
2WSL Institute for Snow and Avalanche Research SLF, Davos Dorf, Switzerland
3Climate Change, Extremes and Natural Hazards in Alpine Regions Research Center CERC, Davos Dorf, Switzerland

Correspondence: Manuela I. Brunner (manuela.brunner@env.ethz.ch)

Received: 8 December 2025 – Discussion started: 3 February 2026
Revised: 3 June 2026 – Accepted: 22 July 2026 – Published: 9 October 2026

Abstract. Water bodies such as lakes and reservoirs can play
a crucial role in reducing estimated flood peaks, at both daily
and hourly time resolution. While the effect of water bodies
on flood peaks has been demonstrated in the past at different
time resolutions, it remains unclear how water bodies affect
the ratio between estimated daily and hourly quantiles, that
is, to which degree their attenuation effect is scale dependent.
Here, we analyse how water bodies influence this ratio using
two approaches: (1) by comparing estimated daily and hourly
flood peak quantiles upstream and downstream of reservoirs
of four local case studies, and (2) by comparing daily and
hourly flood peak quantiles across a large sample of catch-
ments in Switzerland with various degrees of water-body in-
fluence. Our results show that reservoirs dampen hourly peak
discharge much more strongly than daily peak discharge,
which leads to similar daily and hourly flood peaks down-
stream of reservoirs. Specifically, our case study analysis
highlights that (sub-)hourly peak discharge is attenuated by
up to 70 % downstream of reservoirs during flood events with
a 10-year return period. We also find that the attenuation ef-
fect is particularly pronounced in catchments that are heavily
influenced by water bodies, i.e. those catchments where more
than 60 % of the area contributes to water body inflow. This
implies that daily flood peaks are a good proxy for hourly
peaks in strongly regulated catchments in contrast to natural
ones. We conclude that considering water body influence on
flood peaks is crucial to understand the similarity between
daily and hourly flood peaks downstream of water bodies.
This suggests that water body influence should also be con-
sidered in large-sample studies for which the exact influence

may be unknown, and quantified using suitable metrics such
as the fraction of the total catchment above the water body.

1 Introduction

Floods can develop rapidly at sub-daily time scales if they are
triggered by intense convective storms, especially in small
catchments (e.g., Blöschl, 2022). Therefore, information on
maximum flows occurring at a sub-daily time scale, so called
instantaneous peak flows (IPFs), is crucial for the design
of flood protection infrastructure. Still, floods are often de-
scribed using daily data because sub-daily data are less fre-
quently available than daily data. Because information on
IPFs is often not available, considerable research efforts have
been put into estimating IPFs from more commonly available
daily flow data (e.g., Fuller, 1914; Ding et al., 2015, 2016;
Ding and Haberlandt, 2017; Ellis and Gray, 1966; Bartens
et al., 2024; Fill and Steiner, 2003). Such estimates are usu-
ally derived by relating the ratio between daily mean flows
and IPFs, which is referred to as the peak ratio, to catchment
characteristics that are also available in ungauged basins
(Ding et al., 2015). Such estimation approaches allow for es-
timating IPFs in catchments where this information is not
available. In terms of the predictors used, they often rely
on catchment area because IPFs and daily mean flow dif-
fer more strongly in small than in large catchments (Fuller,
1914). Other topographic characteristics that can influence
and therefore be used to predict the peak ratio include min-
imum or mean catchment elevation (Bartens et al., 2024;
Canuti and Moisello, 1982; Ding et al., 2015) and catchment
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slope or relief (Canuti and Moisello, 1982). Furthermore, the
peak ratio is affected by the type of flood event considered.
For instance, snowmelt-driven winter floods exhibit greater
similarity in IPFs and daily flows than rainfall-driven sum-
mer floods with very pronounced hourly flood peaks (Ellis
and Gray, 1966; Bartens et al., 2024). While the effect of to-
pography and hydro-climatic conditions on the peak ratio has
received a lot of attention in the literature, the effect of reser-
voirs and lakes on this ratio has not yet been studied across a
large spatial domain.

Both types of water bodies have been shown to modu-
late flood peaks. Reservoirs tend to dampen floods (Brun-
ner, 2021; Assani et al., 2006), with the degree of damp-
ening varying depending on reservoir characteristics. Fac-
tors influencing the degree of dampening include reservoir
storage capacity, management practices, and the flood return
period considered (Batalla et al., 2004; Götte et al., 2025;
Mei et al., 2017; Merz and Blöschl, 2008; Stecher and Her-
rnegger, 2022). Flood attenuation is not limited to reser-
voirs specifically built for flood protection, but extends to
those primarily operated for hydropower production (Götte
et al., 2025; Stecher and Herrnegger, 2022). Similarly to
reservoirs, lakes can substantially modulate streamflow. They
decrease streamflow variability (Quin and Destouni, 2018)
and primarily lead to more stable baseflow conditions, even
when the lake basin (i.e., the lake inflow area) only covers
a small part of the river basin (that is, the discharge gauge
area) (Leach and Laudon, 2019). They also dampen flood
peaks but this dampening effect rapidly decreases down-
stream (Leach and Laudon, 2019), a phenomenon also ob-
served for reservoirs (Volpi et al., 2018; Cipollini et al.,
2025). Both lakes and reservoirs can better buffer intense and
short flood events than longer-lasting floods, because the flow
volume of these events is usually limited (Xiong et al., 2019).
This suggests that the attenuation effect of reservoirs on flood
peaks may be scale dependent, which may reduce the con-
trast between daily and hourly flood peaks downstream of
reservoirs.

Distinguishing between a lake and a reservoir is not al-
ways straightforward. For instance, Hayes et al. (2017) de-
fined reservoirs as “human-made lakes” and lakes as “natu-
rally occurring low points in the landscape that contain stand-
ing water”. These and other definitions neglect the fact that
many naturally occurring lakes may be heavily regulated.
Many originally natural lakes are regulated by humans to en-
sure flood protection and the navigability of nearby rivers at
all times, examples including Lake Zurich or Lake Lucerne
in Switzerland (Wantzen et al., 2008). Clearly separating the
two types of water bodies is further complicated by the obser-
vation that the behavior of a filled reservoir can be very simi-
lar to that of a lake of similar size (Bayliss, 1999). Therefore,
considering lakes and reservoirs together as “standing water
bodies” is sensible if information on more detailed manage-
ment practices is unavailable.

Large-sample studies focusing on floods consider these
standing water bodies in different ways. For example,
Sikorska-Senoner and Seibert (2020) excluded both lakes
and reservoirs from their analysis of flood generation pro-
cesses in Switzerland to avoid including water body atten-
uation effects on flooding. Other studies focused on “near-
natural” catchments by excluding catchments with dams or
reservoirs, without accounting for lakes (e.g., Brunner and
Fischer, 2022). Again others do not mention lakes or reser-
voirs at all (e.g., Bartens et al., 2024). If reservoirs are consid-
ered, there exist different ways to characterize the degree of
regulation of water bodies (here, reservoirs), e.g. by consider-
ing their storage capacity (Götte et al., 2025) or by also con-
sidering the area influenced by the reservoir (Salwey et al.,
2023). Bayliss (1999) introduced the FARL index (flood at-
tenuation by lakes and reservoirs) which is based on the sur-
face area of a water body in relation to the inflow area and the
catchment area at the streamflow measurement location. In-
dices such as FARL, which consider the spatial organization
of reservoirs, i.e. their position within a catchment, are strik-
ingly missing from many large sample studies and datasets,
which usually rely on lumped catchment characteristics ag-
gregated or averaged at the catchment scale (Tarasova et al.,
2024) such as catchment-wide storage, the number of reser-
voirs, or the percentage of land covered by water bodies. The
lack of such information is especially problematic for flood
analyses, because previous studies have shown that the loca-
tion of a reservoir or lake matters for flood peak attenuation
(Cipollini et al., 2025; Leach and Laudon, 2019; Volpi et al.,
2018).

While previous research has relied on large-samples of
catchments to estimate the differences between IPFs and
daily mean flows, it remains unassessed how the effect of
standing water bodies influences the ratio between daily
mean and instantaneous flow peaks downstream of water
bodies, that is to which degree the attenuation effect of reser-
voirs on flood peaks is scale dependent. In this study, we
aim to address this research gap by asking how water bod-
ies influence the ratio between IPFs and daily mean flows
and therefore the attenuation effect on daily vs. instanta-
neous peak flows. To address this question, we follow two
approaches that complement and reinforce each other: a case
study approach that strengthens process understanding and a
large-sample analysis that allows us to draw more general-
izable conclusions. Using the case study approach, we first
analyse the attenuation of sub-daily vs. daily peak flows by
lakes and reservoirs at four locations in Central Europe, for
which streamflow data are available up- and downstream of
water bodies. This approach allows us to illustrate the differ-
ences in the dampening effect of water bodies on flood peak
quantiles derived from datasets with different temporal reso-
lutions. Using the large-sample approach, we second explore
the impact of the catchment fraction influenced by a water
body on the ratio between daily and hourly flood quantiles
across Switzerland. This allows us to demonstrate that the
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results derived for the four case studies are generalizable to
other catchments.

2 Data and methods

2.1 Data

2.1.1 Case study catchments – Bavaria and Walensee

We selected four case studies with streamflow gauges both
up- and downstream of a water body to demonstrate how
daily and sub-daily flows are dampened by water bodies lo-
cally. This allows us to isolate the effect of the water body on
flood peak attenuation because non-water-body-related alter-
ations of observed streamflow from up- to downstream are
minimized. These examples consist of three water bodies in
Bavaria (Perlsee, Vilstalsee, Mertsee), which are primarily
used for flood protection and recreational purposes, and the
Walensee in Switzerland, which is a large natural and un-
regulated lake. We would have liked to include only Swiss
examples to be consistent with the spatial domain consid-
ered for the large sample study (see Sect. 2.1.2). However,
we did not find enough cases fulfilling the criterion of hav-
ing up- and downstream gauges with sub-daily streamflow
records. The case studies chosen have up- and downstream
gauges that are close to each other and the respective water
body. For the Bavarian examples, catchment area from the
upstream to the downstream location increases between 15 %
to 29 %. The Walensee catchment covers a much larger area
and has more contributing tributaries, leading to an increase
in catchment size of 77 % between the up- and downstream
gauges, even though the linear distance between these gauges
is less than 4 km (Fig. 1b). This means that this case study
does not allow for a clean separation between the influence
of the water body and tributaries on flood peaks. Please note
that the Linth (draining the area of Canton of Glarus) comes
from the South, flows into the Walensee and then leaves the
Walensee to the West. As a consequence, the upstream catch-
ment is very narrow and located close to the upstream station
(southern gauge).

The streamflow data for the three German case study sites
were obtained from the Bavarian Environment Agency (LfU
– Bayerisches Landesamt für Umwelt, 2025) at 15 min res-
olution. We trimmed both the up- and downstream time se-
ries to the period after the construction of the reservoir where
necessary such that we could directly compare natural flood
peaks upstream of the reservoir with their regulated coun-
terparts downstream. Additionally, we excluded early peri-
ods of record, for which the 15 min data provided did not
show any sub-daily variability and hence represented daily
data. These data processing steps resulted in time series cov-
ering periods from 38 to 56 years. Catchment shapes were
obtained from CAMELS-DE (Loritz et al., 2024) and wa-
ter body (here: reservoirs) locations from Speckhann et al.

(2021). The data sources for the Walensee case are the same
as for the rest of Switzerland and are described in Sect. 2.1.2.
The length of the time series available for the Walensee is 49
years, for both the up- and downstream gauges of the lake.
The flow data was available at an hourly rather than a 15 min
resolution.

2.1.2 Large sample dataset – Switzerland

To evaluate how water bodies influence floods, we com-
pare daily and hourly streamflow data across catchments
in Switzerland that vary in terms of how strongly they are
influenced by water bodies. In contrast to the upstream–
downstream perspective taken for the case studies, the large-
sample analysis considers catchments that differ in the dis-
tance of their gauge to nearby lakes or reservoirs. That
is, it tries to infer the influence of water bodies on floods
and the flood ratio by considering catchments with a vary-
ing degree of water-body influence. We focus our analy-
sis on Switzerland because it offers over 40 years of high-
resolution (hourly) streamflow records and contains numer-
ous lakes of varying sizes. For this analysis, we have se-
lected all streamflow stations from the CAMELS-CH dataset
(Höge et al., 2023), which are located within Switzerland
(194 stations), and obtained hourly streamflow records for
these stations from the Swiss Federal Office for the Envi-
ronment (FOEN) upon request. From this dataset, we ex-
cluded the rivers (1) “Areuse”, (2) “Spöl” and (3) “Arve” be-
cause these catchments are either (a) strongly groundwater
fed, (b) have regular artificial floods (see Kevic et al., 2018;
Robinson et al., 2018) or (c) have the majority of their catch-
ment outside of Switzerland. Additionally, we exclude sta-
tions which have less than 10 years of streamflow available
after 1980, which results in a final dataset of 183 catchments
for the large-sample analysis.

We extracted information about water bodies from a catch-
ment dataset from FOEN (2021). This catchment dataset
consists of more than 22 000 subcatchments in Switzerland
and includes “all lakes and rivers with a catchment area
greater than 1 or 1.5 km2” as individual entities. We selected
the 202 subcatchments classified as “Standing Water Body”
(“SEE_stehendesGW” in the dataset) and extracted their
total catchment area (inflow area). We also estimated the size
of several lake catchments outside of Switzerland, which are
part of Swiss catchments (see Table A1). Please note that we
have not mapped all lakes outside of Switzerland even though
some of them are part of the Swiss river catchments. Since
we are interested in the total lake-influenced catchment area,
we only include the most downstream lake within a catch-
ment. For each gauging station, we take the catchment poly-
gon from CAMELS-CH (Höge et al., 2023) and dissolve all
water-body catchments contained within it. Then, we calcu-
late the total area which lies above the most downstream wa-
ter body in case it is located on the main stem or the most
downstream water bodies in the tributaries if they are located
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Figure 1. (a) Overview of the catchments and streamflow gauges used in the (1) case study and (2) large-sample analysis. (b) Catchments,
water bodies and streamflow gauge locations of the four case studies (from left to right: Perlsee, Mertsee, Vilstalsee, Walensee), with
upstream and downstream catchments highlighted in saturated and transparent colors, respectively. (c) Streamflow gauges and water bodies
within Switzerland included in the large-sample analysis. River lines were taken from Lehner and Grill (2013) and for visualization purposes
manually adjusted to reflect real-world lake inflows. In (c), rivers are scaled according to their Strahler number. Water bodies are from FOEN
(2021) and their size slightly inflated to ensure the visibility of small water bodies.

in the tributaries and divide it by the river catchment area.
This results in the fraction of the total catchment above the
water body, referred to in this study and in previous work
of Salwey et al. (2023) as the “contributing area percent-
age” (see Fig. A1 for an overview of the contributing area
percentage and catchment sizes of the dataset). Furthermore,
we use catchment characteristics obtained from CAMELS-
CH (Höge et al., 2023) as additional variables to explain the

difference between hourly and daily peak flows. We chose
catchment characteristics which can be associated with fast
vs. slow runoff, namely the catchment area (area), the bio-
geographical region within Switzerland (bio_geo_dom), vol-
umetric soil porosity (porosity), minimum catchment eleva-
tion (elev_min), the percentage of catchment area steeper
than 15 % (steep_area_perc) and the geologic permeability
(geo_log10_permeability). We use streamflow data from the
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start of the 1981 hydrological year (1 October 1980) until the
end of the 2024 hydrological year (30 September 2024), re-
sulting in a maximum record length of 44 years (minimum
11 years, 80 % of catchments with at least 40 years of data).

2.2 Methods

2.2.1 Comparison of daily vs. sub-daily flood estimates

To compare daily and sub-daily flood peaks, we work with
flood estimates, that is flood quantiles estimated for specific
return periods. We use such estimates instead of focusing on
individual events as flood events detected in one time se-
ries are not necessarily detected in the other series. To do
so, we first derive time series of daily mean flows by aver-
aging the sub-daily flow values of each day. For both, daily-
and sub-daily timeseries, we identify the annual maxima for
each hydrological year (October to September). Then, we fit
generalized extreme value distributions (GEVs, Stephenson,
2002) to the annual maxima series of each station, separately
for both the daily and sub-daily maxima. These distributions
are then used to estimate the flow quantiles corresponding
to return periods of 2 to 25 years for the four case stud-
ies and for a return period of 10 years for the large-sample
analysis. We focus on 10-yearly extreme flows because these
represent a good compromise between regular floods (e.g.,
2-yearly) and more extreme floods (e.g., 30-yearly) and be-
cause they can still be estimated reliably given the rather
small sample at hand, which would not be the case for very
rare floods with longer return periods. Specifically, we can
estimate these 10-yearly floods fairly robustly, given that the
streamflow records for most stations exceed 10 years by a
large margin (80 % of catchments have at least 40 years of
data).

We calculate the ratio between daily and sub-daily flow
estimates. For the case studies, for which the sub-daily data
comes at a 15 min resolution (exception Walensee), we call
this ratio the “daily/sub-daily ratio”. In the large-sample
analysis, we use hourly data from Switzerland and hence re-
fer to the daily/hourly flood peak ratio as the “D / H ratio”.
These terms are similar to the “peak ratio” used in the liter-
ature, which usually refers to IPFs (maximum instantaneous
flows) which are not available for this study and are expected
to be slightly higher than the flood peaks derived from time
series at a 15 min or hourly timescale.

2.2.2 Evaluation of water body-influence on daily and
sub-daily flows

To quantify the effect of the contributing area percentage on
the D / H ratio, we try to explain the D / H ratio using dif-
ferent catchment characteristics, including but not limited to
the contributing area percentage. For that, we set up a random
forest model (Breiman, 2001) to predict the D / H ratio based
on the seven catchment characteristics mentioned above (see

Sect. 2.1.2). The random forest model is trained on the ob-
served D / H ratios related to the 10-yearly extremes. This
model allows us to (a) assess the general predictability of
the D / H ratio and (b) identify the most important catchment
characteristics used for the prediction. To identify the most
important characteristics, we use two metrics derived from
the random forest model to quantify variable importance:
The increase in mean squared error (% INC MSE) and the
increase in node purity. The increase in mean squared error
indicates by how much a specific characteristic contributes to
the accuracy of the model by measuring the increase in the
prediction error when the values of a characteristic are ran-
domly permuted. The increase in node purity reflects a char-
acteristic’s importance in improving the decision tree’s struc-
ture by quantifying the total decrease in impurity as quanti-
fied by the Gini index from splits using a characteristic (Liaw
and Wiener, 2002). Both metrics should provide similar re-
sults when it comes to the order of the relative importance of
input variables.

Additionally, we use partial dependence plots (Friedman,
2001; Greenwell, 2016) to estimate the marginal effect of the
most important variables to predict the D / H ratio, that is
to identify when the contributing area percentage and catch-
ment area have a strong influence on the D / H ratio. These
help visualize the relationship between a subset of the predic-
tors and the response while accounting for the average effect
of the other predictors in the model. In doing so, they re-
veal the marginal relationship between the predicted variable
and each predictor and can be used to assess the type of re-
lation across the value range of each variable. Based on the
partial dependence analysis, we split our large sample into
two samples: Strongly and weakly water-body-influenced
catchments. We train another random forest model on the
weakly water-body-influenced catchments and use it to pre-
dict the D / H ratio of the strongly water-body-influenced
catchments. This analysis aims to highlight the importance
of including information on water-body influence to explain
the D / H ratio in regulated catchments. The results of this
analysis emphasize the differences in the D / H ratio between
weakly and strongly influenced catchments and indicate the
uncertainties that arise when not considering water bodies in
large-sample flood peak analyses.

Lastly, we evaluate the dampening effect of water bodies
on both, daily and hourly peak discharge in the large-sample
approach. Therefore, we compare the magnitude of 10-yearly
flows in relation to the catchment area for hourly and daily
flows in the two groups: weakly and strongly water-body-
influenced catchments. We do this by fitting a linear model
without an intercept to the log-transformed extreme flows
and log-transformed catchment area, and evaluating the slope
of this model. We chose this linear modeling approach on
a log-log transformation since extreme flows are often as-
sumed to be related to the catchment area with a power law
(e.g., Ayalew et al., 2017; Gupta et al., 1996, 2010; Medhi
and Tripathi, 2015). We chose a linear model with no in-
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tercept to force the regression line through the origin (0,0)
because a catchment with a catchment area of 0 should also
have a 10-yearly flow of 0. The slope of this regression model
shows by how many % points extreme flows increase when
the catchment size increases by 1 %.

3 Results

3.1 Case studies

The four case studies demonstrate that water bodies clearly
modulate high flows (Fig. 2). High flows estimated for return
periods from 2 to 25 years generally decrease from the gauge
upstream of the water body to the one downstream for all four
cases, independently of whether daily or sub-daily flows are
considered; except for Walensee at a daily-resolution. While
water bodies tend to buffer flood peaks at both time reso-
lutions, the strength of this buffering effect differs between
daily and sub-daily flows. This is indicated by a smaller dif-
ference between sub-daily and daily flows downstream of
water bodies compared to the difference upstream. Most no-
tably, the estimated flow magnitudes for both daily and sub-
daily flows are almost equivalent in the cases of Perlsee, Vil-
stalsee and Walensee across return periods (Fig. 2a, b and d),
highlighting the suppression of sub-daily flood peaks by the
water bodies. We further quantify this observed buffering ef-
fect by focusing on the high-flow estimates corresponding to
a return period of 10 years, which we are also going to use in
the large-sample analysis.

The sub-daily 10-yearly high flows are in all cases substan-
tially more strongly dampened by the water body than the 10-
yearly daily flows, as shown by the lower down-/upstream ra-
tios for sub-daily than daily high flows (Fig. 3a). The down-
/upstream ratio for 10-yearly extreme flows is 0.12 to 0.33
lower for sub-daily than for daily flows. These ratios cor-
respond to a 70 % to 25 % decrease in sub-daily 10-yearly
flows and a change in daily flows ranging from a 55 % de-
crease at Perlsee to a 9 % increase at Walensee from the
upstream to the downstream location. The latter means that
the flows downstream of Walensee are higher than those up-
stream, which is most likely related to the significant in-
crease in catchment size from the upstream to the down-
stream gauge at this location (the downstream catchment is
77 % larger). The decrease in sub-daily flows, despite the
significant increase in catchment size, emphasizes the strong
dampening effect of this lake on sub-daily flood peaks.

The stronger dampening of sub-daily flows compared to
daily flows results in great similarity between the two quan-
tities, as demonstrated by the increased ratio of daily to sub-
daily flows downstream of the water body compared to up-
stream of the water body (Fig. 3b). Notably, the difference
between the 10-yearly daily and sub-daily flows is less than
10 % for three out of the four examples downstream of the
water body (shown by ratios close to 1). This difference is

30 % for the Mertsee, which is much higher than for the other
three examples, but still much lower than upstream of this
lake. Hence, it still represents a substantial increase in the
daily/sub-daily ratio from 0.5 to 0.7.

These comparisons of downstream with upstream flows
for the four examples illustrate three effects of standing water
bodies on high flows: (1) sub-daily and daily flows become
more similar to each other (Fig. 2); (2) sub-daily flows de-
crease more strongly than daily flows (Fig. 3a) and (3) abso-
lute extreme flows decrease (Fig. 2). To check whether these
effects are generalizable to other cases and regions, we fur-
ther investigate these effects for a large sample of catchments
across Switzerland.

3.2 Large-sample approach

The large-sample analysis confirms that water bodies influ-
ence the relationship between daily and hourly flood esti-
mates. The ratio between daily and hourly 10-yearly flood
peaks increases with catchment area, meaning that sub-daily
flows become more similar to daily flows in large as com-
pared to small catchments (see Fig. 4). Additionally, it is
close to 1 for the catchments that are strongly influenced by
water-bodies. This means that large catchments and catch-
ments in which the flow is strongly influenced by lakes
and/or reservoirs have similar flood estimates at hourly and
daily resolution, while small and less strongly influenced
catchments show higher hourly than daily flood peaks. 28
out of 29 catchments with a contributing area above 70 %
have a D / H ratio above 0.85, which implies great similar-
ity between daily and hourly high flows. These results are in
line with those of the case study analysis, where 3 out of 4
catchments also showed ratios above 0.85 (Fig. 3b).

The previous results (Fig. 4) highlight that differences
between daily and hourly flood estimates depend both on
catchment area and contributing area percentage. To inves-
tigate how important these two factors are relative to each
other for explaining the D / H ratio related to the 10-yearly
flood peak and to separate the water body influence from the
one of catchment area, we set up a predictive random forest
model for this ratio using different catchment characteristics
as predictors (see Sect. 2.1.2). We get the best model perfor-
mance explaining 67 % of the variability in the D / H ratio,
when using four predictors, namely, contributing area per-
centage, catchment area, geological permeability and the bio-
geographical region. Using additional catchment characteris-
tics does only lead to marginal model improvements (68 % of
the variability explained), which is why we continue to use
the more parsimonious model version with only four input
characteristics. This model identifies the contributing area
percentage and catchment area as the most important char-
acteristics to explain the D / H ratio (Fig. 5), while it assigns
less weight to the other two predictors, which are less detri-
mental to model performance. This would also be the case if
considering the extended model (Fig. A2). Our further analy-
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Figure 2. Estimates of daily and sub-daily high flows and their uncertainties for return periods from 2 to 25 years (95 % confidence interval)
up- and downstream of (a) Perlsee, (b) Vilstalsee, (c) Mertsee and (d) Walensee. The y axes (flow estimates) are scaled logarithmically.

Figure 3. Comparison of 10-yearly flood flows for the four case studies. (a) Ratio between downstream and upstream 10-yearly flows for
daily and sub-daily ratio. Values below 1 indicate a dampening of flood flows by the water body. (b) Ratio between daily and sub-daily
10-yearly flows, shown for the up- and downstream location of each case study. The closer this ratio is to 1, the more similar are daily and
sub-daily flows.

ses focus on the influence of the two most important charac-
teristics, namely, contributing area percentage and catchment
area.

These two variables, catchment area and contributing area
percentage, affect the D / H ratio differently depending on

their magnitude. The predicted D / H ratios change only
marginally below a contributing area percentage of 60 %,
while they increase strongly at higher contributing area per-
centage (Fig. 6a). This means that water bodies are primar-
ily important for reducing the difference between daily and
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Figure 4. Ratio between 10-yearly daily and hourly peak discharge
and their dependence on catchment area and contributing area per-
centage for 183 Swiss catchments. A ratio close to 1 refers to similar
daily and hourly peak discharge, while a low ratio highlights a large
difference between the two. Note that the catchment area (x axis) is
scaled logarithmically.

hourly peak discharge if they cover a very large part of the
catchment. Similarly, the catchment area does not influence
the results much if small catchments (< 100 km2) are con-
sidered (Fig. 6b). In contrast, for larger catchments, the pre-
dicted ratios increase with catchment area, highlighting the
increasing similarity of daily and hourly peak discharge with
increasing catchment area – an effect that is well documented
in the literature (e.g. Fuller, 1914; Ellis and Gray, 1966;
Bartens et al., 2024). In our case, this increase is seemingly
leveling off at a catchment size of about 5000 km2 (Fig. 6b).

There are substantial differences in the D / H ratio between
weakly water-body-influenced (contributing area percentage
below 60 %) and strongly water-body-influenced catchments
(contributing area percentage above 60 %). To illustrate this,
we build a D / H ratio prediction model using the previously
established input characteristics (see Fig. 5), excluding the
water body fraction. We train this model on the weakly influ-
enced catchments and attempt to predict the D / H ratio of the
strongly influenced catchments to highlight the importance
of including water-body influence information to explain the
D / H ratio in regulated catchments. This model does a good
job in predicting the D / H ratios for the weakly water-body-
influenced catchments and the estimated D / H ratio is less
than 0.1 off the observed values for 91 % of all catchments
(brown line in Fig. 7). Using this model to also estimate
the D / H ratio in the strongly water-body-influenced catch-
ments leads to a strong underestimation of the D / H ratio,
with 80 % of the catchments showing an underestimation
of more than 0.1, and a median difference between predic-
tions and observations of −0.20. This underestimation em-
phasizes that the D / H ratio is much higher in water-body-
influenced catchments than in weakly water-body-influenced
catchments.

Our previous results (Figs. 2, 3a) strongly suggest that
hourly peak discharge is more strongly dampened by wa-
ter bodies than daily flows. To confirm this, we analyse the
relationship between the absolute 10-yearly high flow esti-
mates and catchment area for strongly water-body-influenced
(contributing area percentage ≥ 60 %) vs. weakly water-
body-influenced catchments (contributing area percentage
< 60 %). This relationship appears to be linear and can be de-
scribed by a simple linear (proportional) model between the
logs of the 10-yearly high flows and catchment area (Fig. 8).

The parameter of this model, i.e. the slope of the lin-
ear model, confirms that high flows are less pronounced in
strongly water-body-influenced than in weakly water-body-
influenced catchments, independently of the time resolu-
tion considered. That is, the regression coefficients for the
strongly water-body-influenced catchments are lower than
the corresponding slopes for catchments with weaker water-
body-influence at both daily and hourly resolution. This dif-
ference is much larger for hourly peak discharge than for
daily peak discharge confirming that flood magnitudes are
lower in strongly water-body-influenced catchments com-
pared to weakly water-body-influenced catchments, espe-
cially at the hourly resolution. Additionally, the slope is
slightly lower for hourly flows in strongly water-body-
influenced catchments than for daily flows in weakly water-
body-influenced catchments. This means that the dampening
of extreme hourly peak discharge by water bodies is large
enough to reduce the hourly peaks to a level similar to that of
extreme daily flows in weakly water-body-influenced catch-
ments.

4 Discussion

4.1 Water bodies dampen hourly flood peaks more
strongly than daily flood peaks

Our results confirm the well-established principle that in-
creasing the catchment area leads to peak ratios approaching
values of 1, meaning that there is only little difference be-
tween daily and hourly flood flows in large catchments (see
Fig. 4, Fuller, 1914; Ellis and Gray, 1966). Bartens et al.
(2024) have shown that the difference between hourly and
daily peak flows is less than 20 % for catchments with an
area greater than 5000 km2. Our random forest-based results
for catchments (Fig. 6b) of this size support this finding by
indicating peak ratios close to 0.8, which corresponds to a
20 % difference. Therefore, we conclude that catchment area
is a crucial factor influencing the peak ratio.

Our results also highlight another crucial factor shaping
the relationship between daily and hourly peak discharge,
which has not yet been considered in previous studies: wa-
ter body influence. Even small catchments could have simi-
lar daily and sub-daily flood peaks if they are strongly influ-
enced by water bodies (Fig. 4). This is because water bodies –
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Figure 5. Variable importance within the random forest model: MSE (a) and IncNodePurity (b).

Figure 6. Partial prediction of the D / H ratios for the two variables (a) contributing area percentage and (b) catchment area. These partial
plots show the model estimation of the D / H ratios if all other inputs are averaged out. The coloured ribbons show the interquartile range
of the estimated D / H ratios, and the dashed line in (a) shows where the curve inflects. This inflection point (contributing area percent-
age= 60 %) is used to split the catchments into those that are weakly and strongly influenced by water bodies.

Figure 7. Distribution of prediction error when using a D / H ran-
dom forest model trained on catchments with a contributing area
percentage lower than 60 % to predict both, weakly (< 60 %) and
strongly (≥ 60 %) water-body-influenced catchments.

both reservoirs and lakes – buffer flood peaks differently de-
pending on the time scale considered, which reduces the dif-
ference between hourly and daily flood peaks. The local case
studies, that is three managed reservoirs and one large unreg-
ulated lake, clearly show that flood peaks are greatly reduced
by the presence of water bodies (up to 55 % for daily flood
peaks and up to 70 % for sub-daily flood peaks, see Fig. 2).
The dampening effect is stronger for hourly than daily peak

flows, which leads to an alignment of hourly and daily flood
peaks downstream of the water bodies (see Fig. 3). Similarly,
the large-sample analysis shows that both daily and hourly
flood peaks are dampened by water bodies and the damping
effect is larger for hourly than daily peaks (Figs. 4 and 8).
These findings suggests that daily flood peaks are a good
proxy for hourly flood peaks in strongly regulated catch-
ments. This means that in such catchments, instantaneous
peak flows may be estimated from daily peak discharge in
case sub-daily data is not available. However, the influence
of water bodies on the observed peak ratio decreases when
large parts of the catchment lie below the water body. We
observed an overall increase in the peak ratio as the con-
tributing area percentage increases (Fig. 6a). This is con-
sistent with the findings of other studies which have found
that the influence of water bodies on flood peaks decreases
with increasing distance from the water body, including both
lakes and reservoirs (Leach and Laudon, 2019; Volpi et al.,
2018; Cipollini et al., 2025). Based on our sample of 183
catchments in Switzerland, we found that water bodies most
notably influence the peak ratio when more than 60 % of the
catchment area lies above them (Figs. 6a and 7). While catch-
ment area and contributing area percentage are the most im-
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Figure 8. Absolute high flow estimates corresponding to a 10-year return period derived using daily and hourly peak discharge. The dashed
lines represent linear regression models without an intercept and are fitted to the log of the extreme flows and the log of the catchment area.

portant predictors of the D / H ratio, other predictors such as
the biogeographical region, a metric for catchment similar-
ity in terms of climate, geology, and vegetation, and other
catchment characteristics such as permeability, an indicator
for flashiness, only have limited predictive power (Fig. 5).
This highlights that existing estimation approaches deriving
instantaneous peak flows from daily data using catchment
area and other catchment characteristics can profit from ad-
ditionally including information on water body influence.

4.2 Representation and impact of water bodies in
large-sample studies

The catchment fraction above water bodies is a characteris-
tic mostly missing in large-sample datasets. These usually
only provide spatially aggregated characteristics on the de-
gree of water body influence, such as the total volume of
reservoirs in a catchment or the total surface area of water
bodies as a land cover type (e.g., Coxon et al., 2020; Höge
et al., 2023; Loritz et al., 2024). As demonstrated by the
contributing area percentage, considering information on the
spatial organization and distribution of water bodies within
a catchment is important (Volpi et al., 2018; Cipollini et al.,
2025), and pure storage capacities can be misleading with
regard to buffering capacity. Consider for example a large
reservoir located high up in the headwater catchment. This
reservoir’s storage capacity may be very large, even when
normalised against the average discharge far down the val-
ley. However, its buffering capacity for a flood peak may
be limited if its inflow area only covers a small part of the
total catchment and discharge generating area. Lumped ag-
gregation of catchment characteristics is a common issue in
large-sample datasets, as highlighted recently by Tarasova
et al. (2024) and requires a re-consideration of the catchment
characteristics typically used in these datasets (Gnann et al.,
2021). Among water bodies, both lakes and reservoirs are
poorly represented in many large-sample studies, however, in
different ways. Catchments with lakes are usually included in

large-sample studies, albeit often without explicitly consider-
ing the lakes or describing them in a very simplistic way by
only using the catchment-wide surface cover percentage. In
contrast, reservoir-regulated catchments are often excluded
from studies because they are considered “unnatural”. The
unequal treatment of lake- and reservoir-influenced catch-
ments is surprising and inconsistent because their effects on
flood peaks is very similar (Fig. 3). In this study, we have
clearly shown that the presence of lakes and reservoirs can
override other influences on analysis outcomes, such as the
peak ratio. Therefore, we argue that both types of water bod-
ies should be considered in large-sample analyses, which aim
to reveal spatial patterns that should not be obscured by the
presence or absence of water bodies within individual catch-
ments.

4.3 Limitations

We use the contributing area percentage as a simple indica-
tor for the catchment fraction above water bodies. While this
indicator proves to be the most important predictor for the
peak ratio in our random forest model (Fig. 5), it also has
its limitations. As can been seen in Fig. 4, there are some
catchment outliers with a catchment size in the range of 200–
2000 km2, which do not have a high peak ratio despite having
a high fraction above water bodies. These catchments have
small hydropower reservoirs with very limited storage po-
tential. Hence, they cannot provide much flood protection,
despite the reservoirs receiving a large fraction of the catch-
ments’ streamflow. This suggests that it is advisable to con-
sider some additional characteristics, such as active storage
capacity, to assess the potential buffering capacity of water
bodies for flood peaks.

An alternative approach to quantify the influence of water
bodies on flood peaks is the FARL index, which considers
both, the inflow catchment of each water body and its stor-
age potential, approximated by the area of the water body
(Bayliss, 1999). Cipollini et al. (2022) have shown a weak
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performance of the FARL index when the ratio of the wa-
ter body area to the inflow catchment is small and it’s atten-
uation capacity is underrepresented. Such behavior is often
found in Alpine catchments, where reservoirs have a larger
depth to area ratio than for example in the UK where FARL
was developed. Hence, we did not use this index in this study
because Switzerland has many deep Alpine reservoirs for
which the lake area is potentially not very indicative of its
storage potential.

In this study, we used a sample of 183 catchments in
Switzerland, which leads to some limitations regarding the
generalizability of our results. Due to the geography of
Switzerland, this dataset does not contain any large catch-
ments that are not strongly influenced by water bodies. The
largest catchments are located downstream of Lake Geneva
and Lake Constance, which are two large lakes with signifi-
cant flood peak attenuation. This makes it challenging to de-
termine the exact impact of factors such as catchment area
and contributing area percentage on the peak ratio, as the
two samples of catchments with strong and weak water body
influence do not cover the same range of catchment sizes.
While this may affect the absolute quantification of our re-
sults, we do not believe that it affects the general pattern of
the increase in peak ratio with catchment area, nor the sub-
stantial effects of water bodies on the attenuation of flood
peaks within catchments of all sizes.

5 Conclusions

In this study, we have demonstrated that the dampening effect
of water bodies (lakes and reservoirs) differs substantially
between daily flood peaks and flood peaks observed on an
hourly or sub-hourly (15 min) timescale. It is much stronger
for flood peaks observed in high-resolution records, lead-
ing to strong similarities between daily and sub-daily flood
peaks downstream of reservoirs. A particularly strong damp-
ening effect and alignment between hourly and daily flood
peaks is observed when a water body’s catchment area ac-
counts for more than 60 % of the respective river catchment
area. This implies that daily flood peaks are a good proxy
for hourly peaks in regulated catchments, especially when
they are strongly regulated. This is even the case for small
catchments that usually show sub-daily flood peaks clearly
distinct from daily peaks. This suggests that information on
the catchment area influenced by water bodies – information
that can be derived even for large-sample studies where de-
tailed information on water body regulation is lacking – can
help improve the estimation of sub-daily flood peaks.

Appendix A

Figure A1. Catchments analysed in the large-sample; grouped by
catchment area and contributing area percentage.

Table A1. Lakes outside of Switzerland included in the large-
sample analysis, together with their estimated catchment sizes.

Lake name Country Catchment size (km2)

Mindelsee Germany 26
Titisee Germany 32
Schluchsee Germany 46
Lac des Rousses France 23
Lac de Saint-Point France 249
Lac de l’Entonnoir France 3
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Figure A2. Variable importance of different catchment characteristics for predicting the D / H ratio.

Data availability. The streamflow data for the large-sample
approach is available from the Swiss Federal Office for
the Environment (FOEN) and so are the water body
catchment areas (https://data.geo.admin.ch/browser/index.
html#/collections/ch.bafu.wasser-einzugsgebietsgliederung/
items/wasser-einzugsgebietsgliederung?.language=en,2021,
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downloaded from https://www.gkd.bayern.de/de/ (LfU –
Bayerisches Landesamt für Umwelt, 2025). The identi-
fied flood peaks and the additionally outlined water body
catchment areas (Table A1) are available via HydroShare:
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