'.) Check for updates

Hydrological Processes WILEY

| RESEARCH ARTICLE CEIEED

Comparative Evaluation of Gridded Precipitation Datasets
in Capturing Hydrological Extremes in a Mesoscale
Heterogeneous Catchment in Austria

Zryab Babker! © | Mohammed Basheer? ™ | Tim G. Reichenau! 2 | Jiirgen Komma3 | Oscar M. Baez-Villanueva* ' |
Morteza Zargar! | Karl Schneider!

Institute of Geography, Faculty of Mathematics and Natural Sciences, University of Cologne, Cologne, Germany | 2Department of Civil and Mineral
Engineering, University of Toronto, Toronto, Ontario, Canada | 3Institute of Hydraulic Engineering and Water Resources Management, Faculty of Civil
Engineering, Vienna University of Technology, Vienna, Austria | “Hydro-Climate Extremes Lab (H-CEL), Ghent University, Ghent, Belgium

Correspondence: Zryab Babker (zryab.babker@uni-koeln.de; zryabbabker@gmail.com)
Received: 22 July 2025 | Revised: 27 October 2025 | Accepted: 29 November 2025

Keywords: Austria | elevation zones | extreme precipitation | gridded precipitation products | Kamp catchment | point-to-pixel evaluation |
streamflow simulation | SWAT+ model

ABSTRACT

Accurate representation of extreme precipitation is crucial for assessing flood hazards and developing risk mitigation strategies.
For such applications, gridded Precipitation Products (PPs) can be a promising alternative to traditional point measurements,
especially in regions where such measurements are sparse or non-existent. However, the accuracy of PPs in representing extreme
precipitation should be evaluated before use. In this study, we evaluate the performance of four PPs (SPARTACUS v2.1, IMERG-F
v07, CHIRPS v2.0, and ERA5-Land) against 33 precipitation gauges at a daily time scale over the Kamp catchment in Austria for
the period 1998-2020. The hydrological response in the catchment is influenced not only by the intensity of extreme precipitation
events but also by antecedent soil moisture and seasonal conditions. Continuous and categorical performance metrics are used to
evaluate the performance of the PPs at gauge locations. Additionally, the Soil and Water Assessment Tool Plus (SWAT+) model is
used to assess the reliability of PPs when used as forcings for hydrological modelling. The results reveal that while most evaluated
products can detect no-rain events, their ability to capture extreme precipitation events varies notably. SPARTACUS v2.1 exhib-
ited the best ability to detect extremes at gauge locations, resulting in streamflow simulation that closely matched the observed
data. IMERG-F v07 demonstrated moderate performance in both extreme precipitation detection and corresponding peak flow
generation. In contrast, CHIRPS v2.0 and ERA5-Land showed poor performance in representing extreme precipitation, resulting
in underestimated high flows and lower reliability in simulating flood-related hydrological processes. These findings highlight
the importance of evaluating the ability of PPs in capturing extreme precipitation to ensure reliable simulation of flood peaks and
hydrological extremes. We conclude that catchment-specific validation linking precipitation extremes to hydrological responses
is essential for selecting appropriate precipitation forcings for hydrological applications.

1 | Introduction such as floods and droughts. The availability of accurate,
long-term, and consistent precipitation data at suitable spatio-
Precipitation is a key component of the hydrological cycle, influ- temporal resolutions is key for water resources management,

encing river flows and the occurrence of hydrological extremes infrastructure design, and assessment of hydrological extremes,
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among other applications (Zhang et al. 2017; Ruhi et al. 2018;
Yuan et al. 2018; Fang et al. 2019). Although meteorological
gauge stations provide direct and reliable data at specific loca-
tions, characterizing spatial precipitation patterns based solely
on gauges is challenging, especially where gauge networks are
sparse or do not cover high elevations (Xue et al. 2013; Baez-
Villanueva et al. 2018; Sharifi et al. 2018). Typically, hydrologi-
cal impact studies examine hydrological processes at scales and
locations where point gauge stations may not be representative
(Mankin et al. 2025).

Gridded precipitation products (PPs) offer complementary
information by providing insights into the spatial and tem-
poral variability of precipitation. Over the past few decades,
several ground-based, satellite-based, reanalysis-based, and
multisource merged PPs have been developed at high spatial
and temporal resolutions. Ground-based PPs (e.g., E-OBS,
Haylock et al. 2008; SPARTACUS, Hiebl and Frei 2018; GPCC,
Adler et al. 2018) provide gridded precipitation estimates le-
veraging information from point measurements, but their ac-
curacy is highly dependent on the density and configuration
of the gauge network (Hiebl and Frei 2018; Ma et al. 2025).
In contrast, satellite-based products (e.g., PERSTANN-CDR-
CCS, Hong et al. 2004; CMORPH, Joyce et al. 2004; CHIRP,
Funk et al. 2014; IMERG v07 Final Run, Huffman et al. 2024)
offer near-global coverage and high temporal resolution,
which is valuable in data-scarce regions. However, they may
underestimate light precipitation and tend to underperform
in snow- and ice-covered regions and in complex terrains
(Joyce et al. 2004; Kidd et al. 2012; Huffman et al. 2019; Beck
et al. 2019; Tang et al. 2020; Sadeghi et al. 2021). Reanalysis-
based products (e.g., ERAS5, Hersbach et al. 2020; ERAS5-
Land, Mufioz-Sabater et al. 2021) combine numerical weather
prediction models with assimilated observations, offering
temporally consistent, physically coherent, and long-term
datasets, but their spatial resolution is often coarse, and local
extremes may be smoothed due to model biases (Hersbach
et al. 2020; Mufioz-Sabater et al. 2021). Multisource (blended/
merged) products (e.g., CHIRPS, Funk et al. 2015; MSWEP,
Beck et al. 2019; GMCP, Ma et al. 2025) integrate satellite,
reanalysis, and gauge networks, leveraging the strengths of
multiple sources. These products can better represent precip-
itation extremes and local variability. However, their perfor-
mance depends on the density and quality of the input data
(Rauthe et al. 2013; Funk et al. 2015; Cornes et al. 2018; Beck
et al. 2019; Ma et al. 2025). For a comprehensive review of the
advantages and limitations of precipitation data from these
different sources, the reader is referred to Ma et al. (2025).

The performance of PPs has been widely evaluated across
different regions worldwide (Beck et al. 2017; Sun et al. 2018;
Nguyen et al. 2018; Mankin et al. 2025), and results consis-
tently show that their reliability depends on climate, terrain,
and gauge density (Isotta et al. 2015). The inclusion of a high
density of station data in PPs typically results in enhanced
accuracy and a better representation of extreme events, es-
pecially in regions with heterogeneous precipitation distri-
butions. In recent years, several efforts have been made to
evaluate the performance of different PPs over Europe (e.g.,
Zolina et al. 2004; Skok et al. 2016; Kidd et al. 2012; Navarro
et al. 2019; Lledo¢ et al. 2024).

Despite the benefits of using PPs for diverse applications, partic-
ularly in data-scarce or ungauged regions, they often contain bi-
ases that can limit their utility. Therefore, these products require
a comprehensive evaluation to assess their performance and de-
termine their suitability before they are used in specific regions.
In hydrological applications, the accuracy of precipitation data
directly impacts the reliability of hydrological simulations, par-
ticularly for extreme events (Skeien and Bléschl 2006; Towner
et al. 2019; Nester et al. 2012), which are key in assessing flood
risk (Nester et al. 2012). In recent decades, the intensity and fre-
quency of extreme precipitation events and the occurrence prob-
ability and magnitude of extreme flood events have increased
in many regions, causing socioeconomic losses (IPCC 2012; Shi
et al. 2017; Fang et al. 2019; Eingriiber and Korres 2022).

Austria is increasingly exposed to frequent riverine floods
and droughts, often resulting in severe socioeconomic losses
(Ucal 2017; Leitner et al. 2020). However, a comprehensive anal-
ysis of PPs' performance in capturing the intensity, frequency,
and spatial distribution of such events, as well as their suitabil-
ity for hydrological modelling in Austria, is lacking. Only a few
studies have focused explicitly on the performance of PPs in
Austria (Kann et al. 2015; O et al. 2017; Hiebl and Frei 2018;
Sharifi et al. 2018, 2019; Ghaemi et al. 2021; Peflenteiner
et al. 2021; Haas et al. 2024; Probst and Mauser 2022), and a
limited number of these studies have explicitly evaluated PPs'
performance in capturing extreme precipitation events (Sharifi
et al. 2019; Haas et al. 2024). Table 1 provides an overview of
previous studies on the evaluation of precipitation products in
Austria. A systematic and comprehensive evaluation is neces-
sary to robustly select suitable products for specific applications
and to understand uncertainties. Such evaluation is particularly
necessary in mountainous and remote areas, where precipita-
tion exhibits high spatial and temporal variability. In these re-
gions, flood occurrence is often influenced by antecedent soil
moisture and other preconditions, leading to nonlinear hydro-
logical responses in which precipitation-induced runoff may be
amplified under saturated conditions or suppressed when soils
are dry and highly absorptive (Haslinger et al. 2025).

This study focuses on four PPs (CHIRPS v2.0, IMERG-F v07,
ERAS5-Land, and SPARTACUS v2.1) applied to the Kamp
catchment from 1998 to 2020. We acknowledge that several
recently developed global precipitation datasets not consid-
ered in this study could provide high spatiotemporal resolu-
tion and offer valuable insights when applied in Austria. In
this study, however, we deliberately focused on the four se-
lected products for their complementary characteristics. To
ensure a balanced comparison, we selected one representa-
tive product from each major data source: the satellite-based
IMERG vO07 Final Run, the reanalysis-based ERA5-Land, the
ground-based SPARTACUS v2.1, and the merged CHIRPS
v2.0. These products also represent different spatial domains,
ranging from global to regional and national scales, and all
consistently cover the timeframe of our analysis (1998-2020).
Additionally, they offer varying spatial resolutions, enabling
us to investigate potential scale effects on their performance.
CHIRPS v2.0 and IMERG-F v07 are widely recognized global
datasets; however, their performance has not been previously
evaluated in Austria. Our study, therefore, provides new in-
sights into their applicability in this region. ERA5-Land is
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Major findings

Study objective

Results of the different precipitation products

Analysis of warm-season short-

are largely comparable. ERAS5 Land data show
no significant trend in the ratio between short-
duration maximum hourly precipitation and the
average hourly precipitation of daily sums, whereas

duration extreme convective
precipitation events with INCA

and Wegener Net to assess
the potential climate-change-

WEGN and INCA show a tendency for an increase

induced amplification of sub-

in the ratio over the last two decades, although

daily precipitation extremes.
Preparation of the short-duration

this remains without statistical significance.
Modelling maximum hourly precipitation with

extreme convective precipitation
events classification and threshold

SPARTACUS and ERAS5 land data revealed
more information about climate amplification.

exceedance amount metrics.

ERAS5 and WFDES5 were found to be well-suited

Evaluation of meteorological
forcing data for hydrological

for hydrological modelling, but bias correction

was essential. Bias correction with GLOWA and

PRISM performed best in the Alps. The study
recommends regional high-resolution precipitation

modelling (PROMET).
Uncorrected products and products

bias corrected with WorldClim2 or
PRISM climatology are compared.

climatology as an alternative to global data sets.

a widely used reanalysis product in hydrological modeling
studies across Europe, offering physically consistent precipi-
tation and land-surface estimates. SPARTACUS v2.1 is a high-
density, gauge-based national reference dataset with a fine
spatial resolution (1 km).

The objectives of this study are to (1) comprehensively evaluate
the ability of four PPs in capturing daily precipitation patterns
and precipitation extremes in the Kamp Catchment, (2) evalu-
ate the ability of PPs in capturing the effects of topography on
extreme precipitation, and (3) assess the hydrological utility of
PPs in simulating streamflow and historical flood events when
used as forcing for the Soil and Water Assessment Tool (SWAT+)
model. The Kamp catchment provides a suitable case study, as
it has experienced severe flooding events in the recent past
(Viglione et al. 2010).

This study is done in the context of the EU-funded DISTENDER
project. DISTENDER develops actionable strategies for climate
change mitigation and adaptation. The assessment of strategies
to address the effects of climate change is based on well-tested
hydrological models. Against this background, an assessment
of the effects of different PPs upon modelled streamflow is
essential.

2 | Data and Methods

2.1 | Study Area

Bl ©
HE g
& E E The Kamp catchmentis located in northern Austria, approximately
| § § 120km northwest of Vienna (Viglione et al. 2010). Figure 1 shows
@ the extent and general characteristics of the catchment. The catch-
ment has an area of approximately 1729km? and encompasses a
E calws B wide range of elevations, from around 220 to 1035m above sea
s 3 251 E; % Q " level (m.a.s.l.). The Kamp River is the longest in the “Waldviertel”
T‘; ,E g 2 i <5 0 = region of Austria, with ecological, social, and economic impor-
M = § (2) é o E tance. The river originates in the Weinsberg Forest and flows for
a around 160km into the Danube east of Krems at Altenwdrth at an
. - elevation of 180m.a.s.l. (Christoph et al., n.d.).
15|% £
g E Z Z § Three reservoirs are within the Kamp catchment: Ottenstein,
g % Té E g Dobra, and Thurnberg, which are used for flood control, hydro-
Bz 7 power generation, and fishing.
o The climate in the catchment is classified as Temperate
§ qE) E Oceanic Climate (Cfb) according to the Koppen-Geiger cli-
‘5 2 § 2 mate classification (Beck et al. 2018). The annual precipita-
= ;:: é’ % tion in the catchment typically ranges from approximately
‘é 2 A 600 to 900 mm, with an average of around 711 mm (Fick and
@ | 7 = Hijmans 2017). Precipitation, temperature, and streamflow
exhibit clear seasonal behaviours in the catchment, with the
. [ N highest precipitation and temperature occurring in the sum-
§ O % = § mer (June to August) and the highest streamflow observed in
g, E = ; % the spring, particularly during March and April (Figure SI).
3 AR § § The runoff response in the Kamp is known to be sensitive
= < § A § to the interplay of precipitation timing and antecedent mois-
- = ture, with high flows often occurring only after sustained wet
= periods or snowmelt inputs (e.g., Komma et al. 2007; Nester
= ° - et al. 2012). Extreme floods are usually observed in the catch-
ﬁ “|e - ment due to intense rainfall events from June through August
6 of 29 Hydrological Processes, 2025
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FIGURE1 | Overview map of the study area, including catchment boundary, major rivers and streams, dams, topography, and the locations of the

precipitation and streamflow gages used in this study.

and snowmelt from March to April (Brigode et al. 2015). The
average annual flow of the Kamp River is approximately
9.5m3/s (~300 million m3/year), measured at the Stiefern
gauge, located around 20km upstream of the catchment out-
let. Several devastating flood events occurred in the catch-
ment, as shown in Table S1.

The Kamp catchment is characterised by a mix of natural and
human-modified landscapes, reflecting varied topography and
land use practices. Forests dominate the upper regions, while
agriculture is more prominent in the lower areas, with water
bodies and diverse land uses supporting the local economy and
ecosystem.

2.2 | Data Used
2.2.1 | Ground-Based Precipitation Data

Daily precipitation measurements for the period 1998-2020
from 33 ground-based stations, distributed within and around
the Kamp catchment, were obtained from the electronic
Hydrography platform (eHYD), operated by the Hydrographic
Service of Austria (available online at: https://ehyd.gv.at/?g_
suche=208520) and from GeoSphere Austria—Dataset

(available online at: https://www.geo-sphere.at/dataset/).
Figure 1 highlights the uneven distribution of the stations' net-
work. Sparser data coverage is evident over the upper part of
the catchment compared to low-elevation regions. Only 2.5%
(9 stations) of the gauge stations are located at altitudes above
700m.a.s.]. The stations’ daily time series were subjected to
quality control and checked for data gaps. Only the stations
with less than 15% missing daily data were included in the anal-
ysis. Table S2 presents the percentage of missing data for the 33
selected gauge stations.

2.2.2 | Evaluated Gridded and Reanalysis
Precipitation Products

The performance of four PPs was evaluated over the Kamp catch-
ment for the period 1998-2020. The PPs are the Climate Hazards
Group InfraRed Precipitation with Station Data (CHIRPS v2; Funk
et al. 2015), the Integrated Multi-satellite Retrievals for Global
Precipitation Measurement (GPM) mission Final IMERG-F v07;
Huffman et al. 2023, 2024), the European Centre for Medium-
Range Weather Forecasts (ECMWF) Reanalysis dataset (ERAS-
Land; Mufioz-Sabater 2019; Mufioz-Sabater et al. 2021), and
the Spatiotemporal Reanalysis Dataset for Climate in Austria
(SPARTACUS; Hiebl and Frei 2018). Table 2 provides an overview

Hydrological Processes, 2025
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of the main characteristics of the PPs used in this study, including
their spatial and temporal resolutions. More information about
the evaluated products can be found in Section S1.

2.2.3 | Data for Hydrological Modelling

Different datasets, including topography, soil types, land use/
land cover, and meteorological data (precipitation, maximum
and minimum air temperature, relative humidity, wind speed,
and solar radiation), are required as inputs for the SWAT+
model (Bieger et al. 2017). Additionally, measured streamflow
data are required for model calibration and validation. In the
present study, the required datasets were collected from differ-
ent sources (Table 3). Precipitation data from the PPs were used
to to drive SWAT+ and identify the best-performing product for
hydrological simulation.

2.3 | Methodology

We applied point-to-pixel and hydrological modelling evaluation
techniques to assess the performance of PPs in the study area.
A point-to-pixel approach (Bai and Liu 2018; Baez-Villanueva
et al. 2018; Zhang et al. 2018; Basheer and Elagib 2019; Basheer
et al. 2019; Gumindoga et al. 2019; McNamara et al. 2021;
Khatakho et al. 2024) was applied to compare the time series
of 33 precipitation gauges with the corresponding pixel values
of the PPs at a daily timescale. For hydrological modelling, we
utilized the restructured version of SWAT (SWAT+ rev 61.0.1;
Arnold et al. 2018) for the Kamp catchment. SWAT+ is used
to assess the effects of different PPs on the streamflow simu-
lation. SWAT+ has been tested and applied extensively world-
wide (Krysanova and Arnold 2008; Arnold and Fohrer 2005;
Gassman et al. 2007; Akoko et al. 2021).

The methodology used in this study is presented in Figure 2.

2.3.1 | Definition and Evaluation of Extreme Events

In this study, we used the P95th and P99th indices to identify daily
extreme and very extreme precipitation events, respectively. These
indices are defined as the daily precipitation amounts that exceed
the 95th or 99th percentile of precipitation amounts on wet days
within the evaluation period (1998-2020). A day is considered wet
when the precipitation amount is greater than or equal to 1mm
(p>1mm) and is considered dry when the precipitation amount is
less than 1 mm (p<1mm). Many studies have used the 95th and
99th percentiles of days with p>1mm as thresholds for evaluating
precipitation extremes (Sharifi et al. 2019; Cavalcante et al. 2020;
Keikhosravi-Kiany and Balling 2024). The 95th and 99th percen-
tiles of daily precipitation on wet days were calculated based on
observations from the precipitation gauges over the evaluation
period. Next, we identified all days when observed daily precipi-
tation exceeded these thresholds at each station. For these days,
corresponding daily precipitation values were extracted from the
PPs for direct comparison. To evaluate the ability of the PPs to de-
tect the sequence of extreme precipitation events, such as dry and
wet spells, we used the maximum annual Consecutive Wet Days
(CWD) and Consecutive Dry Days (CDD) indices, which were

developed by the Expert Team on Climate Change Detection and
Indices (ETCCDI; Zhang et al. 2011). The selected indices for pre-
cipitation extremes are reported in Table 4.

2.3.2 | Point-to-Pixel Evaluation of
Precipitation Products

2.3.2.1 | Performance Metrics and Ranking of Precip-
itation Products. In this study, we performed a statistical
evaluation using seven metrics to identify the best-performing
PPs for the study area. The different performance metrics
address different aspects of performance. We used: the Root
Mean Square Error (RMSE), the Mean Bias Error (MBE),
the Willmott index of agreement (d), and the modified
Kling-Gupta Efficiency (KGE) and its three components:
the linear correlation coefficient (r), the bias ratio (Beta; j8),
and the variability ratio (Gamma; y). Moreover, to evalu-
ate the ability of PPs to detect different precipitation events
(Table 4), we used three categorical metrics: Probability
of Detection (POD), False Alarm Ratio (FAR), and Frequency
of Bias Index (FBI). Table S3 summarizes the performance
metrics and their formulas. To draw overall conclusions on
the performance of PPs and select the best-performing precipi-
tation product in the study area, a multi-step ranking approach
was applied. Details on the PPs ranking methodology can be
found in Section S2.

2.3.3 | Hydrological Evaluation of
Precipitation Products

2.3.3.1 | SWAT+ Hydrological Modelling Framework. We
used SWAT+ to assess the performance of PPs as a boundary
condition for hydrological modelling. SWAT is a process-based,
semi-distributed eco-hydrological model developed by the USDA
Agricultural Research Service to simulate the impact of envi-
ronmental changes on hydrological systems with varying soils,
land use, and management conditions over extended periods
(Arnold et al. 2012). The latest version of SWAT+ (SWAT+ rev
61.0.1; Arnold et al. 2018) was used to develop a daily hydrolog-
ical model for the Kamp catchment. SWAT+ enables the simu-
lation of streamflow across a wide range of spatial and temporal
scales, environmental conditions, land management practices,
and land use and climate change scenarios (Bieger et al. 2017). It
utilizes the deterministic paradigm. Thus, the same set of model
drivers acting on the same set of model parameters and state vari-
ables will produce the same model results. As a result of this par-
adigm, spatial units with the same characteristics can be merged
into Hydrologic Response Units (HRU). HRUs are areas char-
acterized by unique combinations of land use, soil, slope class,
and management practices (Neitsch et al. 2005). SWAT+ is driven
by generally available input data: meteorological data, topography
data, land use, and soil information. It uses empirical and phys-
ically based equations to represent the hydrological processes
within the catchment by subdividing it into subbasins and cal-
culating the vertical fluxes in each HRU and the lateral fluxes
(Abbaspour et al. 2013; Neitsch et al. 2011). Bieger et al. (2017) pro-
vide a general description of data preparation, watershed config-
uration, delineation of HRUs, Landscape units (LSUs), and other
SWAT+ model components.
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TABLE 3 | Summary of the data used in SWAT+ hydrological modeling.

Data type Source Resolution References
Digital surface model (DSM) ALOS World 3D (AWED30) 30m Japan Aerospace
Exploration Agency (2021)
Landuse/land cover Corine 2018 100m EEA (2020)
Soil data Digital Soil World Map (DSWM) 5km FAO (2003)
Temperature SPARTACUS v2.1 0.01° (1 km) Hiebl and Frei (2018)
Precipitation Gauge stations data from the electronic Points Hydrographic Service of
Hydrography platform (eHYD), operated Austria (2022); GeoSphere
by the Hydrographic Service of Austria, Austria (2024).
and GeoSphere Austria Datahub
SPARTACUS v2.1 0.01° (1 km) Hiebl and Frei (2018)
IMERG Final vO7 0.1° (~10km) Huffman et al. (2023, 2024)
CHIRPS v2.0 0.05° (~5km) Funk et al. (2015)
ERAS5-Land 0.1° (~10km) Murnioz-Sabater (2019);

Murfioz-Sabater et al. (2021)

Evapotranspiration, wind speed, ERA5-Land (ECMWF) 0.1° (~10km) Muiioz-Sabater (2019);

relative humidity, and solar
radiation

Murioz-Sabater et al. (2021)

Streamflow data Bundesmeldenetz (BMN) and electronic Point Hydrographic Service
Hydrography platform (eHYD), operated of Austria (2022)
by the Hydrographic Service of Austria
Methods
Data 4‘ Statistical evaluation }7 Results

Precipitation products (PPs):

- SPARTACUS v2.1
- IMERG-F v07

- CHIRPS v2.0

- ERA5-Land

Ground stations locations and
precipitation data
(33 stations)

Digital surface model, Soil, Land
use

Temperature, Wind speed, Relative
humidity, and Solar radiation

Observed stream flow data

Extraction of time series at gauge

locations (1998 — 2020) using point-to-pixel

>
>

3

>

approach

v

Extreme precipitation definition
and evaluation metrics selection

Selection of best and worst precipitation

’

Evaluation of the PPs using the validation

I Model setup in QSWAT + : Catchment and
—>

\4

dataset and performance metrics

v
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'
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FIGURE2 | Methodological framework applied in this study.
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Table 3 provides an overview of the model input data used
in this study. A 30m Digital Surface Model (DSM) was used
to generate the streams, delineate the watershed and its sub-
basins, and define three slope classes (0%-5%, 5%-10%, and
>10%). HRUs are defined by adopting thresholds of 0% for land
use, 5% for soil types, and 5% for slope. Consequently, 7171 ho-
mogeneous HRUs are determined, and 664 LSUs are created by
grouping HRUs that fall within the same spatial zone (upland,
floodplain, or terrace). Figure S2 illustrates the delineated wa-
tershed, comprising 41 subbasins and the created LSUs, along
with the derived stream network, the locations of the three res-
ervoirs, the generated slope classes, and the utilised soil and
land use classes. The model was parameterized in the SWAT+
Editor version 3.0.8 to incorporate crop and reservoir man-
agement parameters. The Penman-Monteith method was em-
ployed to estimate potential evapotranspiration (PET), and the
Muskingum method was used as a flow routing method. The
PPs data were extracted at virtual stations distributed within
each subbasin and around the catchment to overcome the prob-
lem of uneven distribution of ground stations, especially in
the upper part of the catchment. SWAT+ considers the closest
virtual station to the subbasin centroid in the simulation. To
assess the influence of selecting PPs as forcing in the model,
SWAT+ was independently calibrated for each PP, resulting in
five calibrated models that were used to simulate streamflow.
Calibration, validation, and sensitivity analysis were performed
for each of the five SWAT+ model runs.

For this study, 25 SWAT+ model parameters that targeted run-
off, evapotranspiration, soil infiltration, lateral flow, percolation
to groundwater, and snow were identified and used for cali-
brating each model (Table S6). To find the most sensitive model
parameters according to each PP, a Global Sensitivity Analysis
(GSA) of the selected parameters was performed in SWAT+ ver-
sion 3.0.6 using the Sobol method (Sobol 2001) with 1040 simu-
lations (samples) and the Nash-Sutcliffe efficiency (NSE; Nash
and Sutcliffe 1970), as the objective function.

TABLE 4 | The selected indices for precipitation extremes.

Index name Index definition Unit
Daily extreme Daily extreme mm
precipitation precipitation events
(P95th=p>95th when p > 95th percentile

percentile of wet of wet days during the

days) period of analysis.

Daily very extreme Daily extreme mm
precipitation precipitation events

(P99th=p>99th when p > 99th percentile

percentile of wet of wet days during the

days) period of analysis.

Dry days/No rain Days when p<1mm. mm
Consecutive wet Maximum annual number days
days (CWD) of consecutive wet days

(when p>1.0mm).

Consecutive dry
days (CDD)

Maximum annual number days
of consecutive dry days
(when p<1.0mm).

Each model was calibrated to the observed streamflow data at
the Zwettl Bahn Briicke gauge station (see Figure 1), considering
the period from 2006 to 2018, and was validated for the period
from 2000 to 2003 with a two-year warm-up period (2004 and
2005). Latin-hypercube Sampling Iteration (CALSI), an auto-
matic calibration method, was used to calibrate the selected pa-
rameters with 3000 model simulations.

2.3.3.2 | SWAT+ Model Performance Evaluation. The
Nash-Sutcliffe Efficiency (NSE), modified Kling-Gupta Effi-
ciency (KGE), Root Mean Square Error (RMSE), and Per-
cent Bias (Pbias) were selected to evaluate the performance
of the SWAT model, driven by each precipitation product, in
simulating streamflow during the calibration and validation
periods. The equations of these selected evaluation metrics
are shown in Table S3.

To further assess the hydrological utility of the PPs in simulating
flood event dynamics, we investigated their ability to reproduce
streamflow peaks and associated hydrological responses within
the SWAT+ model framework. Specifically, we examined how
different precipitation forcings influenced (i) event-based total
runoff volume, (ii) peak flow generation, (iii) event-based runoff
coefficient ratios, and (iv) modifications in the state variables of
the model through parameter calibration.

We selected four historical flood events in the Kamp catch-
ment (6-10 August 2002; 11-15 August 2002; 5-15 July 2005;
and 14-19 August 2005) that represent different conditions in
terms of season, precipitation characteristics, and anteced-
ent soil moisture states, as identified by Komma et al. (2007).
The characteristics of these flood events are summarized in
Table S4.

The hydrological performance of PPs in the selected flood events
was evaluated using five diagnostic statistics. The Root Mean
Square Error (RMSE, m?3/s) was employed to quantify the mag-
nitude of deviations between simulated and observed stream-
flow hydrographs. The relative bias in precipitation amount
(BIASp, %) was calculated to assess systematic over- or underes-
timation of precipitation input by each product, while the rela-
tive bias in total runoff volume (BIAS,, %) was used to evaluate
the cumulative effect of precipitation biases on event-scale run-
off generation. The relative bias in peak streamflow (BIAS .,
%) was applied to specifically evaluate the accuracy of simulated
flood magnitudes, whereas the peak timing error (PTE, days)
was used to detect temporal mismatches between simulated and
observed flood peaks. Collectively, these metrics provide a com-
prehensive evaluation of the ability of the different precipitation
forcings to reproduce both the magnitude and timing of extreme
flood events in the catchment.

To further investigate the effect of precipitation forcings on the
catchment's hydrological response, we analyzed runoff coeffi-
cients and their relative biases (BIAS.). The runoff coefficient
(RC) quantifies the fraction of precipitation that is transformed
into direct runoff during an event. For the reference values, we
used estimates from Komma et al. (2007), who derived event-
based direct runoff depths and runoff coefficients by separating
baseflow from observed event hydrographs over the same catch-
ment of this study.

Hydrological Processes, 2025
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For each event, the simulated runoff coefficient was com-
puted as:

Y, Qdirect

RC -
21’:1 Pi

@

event =

where RC_ . is the runoff coefficient for a given flood event;
Qdirect is the daily direct runoff (surface runoff + lateral flow,
mm) on day i simulated by the SWAT+ model forced by a PP; P,
is the daily precipitation (mm) on day i; and »n is the number of
days in the flood event period.

This formation enabled a direct comparison of simulated run-
off coefficients from each PP with the reference values, thereby
quantifying the relative biases introduced by the precipitation
forcings.

3 | Results

3.1 | Statistical Evaluation of the Precipitation
Products

3.1.1 | Ability to Capture Daily Precipitation Patterns

First, we calculated some basic diagnostic statistics to system-
atically compare the products with the ground-based data. The
comparison results are summarized in Table 5. All precipitation
products exhibit small differences in mean daily precipitation
values compared to the observed data. CHIRPS v2.0 shows
higher values in the standard deviation and maximum daily pre-
cipitation values, while other products show lower values than
those shown by ground stations. The number and percentage of
wet days are higher with SPARTACUS v2.1, IMERG-F v07, and
ERAS5-Land compared to the results from ground-based precipi-
tation, while CHIRPS v2.0 shows the opposite pattern.

Figure 3 presents box plots of the six metrics used to evaluate the
performance of PPs with ground precipitation data at the daily
scale from 1998 to 2020. The results show that, based on the
median performance metrics of the 33 stations, SPARTACUS
v2.1 outperforms the other products, achieving the highest KGE
value of 0.83 and the lowest errors, with an MBE of —0.02mm/
day and an RMSE of 2.53mm/day. IMEGR-F v07 and ERAS5-
Land follow, with KGE values of 0.63 and 0.44, MBE values of

0.19and 0.31 mm/day, and RMSE values of 3.81 and 3.78 mm/
day, respectively. CHIRPS v2.0 demonstrates the lowest overall
performance, with a KGE of 0.40 and an RMSE of 6.13 mm/day.
The results of MBE reveal varying over- and under-estimation
of daily precipitation as recorded by the station observations.
All PPs except SPARTACUS v2.1 are characterized by daily pre-
cipitation overestimation, with the highest average MBE of 0.31
mm/day recorded in ERAS5-Land.

3.1.2 | Ability to Detect Precipitation Extremes

Figure 4 shows the results of PPs’ detection ability for no rain
(dry days), extreme (p>95th percentile), and very extreme
(p>99th percentile) daily precipitation intensity classes using
three categorical indices (i.e., POD, FBI, and FAR). All PPs
show a high detection skill for dry days or precipitation intensity
less than 1 mm/day, with the lowest POD median value of 0.78
(ERA5-Land) and the highest value of 0.95 (SPARTACUS v2.1).
However, their detection skills are relatively poor for extreme
and very extreme precipitation. SPARTACUS v2.1, followed by
IMERG-F v07, exhibited better detection abilities for extreme
(POD values of 0.63 and 0.40, respectively) and very extreme
(POD values of 0.38 and 0.34, respectively) precipitation than the
other products. Considering the FBI results, CHIRPS v.20 ex-
hibits a systematic overestimation in all precipitation intensities
(FBI >1). In contrast, IMERG-F v07, followed by SPARTACUS
v2.1, demonstrates better performance in no rain, extreme, and
very extreme precipitation. Additionally, SPARTACUS v2.1, fol-
lowed by ERAS5-Land, exhibited fewer false alarms in all pre-
cipitation intensity classes analyzed, with FAR values ranging
from 0.02 to 0.52.

3.1.3 | Ability to Detect Sequences
of Precipitation Extremes

Figure 5 shows the evaluation results of PPs in capturing the
longest sequences of dry days (quantified by CDD) and longest
sequences of wet days (quantified by CWD) in the Kamp catch-
ment. Based on MBE results, CHIRPS v2.0 overestimates the
CDD and underestimates the CWD, with median MBE values
of 5.17 and —1.43, respectively. In contrast, ERA5-land exhibits
the opposite pattern, with median MBE values of —5.43 and 2.83,
respectively. SPARTACUS v2.1 shows a minor underestimation
of CDD and an overestimation of CWD (MBE=-0.09 and 0.13,

TABLE 5 | Basic diagnostic statistics of the daily precipitation in Kamp Catchment over the period 1998-2020: Mean, standard deviation (SD),
maximum precipitation, number (percentage) of wet days (p >1mm/day), and number (percentage) of dry days (p <1 mm/day).

Number Number
Precipitation Max precipitation (percentage) (percentage)
source Mean (mm) SD (mm) (mm) of wet days of dry days
Stations data 1.90 5.01 94.91 2312 (27.6%) 5969 (71.3%)
SPARTACUS v2.1 1.88 4.67 86.61 2410 (28.7%) 5905 (70.3%)
IMERG Final v07 2.05 4.98 79.08 2667 (31.7%) 5731 (68.2%)
ERAS5-Land 2.22 4.19 68.48 3239 (38.6%) 5039 (59.9%)
CHIRPS v2.0 2.02 6.52 115.15 1577 (18.8%) 6824 (81.2%)
12 of 29 Hydrological Processes, 2025
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respectively). Based on the d and RMSE performance metrics
results, SPARTACUS v2.1 performs the best in capturing the
CDD and CWD, as it is the closest product to the optimal met-
rics value (vertical dotted red line), followed by IMERG-F v07.

3.1.4 | Evaluation Based on Topographical Gradient

Figure 6 illustrates the association between topographical
gradient and the performance of PPs in capturing extreme
precipitation. PPs show varying performance across different
elevation zones. All PPs underestimate extreme precipitation
events, as indicated by the negative MBE results. In addition,
all products have low correlation with ground stations (R val-
ues ranging from 0.56 to 0.14). The results of KGE, as shown
in Figure 6, reveal that SPARTACUS v2.1 performs better in
the mountainous regions of the catchment (between 700 and
1119 m.a.s.l.), with a median KGE value of 0.42, compared to
lower elevations. In contrast, the performance of IMERG-F
v07 in the lowland area (elevation 0-300m.a.s.l.) is relatively
better than in higher elevations, with a median KGE value of
0.17 compared to 0.14 and 0.08 in elevation zones of 300-700
and 700-1119m.a.s.1., respectively. Compared to SPARTACUS
v2.1 and IMERG-F v07, ERA5-Land and CHIRPS v2.0 per-
formed worse in capturing the extreme precipitation events in
all elevation zones.

3.1.5 | Ranking of Precipitation Products

Following the steps outlined in Section S2, Table S5 presents the
results of the Composite performance score (S) and the final rank-
ing of PPs in the study area. The results show that SPARTACUS
v2.1 demonstrates superiority among the four products across
all the evaluation scales, with the highest S value and the low-
est overall ranking. IMERG-F v07 comes second, followed by
ERAS5-Land and CHIRPS v2.0. Therefore, overall, SPARTACUS

v.2.1 was found to be the best-performing product, followed by
IMERG-F v07, ERA5-Land, and then CHIRPS V 2.0.

3.2 | Evaluation of Precipitation Products as
Inputs for Streamflow Simulation

3.2.1 | Model Parameters’ Sensitivity

Sobol's global sensitivity analysis method analysed all 25 cali-
bration parameters used in each PPs data forced model. The sen-
sitive parameters are then ranked based on their effect on the
model results using the NSE objective function. Table 6 exhibits
the results of the twelve most sensitive SWAT+ model parame-
ters from each of the PP-based models. While the snowmelt base
temperature (snomelt_tmp) and the minimum snowmelt rate on
December 21 (winter), when solar radiation is lowest (snomelt_
min), were the most sensitive parameters for SPARTACUS v2.1
and ERA5-Land, respectively, IMERG-F v07 and CHIRPS v2.0
mainly were sensitive to the moist bulk density of the soil (bd).
In general, soil, groundwater, and snow parameters were iden-
tified as the most influential parameters in the catchment, as
also shown by other studies done in the catchment (e.g., Viglione
et al. 2010). This suggests that runoff generation is highly in-
fluenced by subsurface processes and antecedent conditions,
which can lead to non-linear responses depending on soil satu-
ration and snowmelt timing.

3.2.2 | Model Calibration and Validation

Table S6 presents the automatic-calibration analysis results for
the model parameters, reported as the fitted values obtained
using the four different PPs. The results show that the final
fitted values for the calibration parameters vary from one pre-
cipitation dataset to another, resulting in different model perfor-
mances when comparing simulated streamflow with observed

SPARTACUS v2.1 o )
IMERG-F v07 I o

ERAS5-Land o

CHIRPS v2.0 | e
-0.2 0.0 0.2 0.5 0.0 2.0 40 6.0 8.0 04 06 0.8 1.0 10 12 1406 08 1.0 1.2 14 0.4 0.6 0.8 1.0
MBE (mm) RMSE (mm/d) R Beta Gamma KGE

FIGURE 3 | Comparison of the selected precipitation products with the ground-based precipitation estimation at the daily scale, using (from
left to right) Mean Bias Error (MBE; mm/day), Root Mean Square Error (RMSE; mm/day), Linear correlation (R), Bias ratio (Beta), Variability ratio
(Gamma), and modified Kling-Gupta Efficiency (KGE). In the boxplots, the vertical continuous line in the middle represents the median, the left

and right ends of the box indicate the 25th and 75th percentiles, respectively, and the whiskers represent the range of the performance metric values.

Outliers are shown as black dots. The vertical dotted red line indicates the optimal values for each performance metric.
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FIGURE4 | Evaluation of the precipitation products’ detection ability for no rain (dry days), extreme daily precipitation (p > 95th percentile of wet
days), and very extreme daily precipitation (p>99th percentile of wet days) intensity classes, using the median values (for the 33 evaluation location-
say) of three categorical metrics: False Alarm Ratio (FAR), Frequency of Bias Index (FBI), and Probability of Detection (POD). p <1=The intensity
of the No rain/dry days class when precipitation is less than 1 mm; 99p > p>95p =The precipitation intensity class when precipitation is greater than
extreme daily precipitation and less than very extreme daily precipitation; p>95p=The precipitation intensity class when precipitation is greater
than every extreme daily precipitation.
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FIGURES5 | Comparison of the selected precipitation products with the ground-based observations in capturing the sequence of consecutive wet
days (CWD, top) and consecutive dry days (CDD, bottom) in the Kamp catchment, using (from left to right) MBE (days), RMSE (days), and Willmott
index (d). In the boxplots, the vertical continuous line in the middle represents the median, the left and right ends of the box indicate the 25th and
75th percentiles, respectively, and the whiskers represent the range of the performance metric values. Outliers are shown as black dots. The vertical
dotted red line indicates the optimal values for each performance metric.

streamflow. Figure 7 illustrates the observed and simulated
streamflow at the Zwettl Bahn Briicke gauge station during the
calibration and validation periods, utilizing data from the four

PPs. For a closer visual examination of model outputs, the sim-
ulated and observed hydrographs for one year in the calibration
period (2006) and the validation period (2002) are presented in
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FIGURE 6 | Comparison of the selected precipitation products with the ground-based observations in capturing extreme precipitation (p>95th
percentile of wet days) in different elevation zones in the catchment, using (from left to right) MBE (mm/day), RMSE (mm/day), Linear correlation

(R), Bias ratio (Beta), Variability ratio (Gamma), and modified Kling-Gupta Efficiency (KGE). In the boxplots, the vertical continuous line in the

middle represents the median, the left and right ends of the box indicate the 25th and 75th percentiles, respectively, and the whiskers represent the

range of the performance metric values. Outliers are shown as black dots. The vertical dotted red line indicates the optimal values for each perfor-

mance metric.

Figure 8. Except for the ERA5-Land-based model, the simulated
streamflow corresponds well with the observed hydrological
pattern in both the calibration and validation periods for all PPs.
However, the peak streamflow is underestimated with all PPs.
The consistent underestimation of peak flows could indicate
that some products miss key aspects of event build-up, such as
wet antecedent conditions that precede large runoff responses
in this catchment.

The results of the performance metrics used for the model
(Table 7) enable a comparison of the effects of various PPs. The
IMERG-based simulations exhibit good model performance
during calibration and validation, as assessed by the perfor-
mance categories proposed by Moriasi et al. (2007), with NSE
values of 0.70 in calibration and 0.60 in validation. IMERG-F
v07 resulted in less underestimation (Pbias=-1.99%) during
calibration; however, it led to an overestimation of streamflow
during the validation period, with a Pbias value of 13.06%.
The CHIRPS v.20 model tended to overestimate the simulated
streamflow by 2.72% during calibration and by 15.21% during
validation, as indicated by the Pbias results. Furthermore,

CHIRPS v2.0 yielded good model performance during the cal-
ibration period (NSE=0.64), but its performance dropped to
unsatisfactory levels during the validation years, with an NSE
value of 0.37. ERAS5-Land caused the lowest NSE values of
—0.14 and —0.01 and the highest underestimation of streamflow
(Pbias values of —26.36% and —36.20%) during calibration and
validation, respectively, indicating unsatisfactory model per-
formance. The SPARTACUS v2.1 model demonstrates superior
performance compared to other datasets, with improved NSE,
KGE, and RMSE, and exhibits lower bias in both calibration
and validation periods. It achieved the highest NSE values of
0.75 and 0.65, with less overestimation of simulated streamflow
compared to other datasets, as indicated by Pbias values of 3.23%
and 4.83% during calibration and validation, respectively.

3.2.3 | Event-Based Evaluation of the Hydrological
Response of the Model Under Extreme Flood Events

Figure 9 shows the observed and simulated daily hydrographs
of the selected historical flood events at the Zwettl Bahn Briicke

Hydrological Processes, 2025
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TABLE 6 | Results of the global sensitivity analyses: Selection and ranking of the twelve most sensitive model parameters? using the Sobol method

in SWAT+ Toolbox.
Sensitivity ranking in SWAT+ parameter
descending order SPARTACUS v2.1 IMERG Final v07 ERAS5-Land CHIRPS v2.0
1 snomelt_tmp bd snomelt_min bd
2 revap_co surlag perco cn2
3 snomelt_min chk cn3_swf snomelt_tmp
4 cn2 k snomelt_max perco
5 canmx awc surlag snomelt_min
6 perco Z snomelt_lag canmx
7 esco bf_max esco awc
8 surlag revap_min awc surlag
9 Z snomelt_max Z k
10 cn3_swf alpha bd snofall_tmp
11 bd snomelt_lag canmx snomelt_lag
12 snofall_tmp epco k esco

2The description of the parameters mentioned in this table is provided in Table S5.

streamflow station using the SPARTACUS v2.1-, IMERG-F v07-,
ERAS5-Land-, and CHIRPS v2.0-based precipitation data inputs.
The results of the hydrological performance, as quantified using
RMSE, BIASP, BIAS,, BIAS . and PTE, are presented in
Table 8. Across all events (Figure 9; Table 8), the four PPs pro-
duced distinct streamflow magnitudes. However, the SWAT+
model systematically underestimated high flows when forced
with the selected PPs. SPARTACUS v2.1, to some extent, pro-
vided a better representation of these flood events compared to
other datasets, with an RMSE ranging from 11 to 83 m?/s and
a PTE of <1day, followed by the IMERG-driven model, which
reproduced event timing but underestimated flood magnitudes.
ERAS5-Land- and CHIRPS v2.0-based simulations exhibited
lower performance, with substantial underestimation of both
runoff volumes and flood peaks, particularly under dry or mod-
erate antecedent soil moisture conditions.

The total runoff volume bias (BIAS ) quantifies the “missing
water” during each event compared to observations. SPARTACUS
v2.1-based simulation reproduced approximately 60%-80%
of observed event runoff volumes (BIASv=-21% to —41%, or
2.2-21.4Mm? deficit), IMERG-F v07- and CHIRPS v2.0- based
models underestimated by 26%-47% (2.8-24.6 Mm? deficit), and
71%-87% (45.5-60Mm? deficit), respectively. The ERA5-Land-
based simulation exceeded —85%. Similarly, SPARTACUS v2.1-
based simulation underestimated peak discharge by 41%-56%,
IMERG-F v07- and CHIRPS v2.0- based models by 49%-87%, and
ERAS5-Land-based simulation by up to —98%. Peak timing error
(PTE) results were minimal for SPARTACUS v2.1- and IMERG-F
v07-based simulation (<1day), but reached +2days for the
ERAS5-Land-based simulation, confirming that rainfall timing
errors directly influenced the hydrological response.

Event-to-event comparisons highlight how antecedent mois-
ture modulated the precipitation-runoff relationship. As shown

in Table 8, Event 1 (dry initial soil; ~1000-year return period)
produced an extreme flood with high infiltration potential, as
also reported by Komma et al. (2007). SPARTACUS v2.1-based
simulation reproduced around 59% of the observed total runoff
volume; CHIRPS v2.0- and IMERG-F v07-based models repro-
duced 19% and 53%, whereas ERAS5-Land-forced simulation
underestimated the runoff due to its inability to capture local-
ized convective rainfall (Terblanche et al. 2022; Gomis-Cebolla
et al. 2023) and reproduced only 4% of the observed runoff vol-
ume. Event 2 (highly wet antecedent conditions; ~500-year re-
turn period) generated the highest observed runoff coefficient
(0.49; Table S4), showing efficient rainfall-runoff conversion.
SPARTACUS v2.1 and IMERG-F v07 overestimated precipitation
by 40% and 35%, respectively, while CHIRPS v2.0 remained close
to the observed precipitation; yet all underestimated flood peaks
(BIASpeakz —55% to —98%), suggesting that surplus precipitation
was compensated by higher simulated infiltration and evapo-
transpiration losses during calibration. ERA5-Land, with a pre-
cipitation bias of —86%, fails to reproduce the hydrograph shape
or magnitude. The 2005 floods were less intense and hydrologi-
cally more moderate. Event 3 (moderately wet antecedent soil)
was captured to some extent by SPARTACUS v2.1- and IMERG-F
v07-based simulations, both of which achieved a PTE of approx-
imately Odays and a BIAS, of approximately —38%, whereas
Event 4 (dry antecedent soil) exhibited the strongest dependence
on initial moisture conditions: ERA5-Land- and CHIRPS v2.0-
based simulations captured only 13%-25% (BIAS, ~87%-75%) of
the observed total runoff, while SPARTACUS v2.1- and IMERG-F
v07-based models reproduced 75%-80%.

The event runoff coefficient (RC,,,) results closely re-
flected the antecedent soil moisture and characteristics of
each event (Tables 9 and S4). SPARTACUS v2.1 reproduced
RC values between 0.16 and 0.5, with deviations from ob-

event
servations ranging from —30% to +3%, providing the most
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FIGURE 7 | Comparison of the daily hydrographs of the observed and simulated streamflow at Zwettl Bahn Briicke gauge station in the calibra-
tion and validation periods using precipitation data from top to bottom SPARTACUS v2.1, IMERG-F v07, ERA5 Land, and CHIRPS v2.0. The simu-
lated streamflow was based on the parameter sets that achieved the highest NSE values during calibration. Q_observed = observed streamflow; and
Q_PP name =simulated streamflow of each PP; Q5,10,50 = 5-year, 10-year, 50-year return periods flood, respectively; Q95p =the streamflow value

that is exceeded 95% of the time or very low flow (drought-prone).

consistent match across events. IMERG-F v07 showed similar
behaviour (RC,  =0.2-0.53; BIAS,.=-27% to +10%), while
CHIRPS v2.0 systematically underestimated runoff genera-
tion (RC,,,,,=0.06-0.37; BIAS,.=—25% to —66%): ERA5-Land
showed erratic behaviour, producing both extreme overestima-
tion in Event 1 (+1505%) and strong underestimation (—59% to
—61%) in Events 2 and 3, reflecting its poor representation of
convective precipitation. The results confirm that both precipi-
tation accuracy and pre-event soil moisture strongly control the

modulated runoff generation in the hydrological model, as re-
ported by Komma et al. (2007).

3.2.4 | Event-Scale Water Balance Partitioning During
Extreme Floods

The analysis of the four selected major flood events in the Kamp
catchment demonstrated that the event-scale water balance
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FIGURE8 | Comparison of the daily hydrographs of the observed and simulated streamflow at Zwettl Bahn Briicke streamflow station extracted

for one year in the validation period (2002; top panel) and another year during the calibration period (2006; bottom panel).

(WB) simulated by SWAT+ was strongly affected by the precip-
itation forcing and antecedent moisture conditions (Figure 10).
Across the four events, WB components varied substantially
among PPs, except for evapotranspiration, where the model pro-
duced only minor differences.

The SPARTACUS v2.1- and IMERG-F v07-based model produced
the most realistic partitioning compared to other products, with
direct runoff of 25-55mm and actual evapotranspiration of
5-25mm, resulting in a total event water yield of 30-60 mm,
which is relatively closer to the observed flood magnitudes. In
contrast, ERA5-Land- and CHIRPS v2.0-based simulations pro-
duced smaller total direct runoff, less than 30mm, and total
water yield less than 40mm, reflecting an underestimation of
precipitation and weaker flood responses.

Antecedent soil moisture strongly modulates these dynamics.
Under wet conditions (e.g., August 2002), precipitation was effi-
ciently converted to quick streamflow, with SPARTACUS v2.1-
and IMERG-F v07-based models yielding higher direct runoff
(approximately 50-55mm). Under dry conditions (e.g., August
2005), infiltration dominated (direct runoff <20 mm), enhanc-
ing subsurface percolation and attenuating peak flows.

Overall, high-resolution national datasets, such as SPARTACUS
v2.1, produced a relatively more realistic WB partitioning and

streamflow, whereas coarser products, like ERA5-Land and
CHIRPS v2.0, shifted the hydrological balance toward percola-
tion and ET losses, resulting in noticeable flow underestimation
of all flood events.

3.2.5 | Effect of Precipitation Products Input Data on
Long-Term Water Balance Components

Figure S3 presents a comparison of the long-term main water
balance (WB) components derived from the SWAT+ model,
calibrated using daily precipitation data from the selected
products in the catchment, over the period 1998-2020. ERA5-
Land showed the highest mean annual precipitation (866 mm)
in the catchment, followed by IMERG-F v07 (745mm) and
CHIRPS v2.0 (729 mm), which overestimated it by 8% and
6%, respectively. SPARTACUS v2.1 slightly underestimated
precipitation by ~1.4% (681 mm). These changes in precipita-
tion magnitude significantly impacted surface runoff, water
yield, percolation, and average soil water content. ERA5-Land
and CHIRPS v2.0-based models yielded the highest values
of surface runoff and water yield (runoff: 214 and 164 mm;
water yield: 241 and 202mm, respectively). In contrast, the
SPARTACUS v2.1-based model produced the lowest sur-
face runoff and water yield, followed by the IMERG-F v07-
based model.
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TABLE 7 |
Long. 15.162).

SWAT+ model performance metrics in the calibration and validation periods at Zwettl Bahn Briicke streamflow station (Lat. 48.608,

Precipitation products

Performance metric

Daily model

Calibration (2006-2018)

Validation (2000-2003)

SPARTACUS v2.1

IMERG Final v07

ERA5-Land

CHIRPS v2.0

NSE
KGE
RMSE (m?/s)
Pbias %
NSE
KGE
RMSE (m?/s)
Pbias %
NSE
KGE
RMSE (m?/s)
Pbias %
NSE
KGE
RMSE (m3/s)
Pbias %

0.75
0.82
3.23
3.23
0.70
0.76
3.57
-1.99
-0.14
-0.17
12.82
—26.36
0.64
0.73
3.87
2.72

0.64
0.61
7.81
0.97
0.63
0.61
7.91
0.91
—0.15
-0.21
14.01
—35.56
0.37
0.37
10.41
4.12

Abbreviations: KGE, modified Kling-Gupta efficiency; NSE, Nash-Sutcliffe coefficient of efficiency; Pbias, Percent bias; RMSE, root mean square error.
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station using the SPARTACUS v2.1, IMERG-F v07, ERAS5 Land, and CHIRPS v2.0-based precipitation data inputs.

Comparison of the observed and simulated daily hydrographs of four historical flood events at the Zwettl Bahn Briicke streamflow
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TABLE 8 |

precipitation forcings.

Performance of the simulated flood events at Zwettl Bahn Briicke streamflow station catchment (596.23km?) under different

Runoff total
Precipitation Precipitation volume RMSE PTE BIASpeak
Flood event product (mm) (Mm3) (m3/s) (day) BIASp (%) BIASV (%) (%)
Event—1 Observed 139.2 52.3 — — — — —
(06/08/2002- SPARTACUS 182.7 30.8 (21.5) 83.2 -1 31.2 —41.0 —55.2
10/08/2002)
V2.1
ERAS5-Land 0.5 2.1(50.2) 144.5 -2 —-99.7 -95.9 -97.7
IMERG-F v07 186.8 27.9 (24.4) 87.0 -1 34.2 —46.7 —58.8
CHIRPS v2.0 121.8 10.0 (42.3) 127.0 -1 -12.5 —-80.8 —-87.1
Event-2 Observed 84.5 57.9 — — — — —
(11/08/2002- SPARTACUS 118.4 38.8(19.1) 80.2 -1 40.1 -33.0 —-55.3
15/08/2002)
V2.1
ERAS5-Land 12.1 1.9 (56.0) 148.7 2 —85.6 -96.7 -98.0
IMERG-F v07 113.7 33.3(24.6) 88.5 -1 34.5 42.5 —66.5
CHIRPS v2.0 115.9 25.3(32.6) 107.5 -2 37.1 56.3 —-71.1
Event-3 Observed 102.6 26.1 — — — — —
(05/07/2005- SPARTACUS 120.5 16.3 (9.8) 20.6 -1 17.5 -37.6 —-56.5
15/07/2005)
V2.1
ERAS5-Land 41.1 3.2(22.9) 34.0 2 -59.9 —87.9 —-94.5
IMERG-F v07 101.7 12.3(13.8) 23.1 0 -0.9 -37.6 -70.9
CHIRPS v2.0 79.4 5.8 (20.3) 29.8 0 —22.6 —-77.7 —84.8
Event-4 Observed 62.6 10.8 — — — — —
(14/08/2005- SPARTACUS 94.6 8.6 (2.2) 10.8 0 51.1 -20.5 —-41.0
19/08/2005)
V2.1
ERAS5-Land 9.4 1.4 (9.4) 23.5 1 —-85.0 —87.1 -92.1
IMERG-F v07 75.3 8.0(2.8) 12.9 0 20.2 —25.6 —48.2
CHIRPS v2.0 74.2 2.7 (8.1) 20.9 0 18.6 -74.5 —82.8

Note: Values in the brackets of the “Runoff total volume” column of the table denote the deviation of the simulated runoff volume using each PP compared to
the observed runoff volume of the catchment at Zwettl Bahn Briicke. Positive values indicate underestimation (runoff deficit), while negative values indicate
overestimation (runoff excess).

TABLE 9 | Runoff coefficients for different historical flood events in the Kamp catchment at Zwettl Bahn Briicke streamflow station.

Event-1 (06/08/
2002-10/08/2002)

Event-2 (11/08/
2002-15/08/2002)

Event-3 (05/07/
2005-15/07/2005)

Event-4 (14/08/

Precipitation dataset 2005-19/08/2005)

SPARTACUS V2.1 0.27 (-30%) 0.50 (3%) 0.22 (—29%) 0.16 (—15%)
ERAS5-Land 6.20 (1504%) 0.20 (—=59%) 0.12 (-61%) 0.18 (=1%)
IMERG-F v07 0.31 (-21%) 0.53 (8%) 0.20 (—27%) 0.20 (10%)
CHIRPS v2.0 0.14 (—64%) 0.37 (—25%) 0.13 (=59%) 0.06 (—66%)
Observed 0.39 0.49 0.30 0.18

Note: Values in the brackets of the events column denote the relative error of the runoff coefficient compared to the calculated values based on the observed
precipitation and direct runoff reported in Komma et al. (2007).

model produced the lowest percolation (107.21mm). The
CHIRPS v2.0- and SPARTACUS v2.1-based models presented
the lowest and highest average soil water content, respectively

Notably, the highest mean annual percolation was observed in
the ERA5-Land- and IMERG-F v07-based models' results (193
and 144mm, respectively), while the SPARTACUS v2.1-based
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(273 and 237mm). Actual evapotranspiration (ET) values re-
main fairly constant across precipitation datasets, ranging from
416mm (stations) to 433mm (ERAS5-Land-based model), sug-
gesting that ET is less sensitive to precipitation forcings com-
pared to other state variables.

4 | Discussion
4.1 | Performance of the Evaluated PPs

The results indicated that SPARTACUS v2.1 is the best-
performing precipitation product in the study area. Conversely,
CHIRPS v2.0 is the least accurate of the four products in the
study area. IMERG-F v0.7 ranked second, followed by ERAS5-
Land. The superior performance of SPARTACUS v2.1 relative
to other products is likely due to the use of Austrian gauge data,
in addition to its high spatial resolution of 1km (Hiebl and
Frei 2018), which translates to better detection of the occur-
rence and magnitudes of precipitation events. Although this is
expected, information on whether some of the ground stations
used in this study for evaluation had already been used in the
product’s development was not available, and therefore, it was
not possible to exclude them from our analysis. Typically, in
data-scarce regions, obtaining an independent ground-based
validation dataset is challenging as many products rely on the
available stations for further corrections (Baez-Villanueva
et al. 2018). The relatively good performance of IMERG-F v0.7
could be associated with the integration of multiple satellite sen-
sors (e.g., GPM's GMI, TRMM's TMI), passive microwave sen-
sors (e.g., AMSR-2, SSMIS, and infrared data from geostationary
satellites), and recent improvements in the merging algorithm
(Huffman et al. 2023, 2024).

SPARTACUS v2.1 shows a slight underestimation of CDD and
an overestimation of CWD (Figure 5). Despite the good perfor-
mance of SPARTACUS v2.1, representing extreme precipitation
events accurately remains a challenge for many products (Li
et al. 2021; Yu et al. 2021). Although SPARTACUS v2.1 exhib-
its strong detection capability for precipitation intensity below
1mm/day, it has a relatively low accuracy in representing ex-
treme daily precipitation (Figure 4). This can be due to increased
spatial variability at higher precipitation intensities, which exac-
erbates representativeness errors in point-to-pixel evaluations,
as the fundamental assumption that a point measurement ac-
curately reflects the precipitation of the corresponding grid cell
is often invalid under such conditions, as highlighted by Hiebl
and Frei (2018) and Risser and Wehner (2020). Our results align
with those of Hiebl and Frei (2018), who evaluated SPARTACUS
v2.1 around the town of Feldbach in south-eastern Styria using
experimental gridded rainfall data from the WegenerNet high-
resolution observations (WegenerNet; Kirchengast et al. 2014)
and reported that users comparing grid cells with point mea-
surements must expect systematic overestimation for light pre-
cipitation and underestimation for heavy precipitation.

Several studies in diverse regions have reported correlation
between IMERG estimates and ground-based precipitation ob-
servations (O et al. 2017; Anjum et al. 2018; Sharifi et al. 2019;
Amjad et al. 2020; Zargar et al. 2025), which are in agreement
with our findings. IMERG-F v07 shows a slight overestimation

of daily precipitation and an underestimation of the maxi-
mum annual number of CDD, while it shows better ability in
capturing the CWD. Additionally, it exhibits high detection
skills for no rain, as shown by the POD performance metric,
which is confirmed by other studies (i.e., Kim et al. 2017; Tan
and Santo 2018; Mahmoud et al. 2021). However, IMERG-F
v07 showed poor performance in detecting extreme precipi-
tation, with high FAR values (Figure 4). Our results contrast
with those of O et al. (2017), who reported a higher percent-
age of no rain and the limitation of IMERG products in de-
tecting very low precipitation intensities when assessing the
performance of IMERG v3 early, late, and final runs in the
Feldbach region (Austria) using gauge-based gridded rainfall
data from WegenerNet (WEGN). However, our results align
with theirs in overestimating IMERG for high precipitation
rates. Furthermore, several studies have assessed the perfor-
mance of satellite-based IMERG across diverse climatic and
topographic conditions in South America (Benitez et al. 2024;
Rozante and Rozante 2024), highlighting its challenges in
accurately estimating precipitation during winter. In Asia,
satellite-based PPs such as GPM IMERG and PERSIANN have
been extensively tested across diverse hydroclimatic settings
(Liu et al. 2016; Tang et al. 2020; Khatakho et al. 2021). GPM
IMERG outperformed other satellite and reanalysis precip-
itation products in China, while it underestimated snowfall
compared with gauge and reanalysis data (Tang et al. 2020).
The lower detection capability of IMERG-F v07 for extreme
precipitation intensities may be due to the inclusion of gauge
data at the monthly scale (i.e., from GPCC or CPC Unified
Gauge-Based Analysis) to bias-correct its estimates (Huffman
et al. 2019, 2023, 2024).

Compared to SPARTACUSv2.1 and IMERG-Fv07, CHIRPS-v2.0
overestimated the CDD (also showing a high percentage of dry
days) and underestimated the CWD, whereas ERA5-Land ex-
hibited the opposite pattern. Moreover, both products are poor at
detecting extreme precipitation. CHIRPS v.2.0 generally showed
alow probability of detection for precipitation extremes, whereas
it performed better in capturing dry days, as indicated by the
POD results, with a slight overestimation. As this study was the
first attempt to evaluate CHIRPS v2.0 in Austria, it was not pos-
sible to compare its performance with that of previous studies.
However, similar studies carried out in neighbouring countries
or other regions with similar climates and/or topography provide
consistent insights (Hatzianastassiou et al. 2016; Zambrano-
Bigiarini et al. 2017; Cavalcante et al. 2020; Nashwan et al. 2020;
Khatakho et al. 2021). In East Africa, the satellite-based CHIRP
and merged CHIRPS were shown to capture seasonal variability
but required bias correction to improve reliability for agricul-
tural and drought monitoring (Dinku et al. 2018). The underes-
timation of extreme precipitation events by CHIRPS v2.0 could
be associated with the use of GPCC gauge data in the calibration
of the product. GPCC has a limited local ground stations from
eastern and central Europe (including Austria) compared to the
tropics or Africa (Funk et al. 2015).

In general, ERA5-Land demonstrated better ability in capturing
daily precipitation patterns compared to CHRIPS v2.0 despite its
coarser spatial resolution (~10km); however, it also exhibits bi-
ases, particularly in extreme precipitation events. It showed the
worst detection ability for precipitation extremes (Figure 4). It
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FIGURE 10 | Events-based daily water balance components over the Kamp catchment at Zwettl Bahn Briicke streamflow station obtained by
forcing the SWAT+ model with different PPs for (a) Event-1, (b) Event-2, (c) Event-3, (d) Event-4. The total precipitation for the event was added for
comparison purposes.

exhibits the highest overestimation of CWD and underestima-
tion of CDD in the study area. The aforementioned underestima-
tion of extreme precipitation and the overestimation of wet days

also exhibits the highest percentage of wet days among all prod-
ucts and fewer extreme precipitation events than the ground
stations, as shown in Table 5 and Figure 5. Furthermore, it
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by ERAS5-Land are consistent with previous studies in other re-
gions (e.g., Gomis-Cebolla et al. 2023; Guo et al. 2024; Moccia
et al. 2025; Zargar et al. 2025). One possible explanation for this
performance is the comparison of gauging station records with
the closest grid-based data. The coarser resolution of the ERAS5-
Land data may have resulted in a mismatch between the ground
station location and the corresponding pixel data.

The influence of elevation on precipitation patterns is a key
factor that must be considered when applying precipitation
products across Austria's varied terrain. We evaluated the im-
pact of topographical gradient on the accuracy of the selected
precipitation products in capturing extreme precipitation in the
study area by dividing the catchment into three elevation zones
(0-300m, 300-700m, 700-1119m). Although all the products
performed poorly in capturing extreme precipitation events as
recorded by ground stations, they showed differences in per-
formance across elevation zones. For example, SPARTACUS
v2.1 performs better in mountainous regions (zone 700-1119m)
compared to lower elevations. In contrast, the performance of
IMERG-F v07 in the lowland area (elevation 0-300m) is rela-
tively better than in higher elevations. Many studies highlight
challenges in accurately representing the effects of topography
on precipitation patterns and extreme precipitation estima-
tion by SPARTACUS (Hiebl and Frei 2018), IMERG (Navarro
et al. 2019; Sharifi et al. 2019), ERA5-Land (Abbas et al. 2024),
and CHIRPS (Zambrano-Bigiarini et al. 2017). The discrepan-
cies highlighted in these studies underscore the challenges of
representing precipitation extremes in complex terrain using
these datasets. The ranking of precipitation products (Table S5)
indicates that SPARTACUS v2.1 performs best at capturing el-
evation effects, followed by IMERG-F v07. CHIRPS v2.0 shows
better performance than ERA5-Land in the lowest elevation
zone (0-300m), but exhibits the worst performance across all
higher elevation zones.

4.2 | Which Precipitation Product Performs Best
in Simulating Daily Streamflow?

The model performance metrics indicate that SPARTACUS v2.1
has the best hydrological performance for both calibration and
validation periods, followed by IMERG-F vO07. Streamflow sim-
ulations using ERA5-Land exhibited weaker performance, with
negative NSE and KGE values, underestimation of streamflow,
and a poor representation of hydrograph recession curves. This
can be attributed to biases in precipitation, especially in the de-
tection of extreme events. Such biases are critical given the non-
linear nature of hydrological processes (Su et al. 2008; Khatakho
et al. 2021).

Some of the most extreme floods in the catchment—most nota-
bly the August 2002 flood, which was triggered by an extended
Vb-type cyclone rainfall event—as reported by Gutknecht
et al. (2002), Mudelsee et al. (2004), and Viglione et al. (2010),
could not be adequately captured by the precipitation products
(see Figure 9 and Table 8). Floods like the August 2002 event
were not only driven by rainfall intensity, but also by the accu-
mulation of soil moisture over preceding days, leading to a non-
linear hydrological response once soils became saturated, as
reported also by Komma et al. (2007). The underrepresentation

of extreme rainfall by the PPs directly leads to a corresponding
underestimation of simulated streamflow during such events,
compromising the model's ability to accurately reproduce flood
dynamics.

4.3 | Model Compensation and Parameter
Sensitivity Under Different Precipitation Forcings

The event-scale diagnostics revealed that differences in precip-
itation magnitude and distribution affected the SWAT+ model
calibration parameters. Under wet antecedent conditions (e.g.,
August 2002), the model generated rapid hydrological responses,
using SPARTACUS v2.1 and IMERG-F v07 to attempt to repro-
duce observed peaks by adjusting the internal water balance
primarily through enhanced surface and lateral flow contri-
butions, as well as reduced infiltration and evapotranspiration
losses. Conversely, under dry conditions (e.g., August 2005),
ERAS5-Land and CHIRPS v2.0 produced weaker flood responses
dominated by infiltration and soil water storage, reflecting their
lower precipitation inputs and the greater soil moisture deficit
prior to the events.

Variation in model performance across different PPs under-
scores the critical importance of choosing an appropriate precip-
itation product for hydrological modelling.

The use of a biased or unsuitable PP can lead to misleading
estimates of streamflow and other water balance components,
particularly under extreme conditions; ultimately affecting the
reliability of downstream impact assessments, such as flood risk
analysis and water resource planning. Moreover, our results
reveal that SWAT+ required substantially different parame-
ter values with different PPs to align streamflow simulations
with observations, consistent with the equifinality concept
(Beven 2006), where different parameter sets may yield similar
model results, yet for the wrong reasons.

To compensate for systematic biases in precipitation inputs,
SWAT+ model calibration adjusts parameters controlling in-
filtration, baseflow, snowmelt, and evapotranspiration in an
attempt to reproduce the observed streamflow as closely as
possible (Table S6). This compensation mechanism, consis-
tent with findings by Baez-Villanueva et al. (2021), allowed
the model to reproduce, to some extent, observed streamflow
despite biases in precipitation magnitude or timing, thereby
forcing errors. For instance, during the analyzed flood events,
under precipitation underestimation (ERA5-Land, CHIRPS
v2.0), the model increased parameters controlling percola-
tion (perco) and reduced the curve number (cn2), enhanc-
ing infiltration and groundwater contributions to sustain
streamflow. Conversely, for PPs with positive precipitation
bias (SPARTACUS v2.1, IMERG-F v07), calibration favored
reduced soil water capacity (awc) and lower evapotranspira-
tion efficiency (esco, epco) to limit water losses and maintain
realistic runoff responses.

Parameter sensitivity rankings (see Table 6) show that snowmelt,
soil, and runoff parameters were most responsive to precipita-
tion characteristics. SPARTACUS v2.1 and IMERG-F v07 ex-
hibited dominant sensitivity to snomelt_tmp, revap_co, bd, and
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surlag, reflecting their influence on event-scale quick streamflow
and delayed subsurface responses. In contrast, ERA5-Land and
CHIRPS v2.0 showed high sensitivity to bd, cn2, snomelt_tmp,
and perco, highlighting the model's reliance on infiltration and
percolation pathways to offset precipitation deficiencies.

Overall, these results emphasise that the apparent performance
of SWAT+ under different precipitation forcings can conceal
substantial internal variability in the catchment's hydrological
processes. The calibration process attempted to compensate
for precipitation biases by tuning infiltration and evapotrans-
piration parameters, resulting in acceptable statistical fits to
observations, even at the expense of compromised internal hy-
drological realism. This behaviour is illustrated in Figure 10
and Table S6, where the redistribution of runoff and other WB
components across PPs demonstrates how calibration modified
the event WB to offset precipitation biases. Similar behaviour
is shown in the corresponding variation in the mean monthly
water balance components (Figure S4). Across the four events,
water balance components showed substantial variation among
the precipitation products, except for actual evapotranspiration
(AET), where the model simulated only minor differences. This
limited variability in AET indicates that evapotranspiration
was mainly controlled by available energy and soil moisture
conditions rather than by differences in precipitation inputs,
consistent with the soil moisture-buffering effect described by
Seneviratne et al. (2010).

While SWAT+ is a robust, physically based model widely used
for long-term water balance and landuse impact assessments, it
may not be optimal for simulating short-duration, high-intensity
events due to limitations in its rainfall-runoff response and chan-
nel routing schemes (Bieger et al. 2017). In addition, we acknowl-
edge that the model of the Kamp catchment has uncertainties
related to input data (low resolution of soil data, simplification
of land use classes, etc.), the simplicity of the selected objective
function (NSE) for model calibration, model parameterization,
and the temporal extent of climate data used for calibration and
validation. Thus, a model calibrated using a biased PP may ap-
pear to perform well but could fail to accurately simulate hy-
drological processes, especially extreme flows under different
climatic or hydrological conditions, as demonstrated by the re-
sults. This limits the robustness of its predictions under current
and future conditions. Addressing these uncertainties requires
careful consideration of input data quality and its influence on
parameter identifiability and model structural adequacy.

Combining statistical and hydrological evaluations enables a
comprehensive understanding of the suitability of PPs for a spe-
cific purpose in a particular region. Although the findings of
this study indicate very good performance for SPARTACUS v2.1,
highlighting its potential to improve the reliability of hydrolog-
ical simulations in the catchment, it still exhibits some bias in
simulating peak flows. In order to enhance the reliability of hy-
drological simulations, bias correction of PPs is necessary.

4.4 | Future Work

Future work should examine the performance of PPs across
different temporal and spatial scales. We recommend

expanding the assessment to include more PPs and covering
other areas with different characteristics within Austria. For
example, the recently developed merged PP GMCP employs
a unified merging and calibration strategy, resulting in a
comprehensive global daily precipitation dataset with en-
hanced accuracy across diverse climates, particularly in re-
gions with limited gauge observations (Ma et al. 2025). Also,
satellite-based PPs such as PERSTANN-CDR were found to be
a reliable dataset and an alternative information source for a
limited gauge network, enabling the simulation of streamflow
in the upper Yellow and Yangtze River basins on the Tibetan
Plateau (Liu et al. 2016) and in the Himalayan River basin
(Khatakho et al. 2021). Global-scale evaluations highlighted
that the merged PP MSWEP consistently outperformed
satellite-only and reanalysis-only products for hydrological
simulations, especially in regions with dense gauge coverage
(Beck et al. 2017). To strengthen the robustness of hydrolog-
ical simulations, particularly under extreme flow conditions
and during flood events, it would be valuable to test the per-
formance of PPs using other hydrological models, specifically
those designed to better capture high-flow dynamics, peak
discharge, and flood wave propagation.

Given the sensitivity of streamflow simulation to the bias in the
PPs, bias correction is often recommended to ensure adequate
hydrological modelling results. While it is true that hydrological
models can, to some extent, compensate for systematic biases in
precipitation through calibration, this compensation has limits,
especially when precipitation products poorly capture seasonal
patterns or have low detection skill for precipitation events.
Ultimately, hydrological models can redistribute and modulate
available water but cannot compensate for errors in the timing or
occurrence of precipitation. In future studies, incorporating local
measurements and their associated uncertainties to constrain the
parameter space, along with employing multi-objective parame-
ter calibration approaches that simultaneously consider multiple
performance metrics (e.g., streamflow magnitude, timing, and
variability), could help enhance model robustness and partially
mitigate the residual effects of input data biases.

5 | Summary and Conclusions

Evaluation of four PPs, namely, SPARTACUS v2.1, IMERG-F
v07, CHIRPS v2.0, and ERA5-Land against 33 precipitation
stations in the Kamp catchment has been carried out for the
period 1998 to 2020. The evaluation employed a set of statis-
tical and hydrological metrics to assess the accuracy of each
product in capturing observed precipitation and streamflow
characteristics. The key findings and their implications are as
follows:

1. SPARTACUS v2.1 consistently outperformed the other
products on a daily scale, followed by IMERG-F v07 and
ERA5-Land. CHIRPS v2.0 exhibited the worst overall per-
formance. This suggests that high-resolution national da-
tasets, such as SPARTACUS, offer distinct advantages for
daily-scale hydroclimatic analyses in Austria.

2. All products demonstrated reasonable accuracy in detecting
dry days (precipitation <1 mm/day). However, their ability
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to capture extreme (above the 95th percentile) and very ex-
treme (above the 99th percentile) precipitation events was
generally limited. These shortcomings might have critical
implications for risk assessments and early warning sys-
tems targeting floods and other extreme weather events.

3. The performance of the products in capturing extreme
precipitation events varied with topography. SPARTACUS
v2.1 showed comparatively better accuracy in mountain-
ous areas, while IMERG-F v07 performed better in lowland
regions. These spatial discrepancies highlight the need for
elevation-based bias correction or blending approaches to
improve the utility of PPs in topographically diverse catch-
ments. This is particularly important in catchments where
runoff generation is sensitive to the timing of precipitation
relative to existing wetness conditions, leading to non-
linear flood responses.

4. When the different datasets are used to drive the SWAT+
model for streamflow simulation, SPARTACUS v2.1 pro-
vided the most reliable streamflow estimates, followed by
IMERG-F v07. CHIRPS v2.0 and ERA5-Land showed weaker
performance in replicating observed discharge patterns.

5. The event-based analysis demonstrated that the choice of
precipitation forcing exerts a dominant control on simu-
lated high flow conditions and calibrated SWAT+ model
parameters. SPARTACUS v2.1 and IMERG-F v07 pro-
vided relatively realistic representations of streamflow
dynamics and water balance across wet and dry condi-
tions, whereas the precipitation biases of ERAS5-Land
and CHIRPS v2.0 propagated into runoff underestima-
tion or overestimation.

6. The SWAT+ model calibration was able to compensate,
to some extent, for the differences between PPs inputs by
adjusting the model parameters in an attempt to repro-
duce the observed streamflow as closely as possible and,
therefore, adjusting other water balance components (e.g.,
baseflow contribution, soil water capacity, surface runoff
coefficients, or evapotranspiration losses).

No single precipitation product is universally optimal. Our study
confirms that various PPs exhibit different skills, even across
different locations within the same catchment area, which is
consistent with the findings previous studies. Validation specific
to each catchment or region remains essential for selecting an
appropriate precipitation dataset for hydrological use or other
applications. In addition, the findings of this study highlight
the need for rigorous evaluation of precipitation data prior to
hydrological applications, and caution against overreliance on
calibration performance alone when interpreting modelled hy-
drological processes. This is particularly important for evaluating
hydroclimatic extremes, planning water resources, and develop-
ing climate adaptation strategies. Moreover, this study highlights
the importance of improving the quality and spatial resolution
of global and regional precipitation products, particularly in het-
erogeneous and mountainous regions where sparse observation
networks and terrain-induced biases are prevalent.

We recognise that the outcomes of this validation cannot be di-
rectly transferred to other catchments; nonetheless, this study pro-
vides a robust methodology that can be utilised in diverse regions.

By identifying the most reliable products for simulating precipita-
tion and streamflow dynamics, the outcomes of this research will
contribute to addressing the identified gaps, thereby improving
the accuracy and reliability of hydroclimatic assessment studies
and hydrological modelling in Austria, particularly in heteroge-
neous catchments like Kamp. This ultimately facilitates informed
decision-making about effective water resource management and
resilience to hydroclimatic extremes, such as floods and droughts.
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cipitation over the catchment and temperature at Gars am Kamp station,
and (b) streamflow at Stiefern streamflow station. Figure S2: SWAT+
model inputs for the Kamp Catchment: (a) Delineated catchment map
with derived streams, subbasins, outlets, and reservoirs' location; (b)
Classified soil map; (c) Classified land use map; and (d) Classified slope
map. Figure S3: Mean annual results of the water balance components
over the Kamp catchment, obtained by forcing the SWAT+ model with
different precipitation products. Mean annual precipitation was added
for comparison purposes. Figure S4: Mean monthly water balance
components over the Kamp catchment, obtained by forcing the SWAT+
model with different precipitation products. Mean monthly precipita-
tion was added for comparison purposes. Table S1: Historical flood
events in Kamp catchment measured at the Stiefern streamflow station,
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World Map (DSWM) units used in the model based on sand, silt, and
clay fraction.
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