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Figure 34: Dotty plot for catchment HG for simulation A for the 12 calibrated parameters with
water level data. The title of the plot shows the parameter of the x-axis, the y-axis is the objective
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Figure 35: Dotty plot for catchment W4.0 for simulation B for the 12 calibrated parameters with
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Figure 36: Dotty plot for catchment W4.3 for simulation B for the 12 calibrated parameters with
water level data. The title of the plot shows the parameter of the x-axis, the y-axis is the objective
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Figure 37: Dotty plot for catchment W4.4 for simulation B for the 12 calibrated parameters with
water level data. The title of the plot shows the parameter of the x-axis, the y-axis is the objective
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Figure 38: Dotty plot for catchment HG for simulation B for the 12 calibrated parameters with
water level data. The title of the plot shows the parameter of the x-axis, the y-axis is the objective
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Figure 39: Benchmark and result of calibration period for water level data for each catchment
with rs as objective function. The number describes the difference between lower benchmark,
calculated with the Monte-Carlo approach (yellow) and the upper benchmark calibrated with the

GAP approach (blue) the best calibration result and the ensemble mean (red).........cccecvveereciieeenes CC
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Symbols and abbreviations

Symbol ] Explanation Unit

Catchments

wW4.0 Discharge Station at the Wuhle, lower catchment

w4.3 Discharge Station at the Wuhle, middle catchment

W4.4 Discharge Station at the Neue Wuhle, upper catchment

HG Discharge Station at the Hellensdorfer Graben, upper
catchment

HBV-Model

T Threshold temperature °C

CFMAX Degree-day factor mm At°C?

SP Seasonal variability in degree-At factor -

SFCF Snowfall correction factor -

CFR Refreezing coefficient -

CWH Water holding capacity -

FC Maximum storage in soil box mm

LP Threshold for reduction of evaporation -

Beta Shape coefficient -

K1 Storage / Recession coefficient At

K2 Storage / Recession coefficient At

Alpha Non-linearity coefficient -

PERC Maximal flow from upper to lower box mm At

MAXBAS Routing, length of weighting function At

Cet Potential evaporation correction factor °ct

PCALT Increase of precipitation with elevation % (100 m)?

TCALT Decrease of temperature with elevation °C (100 m)?

Pelev Elevation of precipitation data in the input file m

Telev Elevation of temperature data in the input file m

SM Soil moisture storage

SuUz Soil upper zone storage

SLZ Soil lower zone storage

Modelling process

GAP Genetic Algorithm and Powell optimization

KGE Kling-Gupta efficiency

NPE Non-parametric efficiency

Reff Nash-Sutcliff efficiency

rs Spearman rank correlation coefficient

VE Volumetric efficiency / Volume error

Data

AET Actual evapotranspiration mm At

Eact Actual evaporation mm At

Epot Potential evaporation mm At?

GMC Gravimetric soil moisture content %

GMWL Global meteorological water line

Lc-excess Line conditioned excess

LMWL Local meteorological water line

PET Potential evapotranspiration mm At

VMC Volumetric soil moisture content %




Symbol ] Explanation Unit

Other

EU European Union

Eq. Equation

IGB the Leibniz Institute of Freshwater Ecology and Inland
Fisheries

UHI Urban heat island effect
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Abstract

Urbanisation affects the environment and hydrology. It influences temperature and precipitation
locally, an effect named urban heat island. With a warming climate, implementing new and
maintaining existing cooling strategies in urban areas is crucial for a viable city environment. Urban
green spaces provide ecosystem services including physical and mental well-being to its citizens,
ecological diversity, cooling, and flood mitigation. Urban streams are heavily influenced by
anthropogenic activity and have complex interactions with urban water systems’ technical and natural
components. For better understanding of urban catchments stable isotopes (Deuterium (D) and
oxygen (*80)) can be used as natural tracers. In recent years, more studies examined ecohydrological
partitioning at spatially distributed sites or between different vegetation covers. One part of this thesis
focused on grassland coupled with dynamics in shallow soil. Another method to gain insight into urban
catchments is to model the discharge. Hydrological modelling is dependent on catchment information
and available observation data. For the simulation hydrological processes, complex models are not
always more accurate. A second part of this thesis was modelling an urban stream with a conceptual
rainfall-runoff model, HBV. The overarching question in this thesis was how the hydrological signals
change throughout an urban catchment. The research to this thesis was conducted in Berlin in the
Wubhle catchment.

Autumn 2023 was dry and slightly warmer compared to the long-term trend. In open water
measurements clear distinctions between flowing water and water taken from connected ponds were
visible. Water and soil samples show evaporative fractioning. Differences in volumetric water contents
and isotopic composition in depth could already be detected between the upper 5 cm and the samples
from 5-15 cm in shallow soil. Site specific differences are present. A trend of isotopic differences linked
to soil composition was stronger than tree presence and nearby degree of impervious surfaces.

In the modelling process, simulating peaks during and after precipitation events, was challenging due
to the presence of direct runoff from sealed surfaces. Calibrated parameter values show statistical
differences between the agricultural subcatchment and the whole semi-urban catchment. All
modelled (sub)catchments had calibrated similar short discharge delays. Significant differences were
modelled in threshold temperatures, soil moisture storage and percolation.

Signal changes in upper and lower catchment could be measured by stable isotopes and modelled by
a simple conceptual model. The exact cause of those changes could not be derived from the available
information in this thesis. Further research on environmental influences is needed. For better
discharge simulations more trials within the existing model structure are needed. Alternatively, an
expansion to model’s direct runoff from sealed surfaces could improve the simulated discharge.

Keywords: urban hydrology, stable isotopes, natural tracer, urban green spaces, HBV, rainfall-runoff
modelling, conceptual model
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1. Introduction
1.1. On urbanisation and urban hydrology

Over half of the world’s population lives in urban areas; by 2050, 86 percent will presumably become
urban (United Nations, 2019). In the European Union (EU), about 75 percent of the population lives in
urban areas which is likely to grow in the future (European Commission, 2017). It is important to note
that the term urbanisation is broad and includes transformation of rural areas into urban
environments. Further, it encompasses socio-economic processes such as people moving from rural
areas into cities and changes in social dynamics that transform urban and rural areas' demographic
and social structure (United Nations, 2019). Urban area and city are terms that are often used
interchangeably. Additionally, the definition of a city is specific to each country. In this thesis the exact
definition was not relevant, as there was only one study location, and the thesis focussed on the
physical aspects of urbanisation. The later described fieldwork was carried out in Berlin, Germany.

Urban areas have a different climate compared to its surrounding area. Urbanisation influences
temperatures locally, with cities being warmer than their peripheral areas, known as the urban heat
island effect (UHI) (Bowler et al., 2010; IPCC, 2021). Changes in surface albedo, thermal conductivity
and specific heat capacity of materials, building geometry, and anthropogenic heat create changes in
solar radiation absorption and reflection, causing UHI (Bowler et al., 2010; Souch & Grimmond, 2006).
The most significant of those is the removal of vegetation, which is replaced by buildings or sealed
surfaces. Vegetation reduces the latent heat flux, the energy needed for evaporation of water, and
increases sensible heat flux, energy that causes the change of temperature within mass (Oswald et al.,
2023). Urbanization also affects precipitation with increased mean and heavy precipitation over and/or
downwind of cities (IPCC, 2021). In addition to the extent of the UHI effect, the review of Oswald et al.
(2023) summarises the following factors to moderate precipitation in cities: Changes to aerodynamic
roughness, increased wind speed and the extent of aerosol and pollutant loading. Combined with
impervious areas, it results in more surface runoff with less lag time, leading to higher runoff intensities
(IPCC, 2021; Shuster et al., 2005). Green spaces can mitigate pluvial floods by increasing catchment
capacity for infiltrating, storing and releasing water (Golden & Hoghooghi, 2018). They are beneficial
to cities and provide multiple ecosystem services. Green spaces have a cooling effect through
evapotranspiration and lead to better air quality by reduced exposure to air pollutants, reduces noise
and excessive heat, which affect the physical and mental well-being of citizens (Bowler et al., 2010;
WHO, 2016; Pukowiec-Kurda, 2022).

Urban hydrology is very complex. Urban areas interact, influence and are affected by streams and,
generally, the hydrological cycle. In their paper, Albert (2021) estimated that one third of the global
freshwater passes through environments modified by humans for agricultural and industrial uses or
urban infrastructure. In densely populated areas in Eurasia, more than 50 percent of rivers are diverted
for human activities. The tight entanglement of urban water systems' technical and natural
components adds to the complexity of interactions (Gessner et al., 2014). When precipitation falls, it
is intercepted, evaporated, infiltrated, or runs off. Urban areas have reduced green spaces, which are
prone to be compacted soils. Moreover, large parts are impervious areas with surface drainage which
can guide runoff directly to the stream network or via sewers (Oswald et al., 2023). A study by Haase
(2009) in Leipzig found an increased runoff and a decline in actual evapotranspiration rates. The
increased amount of water leads to a need for a subsurface drainage system and wastewater
management (Haase, 2009). This water is not necessarily disconnected from the natural water cycle as
the subsurface drainage and sewer network can still interact with groundwater through leaky pipes
(Gessner et al., 2014; Oswald et al., 2023). Gessner et al. (2014) mentioned that water in the sewer



network not only infiltrates the aquifer, but the hydrostatic pressure in aquifers can lead to water
infiltration into the sewer system. Additionally, water may be imported or exported across natural
catchment boundaries (Oswald et al., 2023). Stable isotopes can be used as natural tracers to get more
insight into the movement and origin of water.

1.2. Stable isotopes as tracers

To understand the hydrological cycle in urban areas, stable isotopes of hydrogen (*H or deuterium (D))
and oxygen (*¥0) can be used, as isotopic compositions change throughout the water cycle. When
measuring the isotopic composition of water, it is expressed as delta values as compared to the
international Vienna Mean Standard Ocean Water (VMSOW):

8 [%o] = (222222 — 1) x 1000 (Eq. 1)
vSsMow

R is the atom ration D/*H and ¥0/*®0, respectively (Craig, 1961).

Positive 6-values signify an enrichment of heavy isotopes relative to the standard; negative 6-values

indicate depletion (Gat, 1996). A correlation between D and 0 was discovered and defined as the

Global Meteorological Water Line (GMWL):

8D = 86180 + 10 [%o] (Eq. 2)

(Craig, 1961).

Local differences from the GMWL can occur and result in a Local Meteoric Water Line (LMWL) (Gat,
1996), where 10 [%o] is replaced by the local calculated deuterium excess value (Dansgaard, 2012). The
LMWL can be calculated by amount-weighted least square regression from precipitation isotopes
(Hughes & Crawford, 2012):

LWML: 8D =ax 880+b (Eq. 3)

where a is the slope and b is the intercept of the weighted isotopic composition (Ring et al., 2023).
After evaporation, water vapour is more depleted of heavy isotopes, while the remaining water is more
enriched (assuming equilibrium fractionation). However, in natural open systems, where the air is
unsaturated, lighter water vapour molecules D are more likely to evaporate than the heavier water
vapour molecules 80 (Sprenger et al., 2017). This process leads to distinct differences in isotopic
compositions, and when plotted on an “evaporation line”, it diverges from the global or local water
line (Dansgaard, 2012). These isotopic signals are also present in soil samples at different depths
(Sprenger et al., 2017).

Isotope hydrology is a relatively new area of research (Ehleringer et al., 2016). Isotope-based studies
need extensive monitoring data and field studies, which are difficult to maintain by local authorities or
researchers (Kuhlemann et al., 2020). Nevertheless, in recent years, isotope hydrology has started to
grow. Studies used isotopes to improve our understanding of water partitioning in urban soils and
vegetation, to comprehend how urbanisation affects the age distribution and travel times of runoff, to
investigate stormwater control measures and to assess their effects on event contributions (see in
Kuhlemann et al., 2022; Marx et al., 2021).

This thesis focuses on Berlin, where recent isotope-based studies have significantly improved the
understanding of urban water cycle. Particularly insightful for future scenarios were studies carried
out including the dry summers of 2018, 2019 and 2020 (Kuhlemann et al., 2022). Isotope data could
reveal the dominant water source of the river Panke. Marx et al. (2021) found that groundwater



accounted for 75 percent and urban storm drainage for 25 percent of the annual runoff in the Panke's
upper catchment. In the lower catchment, the effluent discharge of a water treatment plant accounted
for 80 percent; groundwater and urban storm runoff each accounting for 10 percent of the remaining
runoff (Marx et al., 2021). The distinction of water origin becomes complicated within an urban area,
where stormwater drainage systems and urban streams are tightly connected and respond quickly to
precipitation events. Especially, since the isotopic contrast between natural and engineered runoff is
limited due to the similar isotopic composition. Combining isotope with hydrogeochemical data made
it possible to overcome this limitation and distinguish between the two water sources (Kuhlemann et
al.,, 2020). Furthermore, Kuhlemann (2021) used soil water isotopes to examine ecohydrological
partitioning at different vegetation covers. Trees showed a high evapotranspiration loss with dry soils,
whereas urban grassland had high soil evaporation losses, allowed for more percolation, and had
higher moisture levels (Kuhlemann et al., 2021). Another study also showed shallow soils to have rapid
water turnover and to be dominated by young water; this signal decreased with more depth (Marx et
al.,, 2022). Overall, the study concluded that urban trees and grassland will require irrigation to
preserve urban green spaces whereas shrubs may be more resilient (Kuhlemann et al., 2021). In part
of this thesis, grassland covered, shallow soil was looked at throughout an urban catchment to add to
the ongoing study of isotopic research in Berlin.

1.3. Importance of hydrological modelling

A Model is a simplified representation of reality. With mathematical formulas, it describes variables
and their relationships. Generally in hydrology, models usually have one of two goals: 1) to help
understand a process, formulate, and test a hypothesis of the hydrological water cycle, and 2) to create
predictions outside of the range of observations that can be tested (Solomatine, 2011). The
hydrological water cycle is very heterogeneous and has a wide range of spatial and temporal scales.
Thus, no model can be assumed universal (Rosbjerg & Madsen, 2005). Different criteria can classify
models. One would be to name them after their final purpose or usage, such as rainfall-runoff model,
river and reservoir model, or groundwater model (Rosbjerg & Madsen, 2005). Another description of
models can be, how they represent the physical process in the model structure, such as deterministic
vs. stochastic properties. Further, they are characterised by how the data inputs and model parameters
are used in a function of space and time, for example, lumped vs. distributed (Rosbjerg & Madsen,
2005; Solomatine, 2011). Moreover, there is a distinction between empirical, conceptual, and
physically based models (Solomatine, 2011). Models can be simple or rather complex, and one is not
worse than the other. A conceptual-based model can be suited for a larger area with unknown
processes. The parameters represent an overall average, and variables should be seen more as a
model-specific index than the actual value. If a smaller scale area is investigated, where parameters
can be measured or even manipulated and have a small variability, a physically based model can be
more feasible (Bergstrém, 1991).

During the modelling process to quantify the results, the data is split into two: one part is used to train
the model and the other to validate the model and the performance. There are many objective
functions to calibrate a model depending on the focus of the simulation, for example, Nash-Sutcliff
efficiency (Nash & Sutcliffe, 1970), Kling-Gupta model efficiency (Gupta et al., 2009), or a non-
parametric efficiency (Pool et al., 2018). The objective functions give a general idea of how good the
performance is but are rather vague without context. By using upper and lower benchmarks, a more
accurate model performance evaluation can be made (Seibert, 2001). In the end, the result is one
parameter set that performed the best, but often, different parameter sets can lead to similarly good
results. This concept is called equifinality (Beven, 2012). To avoid this problem an ensemble mean of
the an specified number of “best” parameter sets can be used as a final simulation output. If the
validation performs significantly worse than the calibration, it could be a problem of over-
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parameterisation, where there are too many degrees of freedom for the information contained in the
observed data (Bergstrom, 1991).

Modelling for and in urban areas is very important since it affects a large and growing population.
Additionally, foreseeing predicted changes due to climate change (IPCC, 2021), hydrological modelling
helps with urban planning and mitigating risks (Beven, 2012). To be prepared for a higher frequency of
floods, droughts, or rapid events relies on the ability to predict them at different time scales to prepare
protection measures (Brunner et al., 2021). Rainfall-runoff models require accurate rainfall
measurements with high levels of temporal and spatial precision (Fletcher et al., 2013). With a clearer
understanding of urban runoff compositions in the future, challenges stated in the paper of Fletcher
et al. (2013) such as the change of pervious to impervious areas and the resulting surface and
subsurface flow, researchers can attempt to model it. For this thesis, the question is if a simple model
can represent the runoff of an urban catchment well enough so that differences in the rural and urban
(sub)catchments are recognisable.

1.4. Research question and hypothesis

This thesis focuses on the Wuhle catchment in Berlin, Germany. It is composed of two parts. One
investigates the stable isotope dynamics in the shallow soil and open water in the catchment and the
other focuses on the HBV Model and how well it performs in an urban environment such as the Wuhle
catchment. The following research questions were guiding this thesis:
- How do hydrological signals change throughout an urban catchment, and what does influence
them?
o What is the spatial variability of isotopes in the upper soil and open water?
o How do short-term hydrological dynamics of discharge differ from the upper more
rural catchment to the lower urban catchment?
o What could explain the differences in the upper and lower catchment?

Hypothesis:

o The isotope signals of the upper catchment of the Wuhle differ from the signals in the
lower catchment. In the upper catchment, the composition of the isotopes changes
more with depth as evaporation is higher than in more urbanised area.

o The HBV model does perform better in the upper catchment than the whole
catchment. The performance of simulated runoff in a city environment is dependent
on the imperviousness of the area.

Objective:
o ldentify and quantify the spatial variability of isotopes in the upper soil (<15cm) and
open water during autumn in the Wuhle catchment.
o Test the applicability of the HBV model in an urban area with the runoff in the Wuhle
catchment. Identify input uncertainties and their implication for the simulated data.



2. Study area
2.1. Berlin

Berlin is in the northeast of Germany (Figure 1a), with an area of 890 km? and a population of close to
3.8 million (AFSBB, 2021a; AFSBB, 2021b). Berlin’s flat topography was formed during the Pleistocene
glaciation with an altitude from around 25 — 120 m.a.s.l. The surface consists mainly of Quaternary
deposits of unconsolidated sediments (Stackebrandt & Manhenke, 2010). The catchment of the Wuhle
originates from the Barnim plateau, which is made of subglacial till and flows into the Warsaw-Berlin
Glacial Spillway (Kuhlemann et al., 2022; Limberg et al., 2007). Under the city lies a lower saline aquifer
and an upper freshwater aquifer of Tertiary to Holocene age. The average thickness of the freshwater
aquifer is around 150 m, for the Wuhle catchment the average is around 100 m (Limberg & Thierbach,
1997). The groundwater heads on the plateaus are > 10 m below the surface, in the glacial valley they
are higher at around 4 m below the surface (Limberg et al., 2007).

a)
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Sand

© Geobasis-DE/BKG, 2013/2019; BGR, 2007; modified.

Figure 1: a) Location of Berlin (red) in Germany; b) Topographic Structure with surface waters (blue); c) Geological outline
and surface waters (blue). Figure from Kuhlemann, et al. (2022).

The city has a lot of green and blue spaces including a forest (17.7 %), public green spaces (12 %),
water bodies (6.6 %) and agricultural areas (4 %) (SenUMVK, 2018). Around 60 percent of Berlin is
covered by buildings and roads (SenUMVK, 2018), and the average percentage of sealed surfaces is
at 33.4 % (SenStadtWoh, 2017).

Climate data can be retrieved from the German weather service (Deutscher Wetterdienst [DWD]). The
long-term mean annual rainfall in Berlin (1981-2010) ranges from 525 to 591 mm (DWD, 2023). Long-
term mean temperature (1981-2010) ranges from 9.3 to 10 °C (DWD, 2023). In the context of climate
change the linear trend of change since 1881 in Berlin Brandenburg was +1.4 °C for temperature, which
is the lowest value together with Schleswig-Holstein in Germany, and for rainfall +2.8 mm (DWD,
2020).

2.2. Wuhle catchment

2.2.1. Catchment characteristics
The Wuhle lies on the east side of Berlin (see Figure 1) and is part of the Elbe river basin. The area of



the Wuhle varies between documents. In a report from the senate department for city development
the catchment area of the Wuhle is 144 km? (SenStU, 2013a) or if divided into the river Wuhle and Alte
Wuhle the areas of the catchments are 101 km? and 55.7 km? respectively (SenSt, 2004). This means
that the catchment borders are not clearly defined. The slope of the stream is around 1,9 %o (SenStU,
2013a). The catchment is highly urbanised and is connected to stormwater drains (Kuhlemann et al.,
2020). The riverbed is strongly modified (SenStU, 2013a). Depending on the source 11 — 14 percent of
the catchment are sealed (Kuhlemann et al., 2020; SenSt, 2004). Because of that, precipitation events
greatly impact the stream runoff (SenStU, 2013a).

There are multiple streams congregating into the Wuhle. The Wuhle starts in the north from
Ahrensfelde on the Barnim Plateau, runs southwards and flows into the Spree (SenStU, 2013b). From
the west side of the stream, the Neue Wuhle and the Biesdorf-Marzahner Grenzgraben join the Wuhle.
The Neue Wuhle is an artificial stream that was built for the wastewater treatment plant Falkenberg,
which was shut down in 2003. In the years 2006-2008 a redesign of the Neue Wuhle took place, which
was necessary due to the massively reduced discharge. The Wuhlgraben and the Hellersdorfer Graben
flow from the east into the Wuhle (SenStU, 2013b). The Hellersdorfer Graben is also an artificial
stream, since there are no indications of a natural origin (SenUMVK, 2021a). There are three still water
bodies connected to the Wuhle which are the Wuhlesee, Wuhleblase and Wuhleteich. The Wuhlesee
is directly connected with the Wuhle but is part of a tributary. The lake was created to lower the
groundwater level in the surrounding area and to trap sediments (SenUMVK, 2021a). In the GIS vector
data of the water network in Berlin Brandenburg, additional water bodies are recorded (Landesamt
fir Umwelt Brandenburg, 2021). In the west lies the Biersdorfer Baggersee and in the east the
Kaulsdorfer Baggersee, which consists of three water bodies. All the lakes in the Wuhle catchment
cover less than 1 % of the whole catchment area. From the Kaulsdorfer Baggersee, a stream called
Eichwaldgraben is recorded, which is not measured nor is it mentioned in any other papers. For an
overview of the stream components, see Figure 2 or appendix 9.1, Table 11.

The Wuhle is a heavily urbanised stream and major anthropogenic changes are recorded since the 19
century (SenStU, 2013a). In 1860 a canal system was implemented which caused higher discharge and
flooding. Consequently, the stream was artificially deepened and straightened. The upper part of the
Wuhle was drained in 1908 for the construction of a cemetery. In 1916 the waterworks Kaulsdorfer
Busch was put into service. As mentioned above, the sewage treatment plant Falkenberg was built in
1984 which was decommissioned in 2003. The Neue Wuhle was constructed and used to drain clear
water from the treatment plant into the stream network (SenStU, 2013a).

The European Water Framework Directive, accepted in December 2000, defines one environmental
objective as good chemical and ecological status for surface water, as long as the stream is not
categorised as artificial or significantly changed (SenUMVK, 2021a). As part of the implementation the
riverbed structures in the Elbe River basin were categorised from a scale of 1 (unchanged, near-nature)
to 7 (entirely change, excessively damaged) (SenSt, 2004). The Wuhle is categorised as 5.3 (strongly
changed and significantly damaged). One planned measure is to improve the treatment of collected
rainwater before it is released into the stream (SenUMVK, 2022). Other measures are the construction
of a berm for retention of runoff peaks, secondary floodplains and re-routing so that the Wuhle can
develop dynamically. The measurements are planned to be implemented until 2027 (SenUMVK,
2021a).

2.2.2. Division into subcatchments
GIS data from the geoportal Brandenburg was used for the calculation and modelling of the
subcatchments in combination with the Urban Atlas. The data was modified based on the catchment



areas from Berlin and Brandenburg (European Union, 2018; Landesamt fiir Umwelt Brandenburg,
2023; Lopez Moreira Mazacotte, 2024) which calculates the Wuhle catchment to a size of 109 km?. The
discrepancy of catchment size reflects the complicated hydrology in urban areas. Furthermore, the
length of the Wuhle and the tributary streams differ in the vector data (Landesamt fiir Umwelt
Brandenburg, 2021) which is not thematised in this thesis.

Table 1: Summary of the (sub)catchment division for hydrological modelling in HBV. Station numbers and station names are
extracted from open water measuring stations of the water portal Berlin (SenUMVK, 2021b). In the column Information, it is
noted if a station provided water level measurements (w) and/or discharge data (q). In subcatchment number, the
subcatchments used to calculate the PET for modelling are noted. In W4.4, the subcatchment is market with * as subcatchment
5 was excluded. For a breakdown of different definitions of W4.4 see appendix 9.2, Table 12. A breakdown of area
characteristics in subcatchment resolution can be found in appendix 9.1.

HG W4.0 Ww4.3 W4.4
Administrative information
Number 5864801 5865300 5864800 5863000
Station name Am Kienberg Am Bahndamm Wuhletal Eisenacher Strasse
Water body Hellersdorfer Wuhle Wuhle (Alte) Wuhle
Graben
Average discharge 0.022 0.286 0.115 -
[m®s7]
Available information w, q w, q w, q w
Included 7 0-10 4-10 10*
subcatchment
Area characteristics

Area [km?] 40.4 109.09 82.44 16.75
Area of Wuhle [%] 37.2 100 76 15.4
@ Impervious [%] 14.2 23.7 20.4 16.4
@ Sand [%)] 76 81.7 78.7 76.2
@ Clay [%] 7 5.4 6 6.5
Total tree [%] 15.7 25.6 19.3 21.6
Broadleaf tree [%)] 12.4 20.4 16.1 15.6
Coniferous tree [%] 3.3 5.1 3.1 6

The Wuhle catchment was divided into subcatchments in two separate occasions (see Figure 5), once
to transform the discharge data into specific discharge and once for the potential evapotranspiration
(PET) calculations, which were modified. For the discharge data, the whole area was modelled with
the data from the measuring station “Am Bahndamm” (W4.0, see Table 1). For two other stations
(W4.3, HG) the Wuhle catchment was split into subcachments listed in Table 1. Station W4.4 did not
have any discharge data, which is why the data did not have to be transformed according to the
(sub)catchment area. The area above the measuring station was assumed to be the catchment area
for the respective subcatchment for the specific discharge. Area information from the GIS data was
used, as most of the measuring stations are situated close to the defined borders. It was prepared by
the Leibniz Institute of Freshwater Ecology and Inland Fisheries (IGB) (Lopez Moreira Mazacotte, 2024).
For the PET calculations, the same areas were used. For W4.4 some additional assumptions were
made, as the Neue Wuhle and Alte Wuhle cross riverbeds without confluencing and switch side
geographically through an atrifical pipe. The station itself would lie in the subcatchment 5. However,
in the complicated urban cycle it is not certain how much of the area influences the station directly.
Subcatchment 10 is the only one taken into account for the PET calculations for W4.4 as it is the
particular area that certainly does influence the measuring station and no further uncertainties are
introduced to the calculations. See the map of the subcatchment devision in Figure 5b and Table 2 for
a clear understanding of site groupig and subcatchment enviromental characteristics.



Table 2: Environmental characteristics by individual sampling spots. Site name is listed next to sample name. Each separated column is sorted from smallest to biggest value.

Sample/Site TotFJIA;ree Sample/Site Ii:(;:d{l;?f Sample/Site C:J:;iie{t;;;ls Sample/Site Sand [%] Sample/Site Clay [%] Sample/Site In;f:;v[iz;s
16 z 15.00 16 z 15.00 16 z 0.00 09 g 74.02 06b e 2.49 06b e 33.57
08 g 21.44 08 g 21.44 08 g 0.00 13 h 76.08 06¢ e 2.55 06¢ e 31.91
09 g 23.65 09 g 23.60 15 j 0.00 14 h 76.08 06 d 2.62 06 d 30.32
00 a 28.43 00 a 26.94 09 g 0.05 16 z 79.79 05b c 2.66 05b c 30.00
15 j 29.29 15 j 29.29 02 b 0.21 08 g 81.08 04 c 2.92 04 c 32.92
01 a 33.83 01 a 32.09 13 h 0.36 15 j 85.16 05 c 2.92 05 c 30.35
02 b 35.55 02 b 35.34 14 h 0.36 07 f 85.46 03 c 3.00 03 c 20.37
13 h 40.19 04 c 38.36 07 f 0.87 00 a 87.21 00 a 3.70 00 a 52.01
04 C 41.62 13 h 39.84 00 a 1.49 01 a 87.21 01 a 3.70 01 a 46.44
14 h 43.13 05 c 42.30 01 a 1.74 02 b 89.49 07 f 3.76 07 f 4.23
05 C 44.81 14 h 42.77 03 C 1.79 04 C 91.37 15 h 4.03 15 h 18.80
07 f 46.47 05b c 44.13 05 c 2.51 05 c 91.37 02 b 4.22 02 b 50.11

05b c 48.11 06b e 44.64 04 c 3.26 03 c 91.44 08 g 4.70 08 g 28.23
06 d 49.69 07 f 45.59 06 d 3.47 06¢ e 92.11 09 g 6.79 09 g 9.92
06¢ e 49.85 06¢ e 45.97 06¢ e 3.88 06 d 92.35 16 z 7.41 16 z 24.63
06b e 51.17 06 46.23 05b c 3.98 06b e 92.81 13 h 8.01 13 h 43.84
03 c 51.76 03 c 49.97 06b d 6.53 05b c 93.51 14 h 8.01 14 h 21.09




Figure 2: Overview of the Wuhle catchment. a) Location in comparison with Berlin, b) digital elevation model including all the streams described in (SenStU, 2013b) and from GIS Data
(Landesamt fiir Umwelt Brandenburg, 2021) where Sub n is subcatchment number n, e.g. Sub 1 is Subcatchment 1, c) impervious area (European Union, 2020), d) land use throughout the
Wuhle catchment (European Union, 2018). Additional maps can be found in appendix 9.4, Figure 18.
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3. Data and methods
3.1. Public data

Daily air temperature from 2 m above the ground and
daily precipitation data are available from the climate
and data centre (DWD, 2022a; DWD, 2022b). The
station Berlin-Marzahn (Station ID: 420) is located
outside of the catchment in the west. It is the closest
measuring station to the catchment area and is used as
the reference point (Fig. 3). As the UHI temperature
elevation is more pronounced in the city centre, no
additional measures were taken to correct the
temperature values (Menberg et al., 2013).

The senate department of the environment, mobility,
consumer, and climate protection (SenUMVK, 2021b)
provides mean daily discharge data and groundwater
level data. Multiple stations along the Wuhle were
selected to model the discharge for the catchment
area and evaluate the results. Table 1 shows the open
water measuring stations used for this thesis.
Discharge and water level data was downloaded from
water portal Berlin (SenUMVK, 2021b).

Vector data of the stream network and the polygon
data for subcatchments was downloaded from the
Geoportal of Brandenburg (Landesamt fir Umwelt
Brandenburg, 2021, 2023). Raster data of impervious
density (European Union, 2020), were retrieved from
Copernicus. The land cover data was cut out with a
mask of the PET subcatchments (see Figure 2b) and in
a circle of 250 m around each sampling point. The tree
percentage was calculated by raster with trees divided
by the total number of rasters within the circle
polygon. The sand and clay information were available
in a 500 m raster resolution (see appendix 9.3). The
mean value of the circle buffer was calculated and
used as the representative soil composition for each
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Figure 3: Location of the measuring stations used for
temperature and precipitation (climate, black cross)
from the climate and data centre (DWD, 2022a; DWD,
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circle) from the water portal Berlin (SenUMVK, 2021b)
along the Wuhle and in autumn 2022 sampled
soil/water sample sites (green triangle). The location of
IGB in Friedrichshagen is marked with a black diamond.

sampling point. The mean value of the raster data was additionally extracted for each subcatchment.
The summary of the environmental characteristics can be seen in Table 1 for the modelled
(sub)catchments and Table 2 for the individual sampling sites.

3.2. Field work

Field work was carried out during Autumn 2022. The soil samples were collected close to the river
(25.10, 8 sites and 08.11, 10 sites) and open water samples were taken (25.10). The sites are situated
close to the stream bed on grass covered soil. Some sites had trees in near proximity, but none were
shaded as the leaves had already fallen. The sites were distributed along the catchment to get a good
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overview of the stream when flowing into the city, following sampled sites from the paper by Lépez
Moreira Mazacotte et al. (2024).

Water samples were filtered on site (0.2 um) and put in 1.5 mL glass vials (LLG Labware). They were
transported in a thermally isolated box and stored in the refrigerator until laboratory analysis. At the
site the soil was first cleaned, and all surface vegetation removed. The temperature and volumetric
soil moisture content (VMC) was measured with a handheld probe ML3 Sensor from Delta-T Devices
with an accuracy of 3 % (Delta-T, 2023; Marx et al., 2022). Each reading was carried out 3 times in a
one metre radius around the soil sampling spot. The soil samples were collected with a HDPE deposit
sampler (250 cm3; Umwelt-Gerate-Technik, Miincheberg, Germany) at 0-5 cm, 5-10 cm, and 10-15 cm
depths, measuring the depth with a measuring tape from soil surface to sampling point. The soil
samples were extracted and put into bags (WEBAbag, Silver Range, Stand-Up Pouches, Weber
Packaging GmbH, Gliglingen, Germany) and sealed on site.

In the laboratory, the water samples were analysed by cavity ring-down spectroscopy with a L2130-I
isotopic water analyser (Picarro, Inc., Santa Clara, CA, USA). Four lab standards were used for linear
correction and standards of the International Atomic Energy Agency (IAEA) for calibration. Results
were expressed in 6 notation with Vienna Standard Mean Ocean Water (VSMOW) (Kuhlemann et al.,
2020). Mean analytical precision was 0.02 %o standard deviation (SD) for 6§20 and 0.11 %o SD for 8D.
The isotope compositions of the soil samples were determined using the direct equilibration method,
as introduced by Wassenaar et al. (2008). In the laboratory, additional bags were filled with 10 mL of
two liquid lab standards, including duplicates, that were used to calibrate the sensors before and after
measurements. The field bags were filled with dry synthetic air, welded, and a silicon septum was
added. After ~48 h equilibrium was reached in the headspace of the bags. The vapour phase of D and
80 were measured using the Picarro L2130-i by inserting a needle attached to a tube into the bags
through the silicon septum to avoid air contamination from outside. Criteria for plateau detection
during analysis was SD H?0 < 100 ppm. The vapour was measured for 8-10 minutes. Analytical precision
was mean SD of 0.33 %o for 680 and 0.7-0.85 %o for 8D. After quality-checking and averaging multiple
analyses for each sample, the results were expressed in 6-notation with Vienna Standard Mean Ocean
Water (VSMOW). After that, the soil was oven-dried at 105 °C for 24 h. Samples weighted twice before
vapour analyse and after drying to determine their gravimetric soil moisture content (GMC) which will
be later transformed into VMC. For all isotope samples, line conditioned excess (Ic-excess) was
calculated (Landwehr & Coplen, 2006).

Because of time restrictions, not many data points could be sampled during the field campaign. The
isotopic samples were grouped geographically for general statements, the letter “i” was replaced by
“j” for better readability (see Table 3). Enviromental characteristics were determined for each site
individually (Table 2). The numbering of the sites is not continuous, because the sampling in October
started at the outlet of the catchment (sample WRO0) and the field day in November started in the
upper catchment (sample WR15).
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Table 3: Table with sampling sites and group label (a-j, z), water body information following sample type (w= water, s=soil)
and sampling date. The letter” i” was replaced by “j” for better readability. The sampling date is not always applicable to all
samples at a site. If the sampling date is relevant, the tables differentiate between measurements taken in October and

November.

Site Sample WR Water body Information Sampling Date

a 0,1 Wuhle w, S 25.10.2022,08.11.2022
b 2 Wuhle W, S 25.10.2022,08.11.2022
C 3,4,5,5b Wuhle W, S 25.10.2022,08.11.2022
d 6 Wouhle W, S 25.10.2022

e 6¢, 6b Wouhle W, S 08.11.2022

f 7,7b Karpfenteich W, S 25.10.2022, 08.11.2022
g 8,9 Neue Wuhle, Wuhleteich W, S 25.10.2022, 08.11.2022
h 13,14 Neue Wuhle W, S 08.11.2022

i 15 Neue Wuhle W, S 08.11.2022

z 16 Hellersdorfer Graben W, S 08.11.2022

3.3. Other data

A local meteoric water line (LMWL) was calculated from rain samples at the IGB (see location Figure 3)
in Berlin-Friedrichshagen and from a location in Berlin-Steglitz. An LMWL for Berlin was calculated
using both datasets. The data was generated during ongoing research by Ring et al. (see location and
experiment set up in: Ring et al., 2023). Measurements from 01.06.2022 until 17.11.2022 were used
to cover a few of months before the sampling period of this thesis. The LMWL was calculated by
amount-weighted least square regression (Hughes & Crawford, 2012). The line conditioned excess (lc-
excess) as described by Landwehr & Coplen (2006) was calculated to better understand the local
evaporative effects.

Ic — excess: SD—ax §%0—-b (Eq. 4)

where a is the slope and b is the intercept of the weighted isotopic composition.

Percentage of sand and clay in soil were modified and provided by the IGB (Lopez Moreira Mazacotte
et al., 2024). PET was calculated with the HEC-HMS Model (USACE Hydrologic Engineering Center)
using the Penman Monteith Method (Penman, 1948):

(es—eq)
ARy —G)+pacpy——*
AET = g

A+y(1+r:7{) (Eq. 5)

Where Rn is the net radiation at the crop surface, G is the soil heat flux, p, is the mean air density at
constant pressure, ¢, is the specific heat of air, e is the saturation vapour pressure, e is the actual
vapour pressure, and the difference is the vapour pressure deficit. A is the slope of the saturation
vapour pressure temperature relationship, and y is the psychrometric constant, and ryand r, are the
(bulk) surface and aerodynamic resistances (not to be confused with the Spearman rank correlation
coefficient, rs), respectively (USACE Hydrologic Engineering Center). The data and calculation were
done by the IGB for each individual subcatchment (Lopez Moreira Mazacotte et al., 2024). For this
thesis the PET was aggregated to a daily value. The original input for the HBV model is potential
evaporation (Epot) data, which was not available nor pre-calculated by other researchers. The model
does not explicitly model transpiration. The soil routine in the model (described below) will adapt and
is not so sensitive to the exact E,o: or PET values used.

The GMC was transformed into VMC to make it comparable with depth. For this the following formula
was used:
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GMC: 0g = voilay (Eq. 6)
. _ soilpyyxbulk density
VMC: v =0g x ( water density ) (Ea.7)

Bulk density is the weight of dry soil divided by the volume of the soil sampler (250cm?) and water
density assumed to be 1. The result is then given in percent (%).

3.4, Statistical analysis

For the analysis of possible differences and correlations in the data, R version 4.3.1 (2023.06.1) was
used (R Core Team, 2023). The data was tested for normality using Shapiro—Wilk (Shapiro & Wilk,
1965). In the case of normally distributed values, the simple t-statistic was performed (Student, 1908)
to test for significant differences. For non-parametric data or in the case of skewed data, the Kruskal-
Wallis-Test was used to compare ranks for more than two groups (Kruskal & Wallis, 1952; Ring et al.,
2023). As a post-hoc analysis the Dunn’s-test was used (Dunn, 1964) as seen in the paper by Sprenger
et al. (2017) and recommended by the website of the university of Zurich for statistical method
consulting (Kruskal-Wallis-Test, 2023).

Packages used in R were “hydroGOF” (Zambrano-Bigiarini, 2020) to calculate the goodness of fit
functions, with addition of the NPE function from Pool et al (2018). Multiple packages included in
“tidyverse” were used, such as “readxl|”, “luberdate” and “ggplot2” for data manipulation and
visualization (Wickham et al., 2019), as well as “RColorBrewer” to select the colours for the different
sites plotted in the dual isotope figure (Neuwirth, 2014). Some of the coding was aided by Chat-GPT
for problem-solving in R.
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4. Modelling with HBV

4.1. Model description

The HBV Model introduced by Bergstrém in 1976 is a conceptual bucket-type and semi-distributed
rainfall-runoff model (Bergstrom, 1976). The model was originally design for Scandinavian catchments,
which can also be derived from its name after the Hydrologiska Byrans Vattenavdelning unit at the
Swedish Meteorological and Hydrological Institute. The HBV and has been continuously developed and
is a widely used application for runoff modelling (Bergstrom, 1976, 1992), in research such as
quantifying land-cover changes, modelling ungauged catchment, detecting climate change impacts,
and evaluating model calibration and uncertainties (Seibert & Bergstrém, 2022). In this thesis, ‘HBV
light 1.2’ Model is used (Seibert & Vis, 2012).

The advantage of conceptual models, especially in education, is that the processes are transparent and
therefore comprehensible but the requirements for input data is more moderate than for physically
based models. The consequence of the model summarising the processes to a catchment scale is that
the resulting parameters are more an average value and should be interpreted as an index rather than
a true value (Bergstrom, 1991). The runoff simulations are calculated using time series of precipitation
(P), temperature (T), observed runoff (Qoes) and long-term Eyo:. The data is provided in daily time steps,
except Epor Which can be long-term daily or monthly values. Semi-distributed for HBV means, that
catchments can be divided into several vegetation and elevation zones (Seibert & Vis, 2012). As the
catchment of the Wuhle is urban and very flat, and no vegetation change is expected due to elevation,
no subdivision of the catchment was defined. The (sub)catchments W4.0, W4.3, W4.4 and HG were
independently run to compare the resulting parameters with each other.
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Figure 4: Structure of the HBV model. Adapted from Mendez, M. (2016) and HBV-light help section. Parameter shown in light
grey have set values, parameters in light blue were calibrated. Explanation of parameter abbreviation can be found in
“Symbols and abbreviations” or Table 5.

The model incorporates different routines which are the snow routine, glacier routine, soil moisture
routine, response routine, and the routing routine. The model structure can be altered with model
variants, which depends on how the routines are computed. In this thesis, the basic standard model is
used without an additional threshold parameter and runoff component in the storage of the upper
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zone (see Table 4) (Seibert & Vis, 2012). Further, the glacier routine is not needed for the Wuhle
catchment. In the following paragraph the most important aspects of the model for this thesis are
discussed. In this subchapter the parameters are written in cursive and bold for easier readability. A
more detailed description of the model and different variants can be found in the help section of the
HBV-light model and the reference cited there (e.g.: Bergstrom, 1992; Seibert, 1997, 1999; Seibert &
Vis, 2012).

In the snow routine, precipitation and temperature data is used to calculate if the precipitation could
accumulate as snow, taking melting, and refreezing processes into account. The output data of this
routine include snowpack and snowmelt. The model distinguishes rain from snow when temperatures
are below the threshold temperature (TT, °C) which is multiplied by a snowfall correction factor (SFCF,
-). Because snowfall is elevation-dependent two catchment parameters PCALT (% (100 m)?, percent
increase of precipitation per 100 m elevation) and TCALT (°C (100 m)?, decrease of temperature per
100 m elevation) are used to adjust temperature and precipitation input. Snow melt is calculated with
the day-degree factor CFMAX (mm At °C?) (Eq. 8). Additional parameters are used to calculate the
amount of water refreezing in melting snow, which are influenced by the water holding capacity of
snow (CWH, -) and the refreezing coefficient (CFR, -). Snowpacks are important especially for spring as
they attribute to runoff delays.

melt = CFMAX X (T(t) — TT) (Eq. 8)

In the soil moisture routine, the output data of the snow routine (snowmelt, P (as rain) and Epot, (mm
At?)) are used to calculate water storage in the soil moisture box (SM, mm), and water losses through
actual evaporation (E.) and groundwater recharge. LP (-) is a soil moisture value above which E,«
reaches Eyor. The water storage in SM and recharge is dependent on the content of SM and its
maximum storage value (FC, mm) (Eq. 9). Beta (-) determines the relative contribution to runoff from
rain or snowmelt. E,: from the SM is calculated as equal to Eyot if SM/FC is above LP. If SM/FC is below
LP a linear reduction is used (Eq. 10).

recharge _ (SM(t) Beta
P(t) _( FC ) (Ea.9)

. SM(t
Eget = Epot X min (FCX(LLI 1) (Eq. 10)

In the response routine, Eyo: and the groundwater recharge output from the previous routine are used
to calculate the runoff and groundwater level. PERC (mm t?) defines the maximum percolation rate
from the upper (soil upper zone, SUZ) to the lower (SLZ, soil lower zone) groundwater box. Larger
values for PERC increase contribution of the lower soil box. In the upper groundwater box (SUZ, mm)
a non-linear runoff is assumed. From this box, the smaller of two water amounts are used as output:
1) the whole content of SUZ or 2) part of SUZ calculated as a product of the recession coefficient (K1,
At?) and the SUZ by the power of (1+ non-linearity coefficient Alpha (-)) (Eq.11). For the lower
groundwater box (SLZ, mm) a simple linear reservoir is assumed where the runoff Q(t) at the time t is
proportional to the water storage S(t). A certain proportion of SLZ, calculated with the second
recession coefficient (K2, At), contributes to the discharge (Eq. 12). The resulting runoff is the sum of
the calculated Q1 and Q2.

Q1(t) = min(K1 x SUZ(t)1+4lpha) sy7(t)) (Eq. 11)

Q2(t) = K2 x SLZ(t) (Eq. 12)
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Lastly, in the routing routine, the calculated runoff is transformed with a triangular weighting function
(MAXBAS, At). This accounts for the delay between the generated runoff and the time it needs to reach
the catchment outlet. A list with all the parameters used and their ranges can be seen in chapter 4.3.1,
Table 5.

4.2, Model initialization
4.2.1. Input data

The information about precipitation, temperature and discharge (ptg-data file) was compiled from
daily values from the climate and data centre (DWD, 2022a; DWD, 2022b) and daily discharge or water
level values from the water portal (SenUMVK, 2021b). The discharge data was transformed from
observed discharge (m3 s) into specific discharge per day (mm t) as follows:

1000
Qmmy/a = Qms/s X 86400 X e (Eqg. 13)

where A is the respective (sub)catchment of the area above the measuring station and 86’400 is the
number of seconds in a day. The water level values were not transformed as the later calculations used
ranks and operate in the ordinal scale.

Because of data gaps between 1993 and 2007 the precipitation and temperature data of the year 2008
was duplicated to achieve three years for the warm-up period. The mean temperature in 2008 (10.7 °C)
lies slightly above in the long term mean of 9.3 — 10 °C in Berlin (DWD, 2023), fits into the standard
deviation of the following years of 2009 (10 °C), 2010 (8.7 °C), and 2011 (10.7 °C). The accumulated
rainfall of 612.6 mm lies above the average mean of 525 — 591 mm in Berlin (DWD, 2023), but it is
more aligned with the total rainfall amount in the year 2009 (629.6 mm), 2010 (641.6 mm) and 2011
(688.9 mm) (DWD, 2023).

The required Eyot Was replaced by long-term PET data (LOopez Moreira Mazacotte, 2024) which was
modified from 10-year bidaily values (2011 to 2021) for each subcatchment (0-10) into summarised
daily mean values for each modelled (sub)catchment (W4.0, W4.3, W4.4, HG) defined in this thesis.

4.2.2. Model and catchment settings

As mentioned above the standard basic model without the use of an additional runoff in the upper
storage box (UZL and KO) was used (see help section, HBV light). The efficiency for specified season
was set to the hydrological year from 1t of October to 30" of September. The warm-up period was set
to three years before the start of the calibration period (see Figure 5).

Because of the flat topography of the Wuhle catchment, simply one elevation and vegetation zone
were used and the settings for PCALT and TCALT have been left at their default values (see Table 5)
(Bergstrom, 1992). The elevation of precipitation and temperature were set to the elevation of the
weather station (61 m.a.s.l.) and the mean elevation of the catchment was derived from the GIS data
and set at 42 m (GeoBasis-DE, 2019). Lakes in the catchment were neglected as there are mostly
artificial ponds disconnected from the stream network and cover less than 1 % of the whole catchment
area.

4.3. Model calibration

The calibration of the model is the process of parameter adjustment until simulated runoff is
sufficiently similar to the observed runoff. To estimate the difference between observed and simulated
discharge, an objective function is used (Solomatine, 2011). To later be able to validate the model on
independent data, only part of the data time span was used for calibration. The model calibration was
completed in two rounds. First, a pre-calibration to search for feasible parameter ranges with the
Monte-Carlo approach and get an insight into parameter uncertainty was executed (Seibert & Vis,
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2012). In this approach randomly chosen parameters are combined with other random parameters to
build a parameter set (Harrison, 2010). In the HBV-light model, the 100 best performing parameter
sets according to the chosen objective functions were than saved and evaluated.

Second, after parameter ranges were defined (see Table 5) a Genetic Algorithm and Powell
optimization (GAP) was used to calibrate the HBV model (Seibert, 2000)(see Table 4). With this
method, optimised parameter sets are found by starting with an initial parameter population and the
value of the chosen objective function (see chapter 4.3.2) is evaluated. Parameter sets with good
model performances are more likely to further evolve than parameter sets with bad model
performances. The first step generates two parameter sets randomly. Then the parameters can be
evolved from the previous parameter sets, a random value between the two parameter sets or a
random value within the limits for the parameter

. Table 4: GAP settings used for model calibration in HBV.
mutation. In the second step, the parameter sets are

fine-tuned using Powell’s quadratically convergent GAP calibration settings Number
method (as described in (Press William H., 2002; Number of Runs 5000
Seibert & Vis, 2012). Even though, theoretically this Number of Powell Runs 1000
should lead to the best parameter set it can also Number of Parameter Sets 50
result in equifinality (Beven, 2012). In the end the Number of Populations 1

100 best performing parameter sets were saved. Number of Calibrations 100

4.3.1. Parameter ranges
The parameter ranges and fixed parameter values used in the calibration are listed in Table 5. For
twelve parameters, a range was defined. To minimize the calculation effort, the following rather
unsensitive parameters CFR, CWH were fixed to their default value of 0.05 and 0.1 respectively. For
the degree-day factor CFMAX no seasonality is expected so the parameter SP is also kept at the default
value of 0.

For the other parameters, ranges were chosen after experimenting with multiple Monte-Carlo runs to
gauge feasible ranges, described in the previous chapter on model calibration. In a paper by Seibert
(2000) feasible ranges are proposed for the HBV model to calibrate with the GAP. A basic overview
was created for each (sub)catchment by producing dotty plots. Ranges were established after defining
acceptable objective function values by a visual examination of the clusters in the dotty plots (final
resulting dotty plots of the 100 best parameter sets can be found in appendix 9.7-9.8 and 9.11.1-
9.11.2). If point clusters were all at the range boundaries, the ranges were broadened. There were a
few exceptions for that. The maximum storage in the soil box FC in the soil moisture routine was high
especially in the subcatchment HG. In the case of this thesis the value was fixed with the range suitable
for the other (sub)catchments (W4.0, W4.3) to avoid even larger variability. With the pre-calibration
approach, the recession coefficient in the response routine K2 could have been higher than K1. This
would logically not make sense in the model; therefore, the maximal range was kept at 0.4 for K2. For
the non-linearity parameter Alpha, the range was limited from 0 to 1 based on previous experience in
the Hydrology and Climate group (H2K) at the University in Zurich, as no improvement was expected
as soon as 1+Alpha reached values larger than 2 (Schwarzenbach, 2022).
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Table 5: Model parameter ranges used for the GAP optimisation for calibration in all (sub)catchments. The valid range was
extracted exactly from the help section in HBV-light.

Parameter Description Unit Range/Value Valid range

Snow Moisture Routine

T Threshold temperature °C [-2;4] (-inf, inf)
CFMAX Degree-day factor mmtt°Ct [0.5;6] [0, inf)
SP Seasonal variability in degree-At factor - 0 [-1, 1]
SFCF Snowfall correction factor - [0;3] [0, inf)
CFR Refreezing coefficient - 0.05 [0, inf)
CWH Water holding capacity - 0.1 [0, inf)
Soil Routine
FC Maximum storage in soil box mm [500;1500] [0, inf)
LP Threshold for reduction of evaporation - [0;1] [0,1]
Beta Shape coefficient - [1;6] (0, inf)
Response Routine
K1 Storage / Recession coefficient At? [0.01;0.5] [0, 1)
K2 Storage / Recession coefficient At? [0.00005;0.4] [0, 1)
Alpha Non-linearity coefficient mm [0;1] [0, inf)
PERC Maximal flow from upper to lower box mm t? [0;15] [0, inf)
MAXBAS Routing, length of weighting function At [1;4] [0, 100]
Other
Cet Potential evaporation correction factor  °C? [0;0.3] [0, 1]
PCALT Increase of precipitation with elevation % (100m)?* 10 (-inf, inf)
TCALT Decrease of temperature with °Cc (100m)* 0.6 (-inf, inf)
elevation
Pelev Elevation of precipitation data in the m 61 (-inf, inf)
input file
Telev Elevation of temperature data in the m 61 (-inf, inf)
input file

4.3.2. Objective functions

To compare the aggregated differences between observed and simulated discharge, objective
functions are used during calibration (Solomatine, 2011). In this thesis, the main objective function
used was the Non-Parametric Efficiency (NPE) introduced by Pool et al. (2018). For ordinal data from
the subcatchment W4.4, where just water level data was available, the Spearman Rank Correlation
Coefficient r. was used for calibration (Spearman, 1904). For the later discussion the Nash-Sutcliff
efficiency NSE or Rest (as it is labelled in HBV light)(Nash & Sutcliffe, 1970) and the Volumetric Efficiency
or Volume Error VE (Criss Robert E. & E., 2008) are mentioned. For an overview of the objective
functions, see Table 6. In the paper by Nonik et al. (2021) threshold values for good performances are
summarised for rs as 0.8, for Resr as 0.75 and for VE as 0.15. For a more specific evaluation of the model
performance benchmark were used (see chapter 4.4.1).

The NPE was used rather than the Kling-Gupta efficiency (KGE) (Gupta et al., 2009). The KGE assumes
data linearity, normality, and the absence of outliers. However, discharge time series and model
simulations are often highly skewed (Pool et al., 2018). The NPE therefore, does reformulate the
variability and correlation term of the Kling-Gupta model efficiency (KGE) to a non -parametric form.

The NPE is based on the normalized flow-duration curve (o), the Spearman rank correlation coefficient
(rs) and the mean discharge () (Pool et al., 2018) which are listed in Table 6. For o absolute error was
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computed between all ranked simulated and observed discharge values, where I(k) and J(k) are the
time steps when the kth largest flow occurs within the simulated and observed time series respectively
(Pool et al., 2018).

Table 6: Equation of the objective functions used in this thesis. Table inspired by Nonik et al. (2021). Robsj and Rsimj are ranks
of observed and simulated data in the time step j respectively. Qobs and Qsim are the average of observed and simulated
streamflow respectively and n the number of time steps in the period of simulation (Nonki et al., 2021). For o absolute error
was computed between all ranked simulated and observed discharge values, where I(k) and J(k) are the time steps when the
kth largest flow occurs within the simulated and observed time series, respectively (Pool et al., 2018).

Goodness of Calculation Part of Value for
Fit function hydrograph  ‘perfect’ fit
Z?=1(Robs,j - Robs) (Rsim,j - Rsim)
rs > > Timing 1
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B QSlm/ - -
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Reff (NSE) 1— ]nl( obs,j szm,})z Fécus on 1
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4.4, Model validation

For model validation the split sample method was used (Klemes, 1986), where part of the available
data is not used for the calibration to then be simulated with the found parameter values and the
resulting objective function compared. Ideally, the data is split into two equal parts, but as the available
data was not long enough (5-10 years, based on experience of the H2K), the data for the
(sub)catchments was split into two simulations: Simulation A used the first 70 percent of the data for
calibration and the last 30 percent for validation, simulation B used the last 70 percent for calibration
and the first 30 percent for validation (see Figure 5). The model is deemed acceptable for further use
(e.g. in decision making processes) only if the two results from simulation A and B are similar and the
error in both validation runs acceptable (Klemes, 1986). The chosen time periods also align with the
differential split sample test for most of the (sub)catchments, except for HG. In this method, the data
would be split into dry and wet climate scenarios (Klemes, 1986). In HG the data split is in Autumn
2018, but 2019 was also a dry summer which affected the hydrological cycle (Kuhlemann et al., 2020).
In a paper by Motavita (2019) they found that the length of calibration period is less relevant for model
accuracy than the hydrological conditions. Further, they also showed that calibrating on longer periods
of dry conditions leads to better results for the whole timespan than calibrating wet periods to predict
later dry periods (Motavita et al., 2019).
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Figure 5: Time periods used for warm-up, calibration, and validation of the catchment W4.0 and subcatchments W4.4, W4.3
and HG. In simulation B the warm-up period and validation period data overlapped, which is not an issue as the warm-up
period is not used for the calibration itself.

4.4.1. Upper and lower benchmark
Benchmarks allow to estimate the values derived from objective functions and put them in the context
of an upper and lower benchmark. As the perfect value of objective functions (e.g. 1 for NPE or O for
VE, see Table 6) can never be achieved. The proposed approach by Seibert et al. (2018) suggest using
a bucket-type model, such as the HBV model, to compare any model to. For the upper benchmark, the
catchment is calibrated with the best possible simulation. For the lower benchmark the model is run
with random parameters within feasible ranges.

In this thesis the HBV-light model was already used for general calibration, therefore the benchmarks
were defined as follows: The result of the calibration and the validation was calculated as the ensemble
mean hydrograph of the 100 best performing parameter sets for the NPE. The upper benchmark was
defined as the best calibration from the GAP optimisation, regardless of the parameters used, as an
“ideal” value. To evaluate the model and how good the value of the objective functions was, a lower
benchmark following the method described in the paper by van Meerveld et al. (2017) was introduced.
The model was run with the Monte-Carlo calibration for each (sub)catchment with 1’000 runs using
randomly chosen parameters within the same pre-defined ranges as the GAP-calibration (see Table 5).
The ensemble mean was then selected as representative simulation and the resulting objective
functions were chosen as a lower benchmark.

The upper and lower benchmarks were calculated only for the calibration period, as the validation
period usually does perform worse. With this, a higher goal is set to achieve, because the model is
calibrated particularly for the used data. The upper benchmarks (u.b.) and lower benchmark (l.b.) were
then set into relation with the validation of the ensemble mean for each (sub)catchment to quantify
the relative performance of the respective objective function Ry . (Seibert et al., 2018):

R —Ryp.
Rrel — (sub)catchment (Eq 14)
Ryubp.—Rib.
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5. Results

5.1. Antecedent conditions

The fieldwork of this thesis was conducted in 2022. The mean temperature during that year was 11.4 °C
which lies slightly above the mean temperature in Berlin (9.3 — 10 °C (DWD, 2023)). The mean
temperature for autumn 2022 (September — November) was 11.06° C which is 1 °C warmer than the
long-term average from 1993-2022 measured by the station Berlin-Marzahn. The precipitation during
2022 totalled 429.2 mm, which was 129 mm (23 %) lower than the long-term average (DWD, 2023).
The total precipitation during autumn 2022 was 101.6 mm which is also lower mean total precipitation
of 137 mm (1993-2022, Station Berlin-Marzahn: (DWD, 2023)). The biggest precipitation events before
the sampling period occurred on the 18.10.2022 with 13.1 mm of precipitation. Between the two field
days it rained a total of 4 mm (Berlin-Marzahn Station).
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Figure 6: Antecendent conditions in the Wuhle catchment starting half a year before the samples were taken during field work
in autumn 2022. Precipitation data was downloaded from the station Berlin-Marzahn (ID-number: 420) and isotope data was
measured at the study the location at IGB in Berlin-Friedrichshagen (Ring et al., 2023). The two red lines mark the two field
days.

Between September and the second sampling day (01.09 — 08.11.2022), 20 samples of isotopes were
taken in Berlin-Friedrichshagen. Figure 6 shows that the 6D varied highly. The isotope ratios ranged
from -14.9 to -3.7 for 680 and from -106.3 to -25.4 %o 8D (see Table 7). The isotopic signature of 8D
had more variable and more depleted values than in the summer months before (see Figure 6). The
LMWL was calculated by a weighting of the isotopic data from Berlin-Friedrichshagen and Berlin-
Steglitz, which is labelled with Berlin in the following plots. For the LWML calculation the slope from
Friedrichshagen was 7.784 and the intercept 5.954 and for Steglitz 7.325 and 6.901. The resulting
LWML for Berlin looks as follows:

LWMLgern: 6D =7.81040.26 X 680 +8.00 + 2.38 (R? = 0.97)  (Eq. 15)
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The resulting Ic-excess is therefore as follows:

Ic — excesSgeriin: 8D —7.81x 5§80 -8 (Eq. 16)
Table 7: Weighted 680, 5D and Ic-excess values for precipitation in Berlin, from September until the second sampling day

(08.11.2022). For reference the 8180, 6D and Ic-excess values of Berlin-Friedrichshagen and Berlin-Steglitz are listed as well.

Precipitation %o min mean max SD

Berlin 6D -97.22 -60.15 -26.54 21.63
580 -13.71 -8.76 -3.94 2.83
Lc-excess Berlin -7.52 0.25 7.14 3.63

Friedrichshagen &D -106.27 -59.07 -25.35 22.94
580 -14.94 -8.61 -3.74 3.02
Lc-excess IGB -7.39 0.23 7.21 3.74

Steglitz 6D -88.17 -61.80 -27.73 19.33
580 -12.48 -8.99 -4.15 2.51
Lc-excess Steglitz -11.04 -4.47 1.33 3.43

The discharge in the Wuhle catchment is very small. In W4.0 the average discharge (2009-2021) was
0.28 m® s and during autumn it was around 0.197 m?® st and 0.209 m? s* for September and October,
respectively. The mean discharge for 2022 was 0.145 m3s?, for September and October it was
0.098 m?sand 0.078 m3 s}, respectively. In W4.3 the average discharge (2005-2021) was 0.122 m3s?
and for September and October 0.075 m3s? and 0.079 m?s?, respectively. In 2022 the average
discharge was 0.024 m3s?, in September 0.012m3®s? and October 0.004 m3s?®. In HG, the
measurements started later, the mean average discharge (2018-2021) was 0.023 m? st and in autumn
it was 0.013 m3s? and 0.017 m3s? for September and October, respectively. For 2022 the average
discharge was 0.012 m3 s?, for September 0.014 m3 s and for October 0.009 m3 s™,

5.2. Isotope dynamics

5.2.1. Overall dynamics in the Wuhle catchment

Figure 7 shows the isotopic signatures plotted in a dual isotope space. The measurements do not show
clear deviation from the LMWL. Precipitation is the most spread along the MWLs. The two most
depleted values are measurements from the beginning of November. The surface water isotopes
generally lie below the GMWL and the LMWL of Berlin. When tested statistically, surface water
signatures deviate from the LMWL of Berlin and the GMW.L (p < 0.05). The most depleted values are
the open water measurements from site a, part of c (WR4 and WR5) and d. The noticeable datapoints,
which are clearly beneath the LMWL, are the sites at WR3, WR9, and WR14 which are all larger water
bodies in the stream (see Table 8 and appendix 9.1, Table 11). Although the data is limited, if just the
flowing water of the stream is considered, no deviation from the LMWL is detectable. If a linear
regression is calculated for only the water sampled from the ponds or all of the water samples and are
compared to the LMWL, the data does deviate (simple t-test, p < 0.001). Figure 19 in appendix 9.4
shows a close-up of the water data with the corresponding catchment position. Since not enough data
is available, this must be treated as a trend. The soil water measurements deviate significantly from
both MW.Ls (p < 0.001). The data points cluster beneath the LMWLs indicating evaporation processes.
A more detailed description of the results considering catchment position can be found in the following
subchapter 5.2.2.
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Figure 7: Overview of water signature of 80 and D along the Wuhle in autumn 2022 for precipitation, soil water (labelled as
“Soil”) and open water.

5.2.2. Spatial aspect of volumetric water content and soil

water isotope dynamics

The volumetric water content in soil changes with depth even in the upper 15 cm. Although the
samples are from shallow soil, for the description of the data the samples from 0-5 cm are described
as upper, the 5-10 cm as middle and the ones from 10-15 cm depth as lower sample or section. In Table
8, the soil measurements are separately written down for October and November, but all the site
groups are averaged. For statistical analysis the measurements are tested against the grouped sites
and environmental characteristics. In Figure 8, the volumetric water content (VMC, %) is shown. The
handheld VMC measurements are combined with the calculated VMC from the upper soil samples.
The soil samples for October and November are shown in different colours. The VMC data is not
normally distributed which is why the Kruskal-Wallis-Test was used to test for significant differences.
The Kruskal-Wallis-Test identified significant differences between the sample depths (p < 0.0001), the
Dunn-Test showed that this difference is specifically between the upper samples compared to the
lower samples (both with p < 0.0001). No significant difference was observed between the middle and
lowest samples. No environmental characteristics showed an influence on the difference between the
measured VMC. A simple t-test was done, and a significant difference was detected between the soil
samples and the LMWL. This is also true between all the depths. No t-test was done for the individual
sites as there is not enough data to make a sensible linear regression.

The mean difference of VMC content at the surface is 2 % compared to the upper soil samples (Table
8). Atsite a, b, e, f, g and j the surface measurements show a higher VMC at the surface than the upper
soil samples. Furthermore, there are interesting outliers, which are not visible in the data in Table 8.
The samples WR2 (in November), WR3 and WR7b at site b, c and f were the most noticeable differences
in the resulting surface and upper soil sample VMC. The surface measurements were over 4.5 % wetter
than the upper soil sample.
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In Figure 8 the upper point represented as 0 cm depth is the mean soil moisture content, calculated
from the handheld probe measurements and the upper of the soil sample (0-5 cm). This value is usually
higher than the calculated VMC of the middle and lower soil sampled (5-10 cm and 10-15 cm). Sites a,
¢, d and z have a wetter surface, a drier middle section and the lowest soil section has again a higher
moisture content compared to the sample from the middle. This is also true for site b in October and
for site g in November. For the averaged values, the sites a, ¢, d and z show a difference in VMC of 1.3-
6.1 %. The biggest difference can be found between the first 5 cm and the middle section of the soil.
Site a, ¢, d, e, f, g, and h are around 6% wetter at the upper section compared to the middle section.
Site b, j and z are 10 % wetter in the first 5cm. Site h, sample WR14 is an outlier with less than 1 %
difference in VMC. At site e, f, h, g (in October) and j, the VMC gets lower with depth. The difference
in VMC is around 1.5 %, at site g (in October) and site j the difference was even higher with over 4 %
drier middle soil samples than the lower soil samples. Sample WR14 (site h) has a nearly stable VMC
throughout the 15 cm of soil measured depth.
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Figure 8: VMC per grouped sample in site (a-h, j and z) at each sampling depths (0-5, 5-10, 10-15 cm).
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Table 8: Isotopic ratios, 5180, 5D and Ic-excess, and VMC (%) values at the sampling sites for water bodies, surface grassland
and soil samples at specific depth. For water samples the sample number WR is specified in the brackets. “Surface” are the
handheld VMC measurements. For location orientation see Figure 3.

Site  Sample (n) Soil/Water D (%o) 180 (%) Lc-excess VMC (%)
Depth (cm) Oct Nov Oct Nov Oct Nov Oct Nov
a 2 water (0) -58.89 -47.49 -8.31 -5.97 -2.03 -8.88
1 water (1) -59.91 -8.44 -2.03
3 surface 22.70 24.63
1 0-5 -46.70 -46.81 -6.57 -6.28 -3.38 -5.79 20.36 22.84
1 5-10 -52.90 -44.54 -7.46 -6.17 -2.63 -4.35 13.36 17.95
1 10-15 -46.06 -42.18 -6.18 -5.74 -5.77 -5.38 20.26 17.11
b 1 water -59.64 -60.05 -8.39 -8.46 -2.14 -1.97
3 surface 35.43 28.87
1 0-5 -47.09 -50.03 -6.69 -6.97 -2.87 -3.56 30.05 26.76
1 5-10 -47.96 -47.10 -6.58 -6.64 -4.58 -3.24 18.33 22.56
1 10-15 -48.84 -47.65 -6.92 -6.83 -2.82 -2.29 19.05 17.68
c 1 water (3) -44.25 -45.14 -5.11 -5.35 -12.31 -11.33
1 water (4) -59.01 -59.49 -8.29 -8.38 -2.28 -2.03
1 water (5) -60.01 -8.47 -1.84
9(3) surface 21.90 36.28
3(1) 0-5 -40.11 -40.78 -5.92 -5.77 -1.88 -3.75 25.56 31.37
3(1) 5-10 -42.30 -40.45 -6.11 -5.72 -2.56 -3.81 17.57 29.19
3(1) 10-15 -42.17 -38.73 -5.82 -5.39 -4.69 -4.63 18.9 34.14
d 1 water -60.01 -8.47 -1.84
3 surface 22.53
1 0-5 -34.94 -4.31 -9.28 24.16
1 5-10 -33.82 -4.19 -9.12 18.76
1 10-15 -32.51 -4.07 -8.72 24.88
e 1 water -52.79 -59.38 -7.52 -8.40 -2.07 -1.77
3 surface 24.30
1 0-5 -58.18 -7.11 -10.63 22.38
1 5-10 -46.93 -6.47 -4.41 16.85
1 10-15 -46.95 -6.62 -3.26 14.78
f 1 water -50.44 -59.46 -7.27 -8.39 -1.67 -1.91
3 surface 21.13
1 0-5 -38.78 -45.67 -4.62 -5.74 -10.71 -8.82 16.58
1 5-10 -32.73 -42.58 -3.70 -5.46 -11.85 -7.97 14.58
1 10-15 -29.96 -42.27 -3.47 -5.58 -10.83 -6.69 13.37
g 1 water (8) -47.90 -62.11 -7.04 -8.73 -0.89 -1.95
1 water (9) -47.82 -49.86 -6.60 -6.73 -5.32
3 surface 26.17 24.10
1 0-5 -44.61 -48.93 -5.98 -5.97 -5.91 -10.32 19.74 25.70
1 5-10 -43.17 -44.79 -5.53 -5.99 -7.97 -5.98 22.15 12.31
1 10-15 -40.44 -47.00 -5.26 -6.24 -7.36 -6.26 16.56 13.35
h 1 water (13) -61.64 -8.53 -3.03
1 water (14) -42.70 -5.81 -5.32
6 surface 29.04
2 0-5 -52.53 -6.52 -9.59 29.64
2 5-10 -48.48 -6.34 -6.94 18.22
2 10-15 -48.84 -6.61 -5.18 14.65
j 1 water -61.71 -8.51 -3.24
3 surface 19.83
1 0-5 -48.00 -5.76 -11.04 18.98
1 5-10 -49.23 -6.27 -8.23 18.76
1 10-15 -53.62 -7.01 -6.85 18.93
z 1 water -57.24 -8.14 -1.69
3 surface 30.93
1 0-5 -43.72 -4.87 -13.71 31.98
1 5-10 -42.85 -5.55 -7.54 20.95
1 10-15 -41.15 -5.35 -7.35 22.22
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5.2.3. and open water isotope

Spatial aspect of soil

composition

The dual-isotope plot shows the results of isotopic composition with 80 on the x-axis and 6D on the
y-axis. The catchment position is indicated by the colours and the depth of the sample is visualised by
the shape (see Figure 9). All per site averaged samples are below the LMWL. Some soil measurements
of a site were spread out others were more clustered. All calculated Ic-excess values were negative for
soil water. Water samples from flowing stream sites have less negative values than water samples from
small ponds or disconnected artificial ponds. The isotopic data is normally distributed, and the
variances are equal. Because the sample size is small and the assumptions of normality could be
violated, the Kruskal-Wallis-Test is used to detect differences. Further the t-test only allows two levels
in data being tested, which is not the case for the environmental factors that are considered.
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Figure 9: The Isotope composition including the Global Meteoric Water Line (GMWL; Craig, 1961) (dotted), Local Meteoric
Water Line (LMWL, Hughes and Crawford, 2012) (dashed). Depth 0 cm signifying water samples (black cross). The solid line
shows the regression of all the soil samples.

Not many of the differences are statistically significant, meaning a Kruskal-Wallis-Test p-value of <0.05
and a post-hoc Dunn-Test with an adjusted p-value of < 0.05. Differences detected between the
subcatchments (as categorised in the modelling part) in 8D are as following: W4.4 (including site h and
j) is significantly different from the other catchments. Regarding 820, the subcatchment W4.4 (site h
and j) is significantly different from HG (site z) and W4.3 (site f and g).

5.2.3.1.  Water site specific results
Most of the water samples are clustered. They are depleted and close to the LMWL apart from the soil
samples. Less depleted, but following the LMWL, are samples from site e, f and g from October. Next
to them are six samples that are clearly departing from the LMWL along an evaporation line. These
samples are from site a, g, h and c. The samples are from ponds or artificial ponds which potentially
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are disconnected from the stream, where the water has a slower transit time. Noticeable is site a
(Figure 9; red) as it was taken just at the outlet of the stream before it flows into the Spree. For the
different water sites a significant difference was found for streams that were flowing and streams that
passed through a pond or an artificial pond. The Dunn-Test returned significant differences for 6D and
580 both with a value of p < 0.01. The simple t-test revealed no significant difference from the flowing
water samples to the LMWL, but it did return significant difference of the pond samples to the LMWL.
No environmental characteristics or other influences were tested.

5.2.3.2.  Soil site specific results
When examining Figure 9 the measurements for site a are off set from the LMWL but spread along the
regression line of the soil samples. The upper samples (0-5 cm) are close to each other. Comparing the
middle samples (5-10 cm) the one from October is a lot more depleted than the sample from
November (-52.9 %o 8D, -7.46 %o 620 and -44.54 %o 8D, -6.17 %o 620 respectively; see Table 8). The
lowest soil sample (10-15 cm) is again more enriched.
Site b is clustered in all sampling depths ranging from -50.03 %o 8D, -6.97 %o 880 to -47.09 %o &D,
- 6.64 %o 620.
Site ¢ has the most samples taken in proximity. The upper samples are clustered, the deeper samples
start to spread out more, get more enriched in 680 and have a stronger offset from LWML. The middle
section is the most depleted in 8D. The Ic-excess is less negative in the upper sample and gets more
negative in the lower samples (-1.65 %o to -2.79 %s.).
Site d is also more clustered and one of the most enriched samples with values around -34 %o 6D,
- 4 %060 and -8.4 %o Ic-excess.
Site e has a much more depleted upper soil sample than the deeper samples (-58.18 %o 6D, -7.11 %o
580 compared to -46.9 %o 6D, -6.5 %o 6'80). The Ic-excess is also more negative for the upper section,
-10.68 %o, as compared to the deeper samples, -4.30 %o and -3.19 %o respectively.
Site f is clustered with the upper sample being the most depleted. Only the sample WR7b was used for
the statistical analysis, the removed soil sample WR7 was taken from considerably more sandy soil.
The measurement was noticeably more enriched, a clear outlier, which is why it was removed from
the results, as it is not comparable with the other measurements.
Site g is quite spread out again. The two upper soil samples have the same 80 value (-5.97 %o) but
the sample from November is more depleted regarding 6D (-47.9 %o compared to -48.93 %o). Aside
from the upper soil sample from November, the other samples are close to the LMWL. The deepest
sample from October was the most enriched and the most depleted was the lower and upper soil
sample from November.
Site h has a big signal variability. Sample WR13 does not have a big signal change with depth in 6D but
is clearly more depleted with depth in §180. The Ic-excess value gets less negative with depth (-10.06 %o
to -4.02 %o). Sample WR14 has a very depleted upper sample compared to the deeper samples, which
are both approximately the same (-53.94 %o 8D, -6.78 %o 680 compared to around -46.8 %o 8D, -6.1 %o
580). The Ic-excess is less negative with depth (-10.77 %o to -6.88 %o).
Site J is removed from the LMWL and spread out with the surface sample being the most enriched and
getting more depleted. The Ic-excess changes with depth and gets less negative (-8.93 %o t0 -6.20 %o).
Site z has a more depleted 60 value in the middle upper sample, but it is simultaneously more
enriched in 6D. The middle sample is more depleted than the deepest soil sample, which follow roughly
the trajectory of the LMWL but with an offset. The Ic-excess changes with depth and gets less negative
(-13.24 %o to -7.00 %eo).

5.2.3.3.  Environmental characteristics site specific
For the evaluation of the environmental characteristics of the sites, raster data in 250 m radius around
the sampling points was considered (see Table 2). The results for environmental characteristics showed
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the same results for total tree percentage and broad leaf trees. Coniferous trees are less abundant.
Some significant differences were detected simply because of their absence. If those statistics were
not confirmed in another comparison (e.g. between the individual samples), the results of differences
between the sites based on coniferous tree abundance were neglected. If results are similar between
the broadleaf and coniferous trees or between clay and sand composition, they are referred to as tree
and soil composition.

The strongest difference, which is seen in 8D, §'80 and Ic-excess, is between site b and d (p < 0.01). Lc-
excess showed no additional differences between the samples across the environmental compositions.
Compared to the percentage of pixels with trees, the Dunn-test shows significant differences in 6D
values between sample WR6 (site d) with WR2 (site b), WR13 (site h), and WR15 (site j). Further
differences were found in WR3 (site c) with WR2 (site b), WR13 (site h) and WR15 (site j). Samples WR6
and WR3 have over 45 % of trees, whereas samples WR2 and WR13 have below 40 % and WR15 below
30 % (see Table 2). For 80 values, significant differences are found for sample WR6 (site d) with
WR2(site b) and WR6c (site e; 46 %) and between WR2 (site b) and WR16 (site z; 15 %).

Regarding the soil composition 6D, the resulting differences were the same as in tree composition with
the addition of WR4 (site c) with WR13 and WR14 (site h). Here sample WR3, WR6 and WR4 have soil
composed of above 91 % sand and below 5 % clay, while WR13, WR14 have 77% sand and 8% clay,
WR2 and WR15 have 89 % and 85 % sand respectively and around 4 % clay. For 60 the same samples
as in tree composition are different, with WR6 being different from WR2 and WR6c¢ (92 % sand, and
2.5 % clay). And WR2 is different from WR16 (site z; 79.8 % sand and 7.4 % clay).

The impervious area for WR6 is 30 % and WR3 20.4 % compared to the samples with significant
differences in 8D with WR2 (50 %), WR13 (43.8 %), WR15 (18.8 %). For 60 the differences are
between WR6 with WR2 and WR6c (31.9 %), and WR2 with WR16 (24.6 %).

5.2.3.4.  Depth specific results

For an understandable visualisation of the isotopic composition with depth, a heatmap is used to
illustrate the dynamics (see Figure 10). The simple t-test was used to check the difference of the depth
to the LMWL and linear regression of the samples from 5-10 cm and from 10-15 cm depth show that
they are not similar. No significant differences were detected in the three depth sections with the
Kruskal-Wallis-Test on their own, except for samples in November between 0-5 cm and 10-15 cm. In
the VMC result, significant differences between the upper section compared to the middle or lower
section were detected. Therefore, the isotopic composition was examined for two depths excluding
one sampling depth, to check if the same is true for isotopic signatures (e.g. 0-5 cm samples were
compared to 10-15 cm samples, excluding the samples from 5-10 cm depth). No significant differences
are found when the whole sampling data is used. From visual inspection of the heatmap, there is a
noticeable difference between the sites a, b and c and the other grouped samples. This is why another
test was conducted without the sites a, b and c. Between those pairings, significant differences resulted
from the Kruskal-Wallis-Test. The Dunn-Test was not conducted, because the factor of interest is depth
which is present in all sites.

For the upper section samples (0 - 5 cm) combined with the middle section samples (5 - 10 cm), there
are no differences in the 8D or 60 values considering depth. However, there are significant
differences in 8D regarding soil composition. In 80 values differences between tree and soil
characteristics are significant. When Ic-excess is investigated, no environmental differences can be
detected but there are differences regarding the sampled depth.
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For the middle section samples (5 - 10 cm) and the lowest section samples (10 - 15 cm), there were no
differences for Ic-excess. Significant difference is detected regarding 6D and &0 with all
environmental factors investigated (tree and soil composition, as well as impervious surfaces).

For the comparison of the upper and lower section samples (0 -5 cm and 10 - 15 cm) to environmental
characteristics 8D has no significant differences. Regarding 820 significant differences can be found in
tree and soil composition. There are significant differences in Ic-excess.
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Figure 10: Heatmap of the sampled sites for each depth for 6D, 580 and calculated Ic-excess (in red). Site a located at the
outlet and site g the last sampling group after the confluence of Alte Wuhle, Neue Wuhle and Hellersdorfer Graben. Site h and
j are located close to the Neue Wuhle and site z close to the Hellersdorfer Graben.

5.3. Modelling

Because of equifinality, the term “best” parameter set is put in quotations. For individual parameters,
all the returned values from the 100 best performing parameter sets are analysed and compared. For
an overall assessment of the calibration and validation success, model performance is evaluated with
an ensemble mean. Although the resulting parameter values can only be viewed as indexes rather than
absolute values (Bergstrom, 1991), the comparison between the parameter values are quantifiable.

5.3.1. Calibrated parameter

5.3.1.1.  Discharge data
To take a closer look at the differences between the catchments all the parameters are plotted in
boxplots for the individual parameters (see Figure 11 and Figure 12) and as dotty plots (see appendix
9.7 and 9.8). In simulation A, the most defined parameters for all the catchments are FC, LP, PERC and
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especially K2 and MAXBAS. For catchment W4.0 big ranges can be found for parameters TT, CFMAX,
K1 and Alpha with skewed data for TT, CFMAX and Alpha (see appendix 9.7). W4.3 has more defined
parameters except for K1. The medians in W4.3 are more centred compared to the other two
catchments. Catchment HG has noticeable broad ranges in the snow routine parameters TT, CFMAX
and SFCF, with the median value close to the box boarders (between the first and third quartile).

Because the resulting parameters are not normally distributed, and there are more than two groups
to be compared, the Kruskal-Wallis-Test (Kruskal & Wallis, 1952) was done with a post-hoc analysis
using the Dunn- Test (Dunn, 1964). The tests indicated significant differences for all resulting
parameters (see appendix 9.5, Table 13). For simulation A, all the catchments have significant
differences for the parameters FC, LP, PERC, K2, MAXBAS and Cet (p-value at least >0.01). The
parameter Beta has no differences between the (sub)catchments. For the remaining parameters, only
one catchment is significantly different from the others. For W4.0 it is SFCF and K1, for W4.3 it is TT
and for HG it is CFMAX and Alpha.
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Figure 11: Boxplots of parameters for the discharge data calibration of simulation A for catchment HG (rose), W4.0 (green)
and W4.3(blue).

For simulation B, the parameters PERC, K2 and MAXBAS are well defined for all the catchments. W4.0
and W4.3 have a well-defined Cet parameter, whereas HG has a well-defined TT parameter. However,
it is HG that has wide ranges in SFCF, Alpha and Cet, with skewed data indicated by the median close
to the third quartile border.

All the catchments have significant differences in the parameters FC, LP, PERC, K1, K2, MAXBAS and
Cet. Alpha is also significantly different for all catchments, but it has to be mentioned that the p-value
between W4.0 and W4.3 is only 0.03, whereas all the other p-values are below 0.005. Furthermore,
WA4.3 has a significant difference in the calibrated parameter for Beta, whereas HG has significant
differences in TT, CFMAX and SFCF.
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Figure 12: Boxplots of parameters for the discharge data calibration of simulation B for catchment HG (rose), W4.0 (green)
and W4.3(blue).

5.3.1.2.

Water level data

The boxplots of the calibrated parameters for the water level data are bigger compared to the
discharge data (see Figure 13 and Figure 14). For simulation A, the widest range of possible parameter
values in all (sub)catchments can be found in parameter Alpha (see Figure 13). Regarding the individual
(sub)catchments, the biggest ranges for catchment W4.0 are the parameters CFMAX, SFCF, Beta and
K1. For W4.3, only parameter Alpha has a slightly bigger boxplot. For W4.4, parameter TT, SFCF and K1
have big ranges, and for HG the biggest range can be found in the parameters TT and Alpha. The most
well-defined parameter for all (sub)catchments is K2. For the whole catchment W4.0, the range of the
parameter value FC is very small. In W4.3, most of the parameters are well defined with the above
noted exception of parameter Alpha. Subcatchment W4.4 has a small, calibrated parameter range for
FC, Beta, MAXBAS and Cet. In subcatchment HG, the parameter SFCF is well-defined as well as LP, Beta,
MAXBAS and Cet.
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Figure 13: Boxplots of parameters for the water level data calibration of simulation A for catchment HG (rose), W4.0
(green), W4.3(blue), and W4.4 (purple).
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Statistically, only the parameter LP is significantly different in all (sub)catchments (p-value <0.001, see
appendix 9.6, Table 14). Catchment W4.0 is significantly different from the other catchments regarding
the parameter values of TT and FC. For the parameter CFMAX, W4.0 is significantly different from HG
and W4.4 but not from W4.3. Additionally, catchment W4.0 is different from subcatchment W4.3
regarding Beta. W4.0 has a clearly defined PERC parameter which is different from W4.3 and W4.4.
For the parameter MAXBAS, W4.0 is similar to W4.4 but different from subcatchment HG and
W4.3.The parameter TT and FC are similar between the catchment W4.3 and HG. In the calibration of
Beta solely, catchment W4.3 is significantly different from all the other catchments. For CFMAX, W4.3
is different from W4.4 and HG, but not from W4.0. For K1, W4.3 is different from the other catchments.
Subcatchment W4.4 is significantly different from the other catchments regarding the parameter
values of TT and FC. For CFMAX, W4.4 is different from W4.0 and W4.3 but not from HG. Catchment
WA4.4 is significantly different in the calibrated parameter ranges SFCF, LP, K2 and Cet from the other

catchments (p-value < 0.05 for SFCF, otherwise p < 0.0001).
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Figure 14: Boxplots of parameters for the water level data calibration of simulation B for catchment HG (rose), W4.0 (green),
W4.3(blue), and W4.4 (purple).

The calibrated parameter ranges in SFCF, LP and Cet are significantly different in the subcatchment HG
from the other subcatchments. For CFMAX, HG is different from W4.0 and W4.3 but not from W4.4.
HG has a huge range for the parameter PERC and is significantly different to W4.3 but similar to the
other (sub)catchments. For the parameter Alpha, only HG has significant differences in varying degrees
(p-values of < 0.05, < 0.01 and < 0.0001 for W4.0, W4.4 and W4.3 respectively). For K1, HG is more
significantly different from the other catchments, than W4.3 (p-value of < 0.05 and < 0.01, whereas in
HG all p-values are < 0.0001). For the parameter MAXBAS, subcatchment HG and W4.3 are similar to
each other but different from W4.0 and W4.4 which are in contrary similar to each other.

For simulation B (see Figure 14), W4.0 has also a big boxplot for the parameters CFMAX, SFCF, FC, K2,
and Cet. In W4.3, only Alpha has a big boxplot. In W4.4, big ranges were calibrated for the parameters
CFMAX, SFCF, FC and K2. Additionally, HG has big range for PERC, and K1. A well-defined parameter
for all (sub)catchments is MAXBAS. W4.0 has a well-defined Beta value. W4.3 is well defined in nearly
all parameters except for the above-mentioned Alpha. W4.4 is the least defined catchment with only
a clear MAXBAS and Cet value. For HG the parameters TT, K2 and Cet are well-defined. All catchments
have significant differences in parameters SFCF and Beta (for Beta the difference between W4.0 and
W4.3 is lower with p-value of <0.05, see appendix 9.6, Table 14).
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For the parameter TT, there is a significant difference between W4.0 and W4.3 (p-value <0.01).
Regarding parameter Alpha, W4.0 does differ from HG and W4.4 but not from W4.3. As for Cet in the
case of W4.0, it does significantly differ from the other catchments. In subcatchment W4.3, parameter
CFMAX is significantly different from the other catchments (p-value <0.001). W4.3 differs from all the
other catchments in LP, FC, PERC and K2. For the parameter Alpha only, W4.3 and HG have a significant
difference (p-value of <0.0001). The parameter MAXBAS does differ in W4.3 from all catchments. W4.4
is significantly different from the other catchments regarding CFMAX (p-value of <0.01). The parameter
MAXBAS does differ in W4.4 from all catchments. For the parameter TT, the catchment HG is clearly
different. HG is significantly different from the other catchments regarding CFMAX, except from W4.0.
HG differs from all the other catchments in LP, FC, PERC and K2. As for Cet in the case of HG, it does
significantly differ from the other catchments.

5.3.1.3.  Comparison of discharge and water level data

The discharge data and water level data are calibrated separately and with different objective
functions. The resulting parameter ranges are very different. For simulation A in the catchment W4.0,
only LP is statistically similar. In W4.3, none of the parameters match and for HG, TT is similar. For
simulation B in catchment W4.0, FC and PERC are similar. Further, there is a difference in Cet, although
not as strong as with the other parameters (level of p-value <0.05, whereas the others are <0.0001).
In W4.3, the parameter CFMAX is statistically similar. HG has slightly more similar parameters with TT,
CFMAX and FC. Because of this, the calibration and validation are not comparable between the two
data types. The results of water level data are not further described or discussed in this thesis. The
figures and tables of the benchmark results for water level data can be found in the appendix 9.11.3.

5.3.2. Model uncertainty

5.3.2.1.  Calibration of simulation A

The dotty plots display the relation of the parameter value and the performance with the objective
function NPE. For 1’000 calibrated dotty plots with the Monte-Carlo approach, all the catchments show
the same pattern. Most of the calibrated parameters show a wide range of performance from -4 to
maximum of 0.0.776. Because the best performances are hard to read, the dotty plots were confined
into a NPE range of 0 to 0-0.8 NPE. Most of the parameters are not well defined. W4.0 has a slight
clustering along a linear line for the parameter LP, where higher LP values have better performance
values. Further, there is a skewed plot for K2 with the highest value between 0.01 and 0.1 At™. W4.3
has a similar clustering for LP as W4.0. This similarity is not visible in parameter K2, as it has some bad
performing values around 0-0.5 but reaches a plateau that has the same uncertainty as the other
parameters in W4.3. The dotty plots for HG also have uncertain parameters but with smaller ranges.
Here, just the parameter K2 shows a clear positive trend with a higher K2 resulting in a higher NPE
performance.

Next, the dotty plots with the calculated 100 best GAP calibrations (see appendix 9.7, Figure 20, Figure
21 and Figure 22) are consulted. First, the catchment W4.0 (the whole catchment) is discussed (see
appendix 9.7, Figure 20). The NPE ranges between 0.795 and 8.300. It is clear that the parameter TT
and CFMAX are defined into two groups, one of them with a higher NPE value (around -1.0 °C and
around 0 mm t °C?, respectively). This is visible in the parameters FC, LP and Beta as two lines are
visible in the dotty plots which indicate uncertain parameter values but at a set NPE performance.
There are some outliers that are at the top of those lines. The dotty plot of SFCF looks similar to FC.
Both have a clear line-cluster where a range of parameter values perform similarly. These clusters are
influenced by the parameter TT and CFMAX. K2, MAXBAS and Cet each have a clear cluster of similarly
performing parameter values and some outliers which have a higher performance. PERC, Alpha and K1
all have one column of high performing calibrations (between 0 and 1 mm At?, 0 (-) and around 1.3 At
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! respectively) and then a plateau of a broader parameter range with lower performing calibrations.
There is a hint of negative trend in SFCF, FC and K2 for the outliers where, the higher the value of the
parameter gets, the lower is the performance due to the outliers.

As for Catchment W4.3 (see appendix 9.7, Figure 21), The NPE range is between 0.780 and 0.810. The
calibrated TT value is more distributed with a big range of parameter values getting good performance
values. There are two performance lines visible in LP and Beta with a negative trend of higher values
performing better but a plateau at the top. SFCF, FC, Alpha and Cet are not well-defined parameters
with a visible cluster around the NPE value of 0.800 for all parameters. PERC has a visible cluster at the
minimum valid value of 0 mm At and another cluster with lower performance around 3 to 4 mm At™,
K1 has also a visible line cluster around the NPE value of 0.800 but all the higher performing calibrated
values are around 0 At which is the minimum valid value for K1. K2 has a cluster around 0.13 At with
outliers of higher value linearly improving performance. MAXBAS has a lot of values around 1 At with
higher values following the NPE performance of 0.800.

Regarding the dotty plots for catchment HG (see appendix 9.7, Figure 22), the NPE range is between
0.750 and 0.780. There is also a clear clustering with TT, CFMAX and SFCF in two groups, but both have
high and low performance values. FC seems to be evenly distributed. PERC, Alpha, and K2 cluster at
the edge of the calibration ranges (0 mm t, 1 (-) and 0.4 At respectively), which for PERC is the lowest
minimal valid value. This can also be seen in MAXBAS but less extreme, value 1 At being the minimum
valid value. LP and Beta both have a positive trend with higher values also performing better. Cet does
cluster to the valid minimum value (0 °C?) and shows a negative trend with higher Cet values getting
lower performance values.

5.3.2.2.  Calibration of simulation B

The NPE performances for simulation B are all lower and the trends are less curved (see appendix 9.8,
Figure 23). For W4.0 the NPE ranges are from 0.55 to 0.615. TT has two clear clusters at around 3.4 °C
and 2.1 °C that have an NPE value of 0.55 and 0.57 respectively. The third and fourth group are more
scattered, but one is around the NPE value of 0.595 with 1 °C and the other cluster would be around
3.2 °C, but between the two there is some more noise. This results in horizontal cluster lines in CFMAX,
SFCF, FC, LP, Alpha and K1. The parameters Beta and MAXBAS also have a division in their points with
the clearer highest NPE value around 6 for Beta and 1 At for MAXBAS which is also the minimum valid
range for this parameter. PERC has two clusters between the values 12 and 15 mm At? and at the
higher NPE value the values switch to the minimum valid range around 1 mm At?. K2 has a defined
values for the respective NPE values at around 0.28, 3.2 and 0 At™. Cet has one cluster column around
the value 0 °C? and then two cluster lines with the most values around 0.3 °C.

For the catchment W4.3 (see appendix 9.8, Figure 24) the NPE ranges are 0.78 to 0.86 with the higher
performance with TT around 0.5 °C and the lower performance from 2.2 to 3.2 °C. The parameters that
have a higher NPE value are more scattered, the lower NPE value parameter is more clustered for all
calibrated parameters. CFMAX has values on either side of the range for the lower performance but
most of the higher NPE parameter are around 0 mm At °CL. SFCF, FC, LP and Beta have a scattered
range with better NPE values, while lower NPE values are clustered at one end of the set range for
calibration. PERC has most of the calibrated parameters around 0 mm At and some points cluster
with NPE of 0.78 around 13 to 15 mm At™. Alpha and K1 are divided by the NPE values but do scatter
with no clear values. K2 has the best performance with 0 At and lower performance with values from
0.2 to 0.4 At™t. MAXBAS has one cluster with lower performance around 1.5 to 2.2 At and the values

scattered around 2.6 to 2.9 At has a better performance. The parameter Cet has column cluster at 0 °C
1
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For Catchment HG (see appendix 9.8, Figure 25) the NPE values range from 0.56 to 0.64. TT has a wide
range for the lowest NPE values, for NPE 0.6 its clusters around 1.5 °C and for the highest NPE values
around 0.64 TT clusters around 2.9 °C. CFMAX, FC, Alpha and K1 have very uncertain parameter values
that are grouped in three line-clusters. SFCF has three distinct groups all with different parameter
values with the highest NPE value from 1.5 to 2.5. LP, Beta, PERC and MAXBAS have some outlier points
in lines but also freely scattered that are difficult to group but clear clusters around the highest NPE
values. The points cluster around O for LP, between 5 and 6 for Beta, between 12 and 15 mm At for
PERC and around 1.9 At for MAXBAS. K1 has a column cluster at 0 At? and the higher performing
cluster around 0.3 At’. Cet has some scattered outliers but most of the points cluster at 0 °C™.

5.3.3. Model performance

Simulation A used the data chronologically, first the warm-up period, then the calibration and lastly
the validation. Simulation B used the latest data as calibration data set. The earlier data is used as both,
the warm-up and validation data. As the warm-up data is not used for calibrating the model, this is not
an issue. To evaluate the performance, the biggest discharge events were filtered for the validation
periods of each catchment and simulation. For simulation A, all the catchments have the same
observed discharge event on the 21.02.2022 and 22.02.2022. For simulation B and catchment W4.0
and W4.3, the observed discharge event was on the 21.01.2008 and for catchment HG the events on
the 24. And 26.07.2017. The catchments were plotted for the whole hydrological year the event was
taking place in.

5.3.3.1.  “Best” Validation

Because the individual boxes of the model cannot be plotted for an ensemble mean, the “best” result
from the parameter set is described first (see appendix 9.9, Table 15 and Figure 26-Figure 30). For this,
the best validation results are chosen, regardless of how good the calibration was compared to the
other 100 calibration results. All calibrations in all catchments perform better in simulation B for the
calibrated NPE value, but the validation NPE are higher in the simulation A for catchment W4.0 and HG
(see appendix 9.9, Table 15). For all catchments, the discharge simulation is mostly regulated by the
soil box and the lower groundwater box. The upper groundwater box is rarely activated. This leads to
an overestimation of the baseflow und underestimation of the peaks in all catchments. When water
has accumulated over a longer precipitation period, the peaks are overestimated and because the
lower groundwater box empties slowly, it leads to an overestimation of the baseflow for an extended
period. The PET is bigger than the actual evapotranspiration (AET) in all simulations and time periods
looked at during summer. HG as the smallest catchment has the quickest response in the lower
groundwater box and therefore has less overestimations over a long period of time.

5.3.3.2.  Validation Ensemble Mean

The ensemble mean takes all the 100 best results from the GAP optimization and calculates the mean
discharge from all those simulations. NA values from observed discharge data were omitted. The
resulting objective functions for the validation period can be seen in Table 9. Because the model was
calibrated on NPE, those values are all positive. For simulation A, the hydrological year from 1.10.2021
to 30.09.2022 is selected to showcase how the simulation fits the observed discharge as visible in
Figure 15. The simulation for W4.0 misses the peaks which is why the Re is negative. The timing of the
simulated peaks follows the observed data, although some lower peaks are not plotted. The biggest
volume error is quite big, as the simulated baseflow has a lag to get back to the level of the observed
baseflow. W4.3 has a better Rer value although the peaks are sometimes also overestimated. The
timing is a little worse than with W4.0 but the water balance (VE) is better. For HG, the R is a little
lower than W4.3 but still positive. The timing of the simulation in HG is the best of the three and so is
the water balance.
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Table 9: Objective function values for discharge data. Shown is the validation period per catchment and simulation. The
negative values are marked in orange.

Catchment W4.0 W4.3 HG
Simulation A B A B A B
NPE 0.684 0.704 0.622 0.625 0.709 0.193
Reft -0.071 -2.314 0.399 -0.599 0.289 -0.833
rs 0.726 0.725 0.629 0.738 0.768 0.706
VE 0.542 0.596 0.396 0.387 0.259 -0.284

For simulation B, the hydrological year from 1.10.2008 to 30.09.2009 is selected to showcase how the
simulation fits the observed discharge as visible in Figure 16. The NPE values of W4.0 and W4.3 are
better, but the peaks are missed more frequently. This leads to a greater VE value for W4.0 but it is
smaller for W4.3. The timing of the peaks is nearly the same for W4.0 and a lot better for W4.3. For
HG, the simulation looks fitting, but the NPE value is a lot lower than for all other catchment in both
simulations. Rert and VE values are negative. Generally, the timing of simulation B is worse than for
simulation A.

The objective functions solely for the showcased hydrological years can be found in appendix 9.109.10,
Table 16.
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Figure 15: Example of simulation results during the hydrological year of 2021 to 2022 for all (sub)catchment in simulation A.
The simulated discharge (red) is calculated from the ensemble mean of the validation period. The observed discharge (blue)
shows the true value. The corresponding objective function values can be found in appendix 9.109.10, Table 16.
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Figure 16: Example of simulation results during the hydrological year of 2008 to 2009 for W4.0 and W4.3 catchment in
simulation B (upper plot) and the year from 2016 to 2017 for catchment HG (lower plot). The simulated discharge (red) is
calculated from the ensemble mean of the validation period. The observed discharge (blue) shows the true value.
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5.3.3.3. Benchmarks
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Figure 17: Benchmarks and results of calibration period for discharge data for each catchment with the NPE as the objective
function. Simulation A is on the left, simulation B is on the right. The numbers describe the difference between lower
benchmark, calculated with the Monte Carlo approach (yellow) and the upper benchmark calibrated with the GAP approach
(blue) the best calibration result and the ensemble mean (red).

For a better evaluation of the validation results, the upper and lower benchmark are plotted against
the ensemble mean calibration and validation (see Figure 17 and Table 10). It is clear from Figure 17
that the calibration for the catchment HG is the most difficult to model, as the difference between the
upper and lower benchmark is enormous. W4.0 and W4.3 are easier to calibrate. The only case, where
the validation is visibly bad is in W4.3 for simulation A, as it is lower than the lower benchmark. The
best validation can be seen for HG in simulation A. A comparison of the other performances is easier
with the relative objective function in Table 10. The higher the relative objective function value, the
better is the overall validation. Therefore, simulation A is better than simulation B for W4.0 and HG.
For W4.3 the opposite is the case.

Table 10: Summary of objective function NPE values for all catchments calculated with the discharge data for the simulation
A and B. The upper benchmark is calculated with the GAP optimisation, the lower benchmark with the Monte-Carlo approach.
The ensemble mean is calculated once for the calibration and once for validation period. The relative objective function
describes the relation between the difference of validation ensemble mean and the lower benchmark to the difference of
upper and lower benchmark. Negative values are marked in orange.

Catchment wW4.0 W4.3 HG
Simulation A B A B A B
Upper benchmark 0.829 0.836 0.811 0.79 0.78 0.778
Ensemble mean 0.578 0.635 0.648 0.511 -0.294 -0.423
lower benchmark

GAP ensemble 0.816 0.812 0.808 0.783 0.775 0.777
mean calibration

GAP ensemble 0.684 0.704 0.622 0.625 0.709 0.193
mean validation

Relative Objective 0.422 0.343 -0.160 0.409 0.934 0.513

Function
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6. Discussion
6.1. Field work planning and methods

During the available time for field work, a limited number of samples could be taken on two field trips.
Few sites were visited twice. Especially the upper catchment has a limited number of measurements.
In addition, the soil samples were only taken at one point for each sample in three depths. Taking more
than one sample per sampling point and averaging the results would reduce the uncertainties
introduced by human error and device measurement error. After the first field trip, the bags were left
sealed for one night, and only in the following morning, were they filled with dry air. As an equilibrium
is assumed after 48 hours, this could have caused an imbalance as some air might have escaped while
the equilibrium was not reached. No recognizable differences caused by this imprecise handling of the
samples were statistically detected for samples that were taken in both October and November.

The above-mentioned reasons make the resulting measurements pool limited. Therefore, the
displayed results and discussed trends can merely be indications of processes that could take place. As
the data is solely from autumn, seasonal signals may be present in the data. In papers about isotopic
composition in Berlin, the comparison of soil samples with depth, were calculated with geometric
means for plot and depth replicates (Kuhlemann et al., 2021). In this thesis, this was neglected due to
limited data. If data points were compared a simple mean was used.

In the statistical analysis, the data is normally distributed. Nonetheless, the Kruskal-Wallis-Test was
used. Even though a t-test would be more robust since it only compares two levels, it was not enough
to analyse the available data. Because the sample size is small, validated normality of the data could
be wrong in comparison to a larger data set. A multicriterial analysis with extensive research of
environmental factors, such as radiation, shading or irrigation was outside of the scope of this thesis
and the limited time in Berlin. If the available data showed no significant differences between grouped
data and the known environmental factors, they could still contribute but not be as important in
distinguishing sites from each other as other factors. A cross-correlation with Spearman rank
correlation coefficient was not feasible as more data points are needed and for this study exclusively
soil samples under grassland were sampled. For a cross-correlation independent data under tree or
shrub would have been necessary, but that was already excessively studied in Berlin (Kuhlemann et
al., 2022; Marx et al., 2022; Ring et al., 2023).

6.2. Signal changes throughout the Wuhle catchment

The autumn of 2022 was drier than the long-term mean. Isotopic composition from summer to autumn
became more variable and negative, which was also seen in other studies done in Berlin (Kuhlemann
et al., 2020; Ring et al., 2023). Due to the limitation of data from autumn particularly, the seasonal
effect on the water and soil isotopes cannot be shown. Just a small amount of rain fell between the
two sampling days, but samples taken in November are more depleted than in October in the first 5 cm
and in site g in all sampling depth. Precipitation is closer to the samples taken from the flowing stream
than to standing water and soil samples. A comparison between October and November was not
possible, as just a few samples were taken on both field trips and because the uncertainty of the
improper handling of the probes in October. The negative Ic-excess is indicative for evaporative
isotopic fractioning compared to precipitation as written by Ring et al. (2023). This was the case for all
samples taken. Shifts between samples not following the LMWL show non-equilibrium fractioning
through evaporation, which can be also seen visually in the regression line (Figure 9). There seems to
be a difference between the lower catchment and the upper catchment regarding Ic-excess, as shown
in the depth specific results. However, this test does reduce the samples tested from 78 samples to 27
samples, meaning it merely is a trend and can be used as hypothesis for further studies.
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6.2.1. Water content

The VMC is higher on the surface and in the upper 5 cm of the sampled soil than in the deeper soil.
Interestingly, some of the samples show drier middle sections than lower sections, which is an
unexpected dynamic in the shallow soil. Although no significant difference was detected between the
sites, some have a steeper slope of wetness (sites h, sample WR13 and site j) and others are more
homogeneous (site h, sample WR14). No connection to external influences was found to explain the
differences between the sites. Possible explanations mentioned by Marx et al. (2022) are local
conditions which seem to be almost equally important as differences in vegetation cover: radiation,
humidity, irrigation, subsurface drainage, or run-on from impervious surfaces. What was not
considered during sampling was noting the distances from trees and the amount of litter from trees
that would interrupt evaporation processes. Another important factor could be compacted soil due to
foot traffic outside of the designated path, which makes infiltration into the first few centimetres of
soil slower. In the future, it would have been interesting to compare the data with more soil moisture
monitoring data from the Berlin Senate (Pflanzenschutzamt, 2020) that is available as daily
measurements since mid-2023.

6.2.2. Spatial variability of isotopes

The flowing stream isotope measurements were clustered and separated from the pond open water
and soil isotope measurements. There are significant differences between stream water and open
data. Not enough data is available to make a meaningful statement about the difference between
artificial ponds and parts of the Wuhle that flow into smaller ponds which are still connected to the
stream network. Nor is the information available, where effluent discharge is coming into the Wuhle,
but it would have been an interesting point to consider. Kuhlemann et al. (2022) mention urban storm
drains highly impacting the stream during precipitation events. The locations of those are not available,
but merely a map with the amount of water collected by area (Gerstenberg, 2019). The amount of data
did not allow to analyse the connection between the shallow soil and the Wuhle stream, which does
not indicate noticeable divergence as found in the study by Kuhlemann (2022). The differences found
between the catchments categorised in (sub)catchments by the modelled areas are likely due to the
small number of samples. The catchment W4.4 has just one sample spot, as well as HG. And the other
two catchment would have all the sampling spots included in them, which were not used in the
calculations. For this, a new stream would have to be sampled and modelled, for example the
Eichwaldgraben, which was not possible. The grouping as part of catchments is not well thought out,
as the subcatchments W4.4 and HG are part of W4.3 and W4.4. Yet, in statistical tests, they were split
from the bigger catchments. However, the overarching question in this thesis is if the upper, less urban
samples differ from the lower more urban samples. The difference between W4.4 and HG in 6D and
50 are valid, as they belong to different tributaries. Furthermore, the reasoning to divide the Wuhle
into smaller subcatchment for the PET data was that local processes on the surface happen presumably
more vertically instead of horizontally. Therefore, soil samples of W4.3 do not influence the soil
samples from the catchment W4.0.

6.2.3. Differences in sites and subcatchments
The decision of taking a circle radius of 250 m around the sampling point was based on the raster size
of the soil data in GIS of 500 m. The alternative to categorize the sites by the (sub)catchments, as used
in the PET data, would have been too coarse as percolation processes seem to be very site specific
(Marx et al., 2022). The difficulty in the characterisation lies in how big the circle around the sampling
sites should be drawn. In this thesis, all of the investigated environmental characteristics were based
on an equal distance from the sampling point. However, soil composition might influence the soil more
locally. A proper soil texture analysis could have been interesting, although it would defeat the purpose
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of finding catchment dynamics with simple methods. Impervious area could be considered with a
larger distance to gauge if there is potentially run-on from sealed surfaces during precipitation events.
This question cannot be properly analysed and answered with the limited amount of data for this
thesis. The approach of testing differences between the isotope values and site characteristics in the
catchment provided some insight into the possible influences. All found differences were mainly
caused by the isotopic composition and not by the major differences in environmental characteristics,
as the found differences were the same in all considered factors.

The biggest difference between samples was found in WR2 and WR6 which have around 10 %
difference in tree abundance. WR2 and WR16 have a difference of over 15 %. The smallest reported
difference in 8D is between WR6 and the site WR6c 0.7 % and in 60 with only 6 %. This would suggest
that at least for these two cases, tree cover is not the most influential factor. Regarding soil
composition, WR13 and WR14 seem to be denser than WR6 or WR3 with 14 % less sand and 3 % more
clay. Water cannot percolate through the soil as easy. The same is true for WR16 compared to WR2.
And D is more affected by evaporation than 0 which explains the bigger D depletion but a more
enriched 0. WR2 and WR15 seem more similar to WR3 as well as WR6c compared to WR6. Here,
other factors influence the sites as the differences in soil composition are small. The impervious area
has again quite a gap between the WR6 and WR3 samples and the significantly different samples of
WR2, WR13 and WR15. This might be the factor influencing the sample difference between WR2 and
the samples WR6c and WR16. With more sealed surfaces in WR2 by 20-25 %.

Subcatchment 2 (site c, d, e) differs the most from other sites. This is due to site d, which is enriched
in both 8D and 60 compared to the other sites, and site ¢ which is more depleted in §0. Both of
those sample groups are around the Wuhlebecken. The soil samples in site ¢ are more depleted in 620
but a little more enriched in 6D than the open water samples of the Wuhlebecken. Overall, it seems
that this site is more connected to the rainwater and was less influenced by evaporation processes
during the sampling period than other sites. This could be due to run-on from nearby impervious areas.
An explanation why site d is removed from the cluster of the other soil samples is not detectable, since
the environmental characteristics are defined on a subcatchment level. From the pictures taken during
sampling the only noteworthy feature would be more shrub surrounding the area opposed to trees
that were more generally present in other sampling sites. Here a more detailed notation about
distances to as well as sizes of vegetation would have been interesting.

No significant differences were detected between the sampling depth separately. This could have two
meanings. First, the sample size is too small to see outliers or second, there are no outliers. In a visual
inspection of the dual isotope plot, focusing on the depths individually, it seems that site a, b and ¢
have a unique signature in the upper sampled section. This is especially visible when examining the Ic-
excess. Statistical tests can only be used as trends because the sampling pool is significantly smaller,
when excluding the lower catchment. Stronger isotopic fractioning is found in the upper catchment
with depth, as seen in the results of the depth specific results regarding Ic-excess. No difference is
found between samples from 5-10 cm and 10-15 cm, but strong differences were found between 0-5
cm compared to 5-10cm and 10-15 cm (both p < 0.01). If the whole catchment is examined no
statistically significant differences are found in the Ic-excess between the depths. However, if a
comparison between two depths examines the 8D and 880 values and focuses on the environmental
factors over the whole catchment some of the found differences are stronger (p < 0.01) compared to
the other results (p < 0.05). This is the case for samples with 0-5 cm and 5-10 cm depth in site cand h
for 6D and site b and d 8'0. For samples from 5-10 cm and 10-15 cm depth site d and site j show
stronger differences. Lastly, for samples from 0-5cm and 10-15cm depth site h has stronger
differences to site d and c in 8D and regarding 680 site b and site z.
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However, the hypothesis that differences between the sites regarding depth would be pronounced in
all sites, especially between the samples of 0-5 cm and 10-15 cm were not proven to be true.

Kuhlemann et al. (2022) found that grassland has fast infiltration rates despite high evaporation losses
in exposed shallow soil. From the results of this sites from the upper catchment (d, e, f, h, j and z) show
very negative Ic-excesses (< -9 %o) indicating high evaporation losses, even in autumn. Most of the Ic-
excess get less negative with depth indicating that the water is mixed with older soil water, which
corresponds with soil being generally wetter during autumn (Kuhlemann et al., 2022).

6.3. Modelled hydrological dynamics
6.3.1. Model settings

The HBV model was developed for rural ungagged catchments and was not used on urban areas yet.
Because simple models are sometimes better to model processes than models that focus too much on
physical accuracy, this conceptual model was tested on an urban stream flowing into the city. Although
the PET values were calculated by the HEC-HMS Model and therefore the modelling process was not
based exclusively on conceptual modelling, it was just the tool used for the calculations. Furthermore,
simpler equations could be used to estimate PET, including e.g. simple seasonal or annual sine curves
regardless of the variation in weather (Beven, 2012; Federer et al., 1996).

The HBV model can distinguish between various vegetation elevation units which in the flat Berlin was
not applicable. Testing all different variants of the model would have been outside of this thesis’ scope.
It would have been interesting to compare the results of the standard basic model with the one
groundwater box variant. The disadvantage of the HBV model in an urban setting prior to modelling
seems to be the lack of an outflow option in the soil routine that would indicate impervious areas and
direct runoff during precipitation.

Since the size of the Wuhle catchment is variable between GIS data and official documents, it
introduces uncertainties about the actual precipitation and the specific discharge for the
subcatchments. Another reason for uncertainties is that precipitation over urban areas is highly spatial.
Therefore, a second or multiple meteorological station to compare and smooth out the amount of rain
over the area would have made a more stable data set. Another variable input is temperature. Even
though the catchment of the Wubhle is not as affected by the UHI as the city centre (Menberg et al.,
2013; Vulova et al., 2020), the denser urban areas would experience some higher temperatures which
can deviate from the measuring station Berlin-Marzahn and influence AET. Because the PET data was
divided in subcatchments, for the HBV model it had to be recalculated into one value for each day of
the year. The long term mean PET was calculated from the years 2011 to 2021 which includes the
heatwave of 2015, and droughts of 2018 and 2019. Because PET is not used as yearly input but as a
mean, this does inflate the PET for all modelled years. Here, it might have been preferable to calculate
the median of all years to see if the difference of the resulting values is negligible.

The small lakes and artificial ponds were neglected in the modelling process, as they cover less than
1 % of the whole catchment area. Lakes signify storage and evaporation. Something that could have
been tested out would be to treat the impervious area as a lake corrected by some factor to indicate
direct evaporation from sealed surfaces. The problem is that lakes would retain water whereas
impervious area immediately responds to precipitation events.

6.3.2. Calibration process
To set the parameter ranges a lot of pre-runs were done to gauge which settings would be reasonable.
As a result, a feasible range as proposed by Seibert (2000) was used as an initial setting. Since an urban

43



setting is different than a rural setting, this might have been a limiting starting point. Ranges were then
made bigger to see if parameter that clustered on the maximal range border would scatter at some
point. This led to some unusual high values for some ranges such as K2. This parameter was limited
because of the logic in the model structure, that would not make sense to have a higher value in K2
than in K1. In other areas, previous experiences lead to a limitation of the ranges as in Alpha, which
perhaps could have been set higher. Calibration takes a lot of calculation efforts, which is why at some
point the trial calibration had to be stopped. The overall choice of parameter ranges was based on a
visual inspection of the resulting dotty plots from pre-runs rather than on a parameter sensitivity
analysis, which would have given an idea of (un)certainty of the parameters. As the pre-calibration was
done with a reduced number of runs to save on computing resources, and the fixed ranges did not
show many clear signals, the calibration process proved to be difficult. In retrospect, greater attention
to this step would probably result in the calibrated ranges being defined more accurately.

Because snowfall does not play a big role in city environment, the refreezing coefficient and water
holding capacity was set to their default values, especially because snow in cities is artificially
influenced and melts quickly if it falls at all due to higher temperatures from UHI. For the same reason,
the seasonality of the day degree factor is set to a default value. The parameters of the snow moisture
routine are deducted quickly from the dotty plots. The large ranges in TT were caused by two different
ranges in the catchment. HG showed a preferable range from 0-4 °C whereas W4.0 and W4.3 did
perform well in the range of -2 - +2 °C. To avoid bias, the range was set wider, but equal for all
(sub)catchments. The CFMAX parameter has a smaller range than the proposed ranges by Seibert
(2000), which can be explained by the study contrasting sites of urban Berlin and two rural catchments
in Sweden. The biggest challenge in the soil routine was the maximum storage in soil box, FC. The pre-
calibrated values are rather unusual, and until now solely in Brazil an even higher FC value was found
(around 25’000). Otherwise an expected FC is around 500 as seen in the paper by Seibert (2000). As
mentioned in the HBV-light help section, the FC is a model parameter and not necessarily equal to
measured values of ‘field capacity’, which is why the high values are unusual but not impossible. The
percolation parameter has also quite a large range, which can be explained by the fact that the
standard basic model variant does not have a direct runoff and consequently all the precipitation is
relocated to the groundwater box. MAXBAS parameter ranges are rather big considering that the
catchment responds quickly to rainfall.

The objective function of NPE was chosen. The R has a focus on high flow. A calibration with this
parameter would probably simulate the peaks better but end up with too high base flow and
unbalanced water balance. The NPE is based on the objective function KGE both of which use three
aspects of mean, variability and dynamics (Pool et al., 2018). The KGE uses a bias between simulated
and observed mean discharge, the bias between simulated and observed standard deviation and the
Pearson correlation. The NPE as a non-parametric variant replaces the mean discharge with the flow
duration curve and the Pearson correlation is replaced by the Spearman rank correlation coefficient.
As Pool et al. (2018) mention in their paper, the NPE produces better results than KGE in their study
except when evaluating the magnitude and timing of high flows. After the evaluation of the
hydrograph, a second calibration with the KGE would have been interesting to compare, to see if it
would be a better fit but it is outside of this thesis’ scope. As it was planned to compare water level
data, which was calibrated on the Spearman rank correlation coefficient, to the discharge data it did
make more sense to calibrate on the non-parametric efficiency. Calibrating on multiple objective
functions was dismissed, because the NPE is already taking into account three criteria and adding
another objective function would have weakened the calibration.
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6.3.3. Validation process

Two simulations were run (A and B) because the dataset of HG and W4.4 were too short to have 50 %
split for calibration and validation to compare. Literature showed that calibrating on longer periods of
dry conditions leads to better results for the whole timespan than calibrating wet periods to predict
later dry periods (Motavita et al., 2019). This would lead to the expectation that simulation B results
in better validation values, which is true for W4.0 and W4.3. HG performed noticeably worse in
simulation B than A. However, in subcatchment HG (and W4.4) both simulations have the drought
periods included in their calibration dataset. In simulation B the drought is in the middle of the
calibration period and in simulation A it is the beginning of the calibration period. The posing question
now is if the catchment could not recover after 2018. This would make simulation B calibrating on
extraordinary data which cannot reflect pre-drought conditions. Regarding the Rex value, all
catchments are performing better in simulation A than B. The timing of the simulation reflected in rs is
similar for W4.0, better for W4.3 in simulation B and better for HG in simulation A. The water balance
aspect for W4.0 is especially bad, but it has to be assumed that the direct runoff from sealed surfaces
is the problem. This is also reflected in the Res value which is noticeably worse for W4.0 compared to
W4.3 or HG in the same simulation.

In literature, the split-sample method is used to evaluate if a parameter set qualifies for further use,
which was also criticised by Arsenault et al. (2018) for sacrificing information contained in the rest of
the time-series. The split sample method has three premises, the first one being that this is a method
for models whose outputs are intended for use outside of hydrology, meaning that the focus is that
the results are sound but not to contribute to the understanding of the hydrological processes. The
second is that the criteria for model performance should be correctness of hydrological variables
generated by the model and not the structural adequacy, and the third is that the basis for judging a
model performance is the comparison with the available observed data (Klemes, 1986). As the focus
of this thesis is the difference between the (sub)catchments based on their parameters, the validity of
the calibration cannot be gauged with the split sample method. It does indicate if the simulated
discharge is robust in both scenarios and can be used in further decision making. The “best” parameter
set was only used to investigate the modelled boxes behaviour but not as a final result. To simulate
the discharge, as described by Seibert and van Meerveld (2016) an ensemble mean was used to avoid
bias in response of the problem of equifinality. The resulting NPEs were acceptable and similar for
W4.0 and W4.3 in both simulations. The discrepancy between simulation A and B were too big in the
calibration for HG under the criteria of the split-sample method and should be rejected.

To generate context on how good the validation performance is, upper and lower benchmarks are
used. According to the relative objective function, the best performing ensemble mean are simulation
A for W4.0 and HG and simulation B for W4.3. Since the overall performance of simulation A in W4.3
is better, it has been chosen as the simulation to compare parameter differences, even though the
main objective function of NPE is slightly better in simulation B. This means that for catchment W4.3
a calibration with the Monte-Carlo approach with ensemble mean is equally valid as the chosen
parameters for W4.3. To fulfil the final goal of comparing catchment parameters and extract some
information about the differences between the whole catchment and subcatchments for all the
(sub)catchments, simulation A is used for discussion.

The resulting parameter values are discussed as index and in relation to the discharge present in each
(sub)catchment rather than absolute values, as mentioned in the results (Bergstrom, 1991). The
assumption was, that the visible calculated ranges would have an order of parameter values such as
HG-W4.3-W4.0 or reversed. This would conclude that HG has different parameters as a more
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agricultural and rural subcatchment, HG is a part of W4.3 and has the bigger influence on W4.3 than
W4.0 which represents the whole catchment.

The snow routine has a wide range parameter SFCF for HG, but the mean value is in the upper part of
the boxplot, and a lot of values are clustered at 0, which can also lead to high value in NPE results (see
appendix 9.7). Because of this wide range, statistically only W4.0 is different from the other two
catchments. Therefore, the urbanised area has a higher snowfall correction factor, than more rural
areas presumably because of the difference in impervious areas (see Table 1). For the other two
parameters in the snow routine, W4.3 has a smaller range and therefore more defined values than
W4.0 and HG. The TT and CFMAX are split into two clusters in W4.0 and HG. Regarding TT, only W4.3
is significantly different. The higher-ranking TT values in NPE for W.40 are below 0 and for HG it is
evenly distributed. For the threshold temperature, below which precipitation is considered snow, it is
lower in the urban shaped areas. This can be explained by the UHI effect with concrete structures
radiating energy accumulated throughout the day and thus increasing the overall temperatures of
surrounding air as well as surfaces. Following this logic, it is also clear that CFMAX is higher and
statistically different in HG than in the urban areas. This means that between HG and W4.3 snow melt
is quicker in W4.3. In some cases of calibration CFMAX is 0 mm At*°C?t in W4.0, which means that TT
can be ignored in calculations for snowmelt (see Eqg. 8). Presumably, no snow is modelled to fall in
these simulations. If the CFMAX is in the upper range and according to the dotty plot (see appendix
9.7) combined with a higher TT, the snowmelt is very high. This duality in W4.0 could indicate the
difficulty of the mix in urban and rural areas in one catchment. Nevertheless, the subcatchments with
urban parts have higher melt than the more agricultural subcatchment.

For the soil moisture routine all parameters are distinguishable, except for parameter Beta. HG has the
biggest maximum soil moisture storage (FC), which would be logical. Curiously, the W4.0 has a
supposedly larger FC value than W4.3. However, LP value is also higher for W4.0, which reduces the
Eact for W4.0 compared to W4.3 as it is multiplied by FC and then used for division with the soil moisture
box content (see Eq. 10). This would suggest that evapotranspiration is higher in the less urbanised HG
and simultaneously, that less water is lost through evapotranspiration in urban W4.0 which in turn
means more water does infiltrate or runoff directly.

For the response routine, the parameter Alpha shows that the discharge for W4.0 and W4.3 has
mathematically a broader bell-shape than HG (Eq. 11). K1 and Alpha are only used if the result of
K1 x SUZ(t)(1+4Pha) is smaller than SUZ(t) (see Eq. 11). From the output data of the HBV, it cannot
be determined when solely SUZ(t) or when the calculation with K1 and Alpha is used. Theoretically, if
the same amount of water would be put into the catchments, HG would have a bigger discharge from
SUZ than W4.0 and W4.3. Whichever part of the equation would generate outflow from the upper soil
box, but there is rarely enough precipitation to produce a simulation of Q1 in most cases (see appendix
9.7). K1 is a parameter with a big range in W4.0 and W4.3. It is visible in the dotty plot for W4.3, that
the best NPE values are achieved with low K1 (see appendix 9.7). This explains the bigger activity of
the SUZ in the simulations in W4.3 (see appendix 9.7). The discharge is only slowly retreating to the
usual baseflow in W4.0. As the peaks are all generated with Q2, the water level is gradually declining.
Therefore, the SUZ should be more active for W4.0 for the discharge peaks to be simulated more
precisely. The problem is that those peaks are probably not caused by subsurface flow but by additional
discharge from direct run-off from impervious areas. This runoff is not delayed by the soil moisture
box and upper and lower boxes but is directly transformed form precipitation to discharge, which is
why it cannot be simulated by HBV. For PERC, all the catchments are different from each other. In this
simulation, PERC for HG is very small. A high PERC value makes the final discharge less flashy and the
return to baseflow slower, a low PERC value has higher peaks und returns quicker to the baseflow. The
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more urbanised the whole catchment is, the flashier are the observed discharge data. Therefore, the
distinction of HG from the other subcatchments is not easily comprehensible. The smaller the PERC
value becomes compared to the K1 value, the more the discharge Q1 of the upper zone will approach
that of a singular reservoir (Eq. 11) (Bergstrom, 1976). In this simulation, HG has very low percolation
from the upper to the lower groundwater box (on average between 0.2 and 0.3 mm At!), which would
suggest a higher activity of the upper soil box. However, the total discharge in HG is so small, that only
the lower soil box is active. Just one calibrated PERC value is small enough for the upper soil box to be
active, which is the one in W4.3 (see Figure 15 and Figure 16). K2 is set very high for subcatchment HG
compared to the other catchments, which again causes lower baseflow. A lower K2 produces a higher
baseflow. For W4.0, this value is quite low compared to the other subcatchments, which probably what
improves the water balance as the direct runoff cannot be modelled. In turn the dynamics of the peaks
becomes less accurate, and the simulated discharge can merely follow the general behaviour of the
observed discharge with delays in returning to the baseflow.

MAXBAS is low as expected from literature, as the Wuhle catchment response quickly to precipitation
events (Kuhlemann et al., 2022). Cet is the potential evaporation correction factor, which has the
highest value for W4.0. This could be due to the fact that HG was the only subcatchment PET was
calculated for, the other values had to be transformed.

To achieve a better calibration, the parameter Alpha should be tested on a wider range. With the
insights gained from this thesis, MAXBAS would be forced into a range of 0;1 even if higher values
could achieve good simulations, to reduce calibration effort. The same would be true for FC. As it is
unusually high, it could be rewarding to fix it to a certain value, if the model structure is not adapted.
Another idea that would go beyond the scope of this thesis is to experiment with different vegetation
units and use them to indicate impervious areas with very low percolation rates to force the upper soil
box to be more active. One proposition to make the HBV model structure work for urbanised areas is
to add a box for direct runoff, maybe as a percentage of precipitation that directly contributes to
discharge according to the percentage of impervious area in the city.

6.3.4. Water level and discharge

The goal of modelling both water level data and discharge data were to compare the resulting
parameter ranges. If the calibrated results were similar, it would have required one more measuring
station to analyse. W4.4 is situated at the Neue Wuhle before its confluences with the Hellersdorfer
Graben. This would have provided one additional subcatchment to evaluate the difference of rural and
urban streams, as the two separate subcatchments HG and W4.4 do not mathematically influence each
other. Because all parameters were not well-defined and water level data had been calibrated with
the Spearman rank correlation coefficient due to the ordinal scale, the ranges of parameters were very
wide and the dynamics between the (sub)catchments did not reflect the calibrated ranges from the
discharge data. This is why the results of water level were no longer discussed after the initial
parameter ranges results.

6.4. Comparison of isotope and modelled results

In this thesis, the isotopic measurements and the modelled discharge of the Wuhle are difficult to
combine mathematically, as the HBV model is not working with isotopic data, nor was it developed to
be. Because of the limited data (just one site in subcatchment HG), no trends could be uncovered in
trying to combine the results of the two approaches in this thesis. The VMC showed a very wet 0-5 cm
of shallow soil throughout the catchment, which would disagree with the modelled PERC value of O-
7 mm At for W4.0. The same is true for HG which has a high PERC value compared to measured
precipitation. However, as seen in the dotty plots (see appendix 9.7), the lower percolation values
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performed better during calibration in all (sub)catchments. In sites where the upper 5 cm of soil
samples are noticeable more depleted and closer to the LMWL than the others, it might be an
indication for run-on from sealed surfaces, as they are closer to the precipitation signatures. This would
mean that sites a, b and c could indicate additional dynamics which are not properly modelled in HBV.
However, with this amount of data it can be just confirmation bias. In the water isotopic composition,
no additional information can be extracted regarding the modelled (sub)catchments, as there are too
few to translate it back to the modelling efforts.

6.5. Uncertainties and shortcomings

This project was born out of a collaboration between the university Berlin and Zurich, which presented
a great opportunity to travel to another city and try out new research methods that were otherwise
not available. It also ended up congregating two research approaches that are not easy to combine.
This made this thesis a combination of two very interesting topics and methods to look at a catchment,
but also resulted in available time being split between the topics.

6.5.1. Catchment information

The resolution of environmental characteristics of environmental factors was on a subcatchment level,
that was provided by the IGB. More refined methods could be used to distinguish the samples from
each other. However, additional assumptions would be made which introduce uncertainties. The soil,
tree, and imperviousness of an area around the sampling spot could be defined as a 10 m circle around
it, or smaller. Some sampling spots were close together, but the sites were in different subcatchments
(site h in subcatchment 9 and site j in subcatchment 5). The Wuhle and Neue Wubhle swap sides, which
was already discussed in the chapter before. It is not as consequential for this thesis but an important
fact to keep in mind while evaluating data in that catchment. A significant number of the sampling
points were close to footpaths. The compaction of soil or additional moisture sources from animal
waste could also influence the measurement. This is part of sample taking in an urban setting, the
study site is bound to be closely integrated in everyday life and there are no undisturbed areas.
However, some sampling sites were merely a meter from the footpath, which makes external
influences more likely. In a bigger sampling pool, more detailed notes on the location of the samples,
such as distance to footpath, might be worth to investigate. A shortcoming regarding the
environmental context in this study is that other potential significant environmental influences were
not taken into account. Slope and aspect were excluded because Berlin is smooth overall, and all the
sites were taken in flat areas. Elevated areas are missing in this region. The Wuhle catchment has three
smaller hills, which would have been interesting to include. One aspect of the catchment that was
outside of the scope of this analysis is the depth of unconfined groundwater level. Data is available in
the water portal of the Senate in Berlin (SenUMVK, 2021b) and was shortly investigated during this
research process. However, to reduce the range of topics in this thesis, the analysis was abandoned.
Irrigation of parks was excluded as factor, since the samples were taken after the vegetation period.

A noteworthy uncertainty is also the water paths in an urbanised area, where water is potentially
disconnected and redirected by pipes. The only information found was the mention of street names
where rainwater retention basins are located (SenUMVK, 2021a). If maps of underground pipes in
sealed surfaces exist, which would show the inflow of additional runoff into the stream, it would be a
great indicator where additional challenges should be excepted. Or it could confirm if the outlets are
in the lower catchment as suspected. Another possibility is that some of the runoff could be redirected
into another small stream or the Spree directly. With more time in the catchment, a more thorough
inspection of the stream would give an indication of where additional input is occurring.
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6.5.2. Sampling methods

As mentioned in the discussion, taking multiple samples from one site would have made the
measurements more robust and detected trends more meaningful. Further, possible outliers would be
averaged out. Both field trips were very long and ended at dusk. Therefore, more samples per site
would have resulted in less samples taken throughout the Wubhle. For this, a third sampling day would
have been an advantage, which was not possible in the short time period available. All the lab
processes were a new experience, which can introduce small errors to the process. One point of
discussion was to let the dry bags slowly cool down in another oven as completely dried out and warm
soil does absorb some water from the surrounding air. But given the restricted time available and that
it was not mentioned in other studies (e.g. Kuhlemann et al., 2021) this step was skipped. To test the
consequences of the samples of the first field work trip, which were not filled up with dry air on the
same day, site z was sampled twice in proximity. Three bags of each depth were filled with dry synthetic
air in the evening of the same day they were sampled, and the other tree bags were filled the following
morning. Unfortunately, the second test sample in site z (WR16x) was measured without measuring
the two lab standards for calibration before and after, which made this test unusable. The sample is
not included in the analysis of the isotopic composition.

6.5.3. Modelling methods

The parameter range definition introduces an uncertainty to model calibration. Especially the high FC
values were difficult to handle as they are unusual, even though from the model logic perspective, in
avalid range. For the input of E,ot data PET data was used. As the model is not as sensitive to this switch
and other correction factors can mitigate this change, it is not considered to be very influential. PET
values were provided by the IGB on a subcatchment level. The aggregation of those values introduced
a level of uncertainty, as they might have been more accurate if calculated directly for the right areas.
Another parameter that was unusual high is K2 which could have been confined into a narrower range.
Because the model is used in an unusual setting from its initial purpose, the range was considered
acceptable. A better approach could have been a sensitivity analysis of the parameters, even though
the dotty plots did not suggest any of the parameters to be more well-defined than the others. During
the modelling process with the HBV-light model, the basic standard model version with UZL and KO
parameter was used yet replaced by a version without the additional runoff component. This was due
to recent experiences in the research group that showed only slightly better results with the UZL and
KO components, but with higher computational effort. With more time, also other model types could
have been tested out, as for example the distributed SUZ model.

6.5.4. Statistical methods

It would have been interesting to see if the evaporation lines of each site differ from each other. But a
regression analysis is not feasible for this thesis as the sample size for the sites ranges from 3 to 12.
Further, the grouped depth samples do not go over 14 samples. With more samples per site and for
each depth, a linear regression would have been reasonable to investigate.

The Kruskal-Wallis-Test was used on independently sampled, normally distributed data with more than
two levels within the tested variables. The normally distributed data could be a coincidence and it is
possible that the data is not normally distributed in a bigger sampling pool. This is why the Kruskal-
Wallis-Test was used, even though it is designed for not normally distributed data. Although it is a less
robust test to use, the decision is supported by other papers using the Kruskal-Wallis-Test in the same
field of research (Ring et al., 2023; Sprenger et al., 2017). In some studies, the Wilcoxon-test is used as
a post-hoc test to detect pairwise differences between variables. In this thesis, the Wilcoxon-test is
replaced with the Dunn-Bonferroni-Test, as it is listed as a post-hoc analysis option on the statistical
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methods consulting website of the university of Zurich (Kruskal-Wallis-Test, 2023). Furthermore, the
paper by Sprenger et al. (2017), also used the Dunn-Test as a post-hoc analysis tool.

The NPE as the objective function was chosen, as the KGE assumes data linearity and normality and
the absence of outliers as described by Pool et al. (2018). For a non-parametric alternative of the
standard deviation used in KGE, the flow duration curve is used, as it is an indicator of flow variability
across all flow magnitudes and flashiness of the hydrograph or baseflow can be linked to specific
segments of the flow-duration curve (Pool et al., 2018). The Spearman rank correlation coefficient is a
more robust characterization of correlation than the Pearson correlation. In another study by Pool et
al. (2021) KGE is described as focusing on the magnitude and timing of high flows and NPE achieving a
more balanced evaluation of broad range of hydrograph aspects. The flashiness of the Wuhle
catchment discharge is difficult to calibrate and other objective functions, focusing more on the peak
such as the KGE or even Res, could achieve better alignment in that regard. However, because the
model structure is limited to simulate such discharge, a good calibration of the baseflow is already an
achievement. The VE would be probably off in W4.0 either way, because of the direct runoff from the
sealed areas.

To calculate the objective function of the simulated ensemble, mean results (see Table 9) had to be
calculated outside of the HBV-light software. The observed discharge data of the measuring station in
HG is adapted, as in the beginning of the simulation period discharge data is missing. Therefore, the
length of the data was shortened. However, some measured discharge data points are missing (n < 10)
during the investigated time period. This was a problem and had to be worked around for the
Spearman rank correlation coefficient to be properly calculated in R, which was done with a case-wise
deletion of NA values.
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7. Conclusion

This study investigated isotopic composition through the Wuhle catchment in shallow soil (< 15 cm)
and modelled three different (sub)catchments. The question posed at the beginning of this thesis was
how hydrological signals change throughout the Wuhle catchment and what could influence it. The
results of the two research approaches are not comparable or combinable. But both contribute to a
conclusion for the Wuhle catchment.

Although a small number of samples was taken, some trends could be determined. The isotopic water
composition was significantly different in all bigger water bodies than in the stream, due to evaporative
fractioning in non-equilibrium conditions. The stream, although reacting quickly to precipitation
events, showed also slow runoff as some main stream measurement showed pond similar
compositions. The VMC showed a significantly wetter first 5 cm of the soil compared to the 5 to 15 cm
of the shallow soil sampled, which can be an indication of slow percolation. The hypothesis of the
upper catchment showing different signals from the lower catchment is strengthened, as the Ic-excess
is significantly different in the upper and middle catchment sites than the lower catchment. The
hypothesis cannot be confirmed, mainly because not enough data was sampled from the upper
catchment. The environmental characteristics present in upper catchment sites with significant
differences confirmed, can be found in the 6D and 80 values. Detectable influences are most often
soil composition, followed by tree composition and rarely high percentage of impervious surfaces. The
second hypothesis of significant changes with depth could not be proven for the whole catchment, as
no significant differences with depth could be detected. However, indications of differences with depth
are found in the upper and middle catchment, which are preliminary results mainly due to lack of
samples. The sampled soil data revealed differences in depth values between the first 5 cm and the
lower samples in the upper catchment.

The modelling efforts were overall unsuccessful. In comparison with the lower benchmark in some of
the simulations, a relatively good objective function value could be achieved. Because of the flashy
nature of heavily reshaped and constructed streams and potential direct runoff from impervious areas,
the HBV model did not have the structure to model the discharge adequately. This is evident in the
resulting imbalance of the simulated discharge volume. The more agricultural shaped HG
subcatchment in one of the calibrated simulations had the best results but on the other hand the
second simulation was very low performing. Although, the accurate representation of the
(sub)catchments was not as successful, some parameter differences between the catchments are
visible despite the unfavourable model structure. Quick reaction to precipitation events was modelled
for all catchments and is backed by findings in literature (Kuhlemann et al., 2022). The UHI effect might
be an explanation for uncertain snow routine in the whole catchment, whereas the smaller rural
subcatchment HG was more defined in the temperature dependent routines. The upper catchment
showed larger percolation parameters in context of the incoming water compared to the lower
catchments. The hypothesis of the model performing better in the upper catchment than in the lower
catchment could be confirmed, but not if the influence is linked to the percentage of the impervious
area.

Further research with more environmental influences on a site-specific base is needed. Site c is
noticeably closer to the LWML than the other sites and site d is more enriched. More samplings and
observations are necessary to determine if there are outliers or if possibly run-on from sealed surfaces
influenced the sites. Regarding the HBV model, further research is necessary to see if the model
outcome could be improved within the existing structure. Another possibility for research would be
the expansion of the model to see if the performance of the simulated runoff could be improved with
an option for direct runoff for sealed surfaces.
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9. Appendix
9.1. Overview of the Wuhle stream

Table 11: Overview of the Wuhle stream, its tributaries and connected water bodies. Table inspired by Kuhlemann et al. (2018).
Total catchment size and catchment size within Berlin including percentage of sealed surfaces from (SenStadtWoh, 2018;
SenUMVK, 2021a; SenStU, 2013b). If no data was available length was substituted by GIS data from (Landesamt fiir Umwelt
Brandenburg, 2021).

Name Catchment area Length of Type of water Type of ecology
(catchmentin Berlin) the stream body
[km?] (km)

Wuhle 101 (57) 16.6 stream organically shaped
stream/river

Biesdorf- 1.25 tributary organically shaped

Marzahner stream

Grenzgraben

Hellersdorfer 31.2 (6.0) 14.4 tributary Artificial

Graben

Alte Wuhle 55.7 (5.2) - Stream organically shaped
stream

Neue Wuhle - 8 tributary Artificial

Wuhlegraben 2.4 organically shaped
stream

Eichwaldgraben 3 unknown unknown

Wuhlesee Tributary, still Artificial

water body

Wubhleblase Still water body

Wubhleteich Still water body

Biersdorfer still water body, Artificial

Baggersee disconnected

Kaulsdorfer Still water body, Artificial

Baggerseen disconnected




9.2. Comparison subcatchment W4.4 in different combinations

Table 12: Table with different definitions of subcatchment W4.4. The assumption in the last column is that in subcatchment

5 all the characteristics are evenly distributed which is unlikely.

wW4.4

Administrative information
Number 5863000
Station name Eisenacher Strasse
Water body (Alte) Wuhle
Available information w

Division Subcatchments
Subcatchment Number 10 5, 10 Half of 5, 10
Area [km?] 16.75 21.42 19.08
Area of Wuhle [%] 15.4 19.6 17.5

Area characteristics [%]
@ Impervious 16.4 21.4 19.18
@ Sand 76.2 77.7 77.1
@ Clay 6.6 6 6.2
Total area with trees 21.6 22.8 22.3
Area with broadleaf trees 15.6 17.9 16.9
Area with Coniferous trees 6 4.8 33
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9.4. Isotopic compositions of the open water measurements in

the Wuhle catchment
Open water 5°H and 3O Signature along the Wuhle, Autumn 2022
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Figure 19: Close-up of the dual-isotope plot of surface water isotope measurements with catchment positions.



9.5.

Table 13: Discharge data results of the Dunn-Test for significant differences between the parameters for each catchment in simulation A (white)

Dunn-Test for discharge data

and simulation B (grey). Adjusted p-value are given as: ns = not significant or > 0.05, * < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001

TT 1.1 PERC_1
Catchment HG W40 W43 Catchment HG W40 W43
HG - k% k% % %k %k k HG - %k k% % sk k %k
W40 ns - ns W40 *Exk - ot
W43 * %k kK k ok - W43 %k k %k EX 3 -
CFMAX_1_1 Alpha_1
Catchment HG W40 W43 Catchment HG W40 W43
HG _ k% k% %k k ok HG - % %k k% % %k %k %k
W40 % %k k %k - ns W4O 3% %k %k k - *
w43 Hkk ns - w43 Hxk ns -
SFCF_ 1.1 K11
Catchment HG W40 w43 Catchment HG W40 w43
HG - %k k% % %k %k k HG - *kkk %k k%
W43 ns rokkk - W43 ns koK -
FC 1.1 K2_1
Catchment HG W40 W43 Catchment HG W40 W43
HG - k% k% %k ok k HG - %k %k k% % %k %k %k
W40 3% %k %k k - 3% %k %k k W40 3% %k k %k - % %k k %k
W43 3% %k %k k kK k% - W43 3% %k k %k % %k k% -
P 11 MAXBAS
Catchment HG W40 W43 Catchment HG W40 W43
HG _ %k ok ok k% HG - % %k %k % % 3k %k k
W4O % % %k k - %k ok k W4O %k k% - % 3k %k k
W43 * % % %k k% - W43 % k% % %k k% -
BETA_1 1 Cet_1
Catchment HG W40 W43 Catchment HG W40 W43
HG _ ns *kkk HG _ ook ok okok ok
W40 ns - % %k %k k W40 % 3k k %k - % %k %k
W43 ns ns - W43 Hokdk ok -




9.6. Dunn-Test for water level data

Table 14: Water level data calibration. Results of the Dunn-Test for significant differences between the parameters for each catchment in simulation A (white) and simulation B
(grey). Adjusted p-value are given as: ns = not significant or > 0.05, * < 0.05, ** < 0.01, *** < 0.001 and **** < 0.0001

TT_1.1 PERC_1_1
Catchment HG W40 w43 W44 Catchment HG W40 w43 w44
HG - % %k %k %k % %k %k % % %k %k % HG - %k 3k 3k % kk k ok ns
W40 EETE - * % ns W40 ns _ * ok Kk k ok ok ok
W43 ns *kkk - ns W43 % %k %k *k kK k% - % %k %k k
W44 % %k k% % %k %k %k % %k k¥ - W44 % 3k % *k kK k% ns _
CFMAX_1_1 Alpha_1_1
Catchment HG W40 W43 waa Catchment HG W40 W43 w44
HG - ns SRS ok HG - ns AL ns
W40 rok Ak - SIS ns W40 * - ns ns
W43 ok Ak ns - SIS W43 ok ns - ns
w44 ns Hokkk *okkk - W44 *k ns ns -
SFCF_1 1 K1 1
Catchment HG W40 w43 W44 Catchment HG W40 w43 w44
HG - % %k %k k k% k¥ % %k k¥ HG - %k 3k %k k k% k% ns
W4O %k k% - % %k k¥ %k %k W40 3k 3k % *k - ns % %k %k
W43 %k k% ns - % %k k¥ W43 sk kkk * - ns
W44 %k k% * * - W44 % %k %k k ns * %k -
FC_1_1 K2_1
Catchment HG W40 W43 w44 Catchment HG W40 W43 w44
HG - * %k %k k% %k %k HG - % %k %k Xk k% k% % %k %k %k
W40 k% k% _ %k %k kK ns W40 % %k %k k - % %k ns
W43 ns %k k %k - %k %k k% W43 3k 3k % *k ns - * %k
W44 %k k% % %k %k k %%k - W44 3k 3k % *k k% k% k% k% -
P11 MAXBAS_1
Catchment HG W40 w43 w44 Catchment HG W40 w43 w44
HG - % %k %k %k %k k% %k k¥ HG - ns k% k% %k k%
W4O k %k k% = %k k% ns W40 % %k % *k - k% k% % %k %k k
W43 EX 3 * %k kk _ kK k ok W43 ns %k k% - * %k
W44 k% k% k% kk kK k ok _ W44 % %k % *k ns kK k% -
BETA_1_1 Cet 1
Catchment HG W40 W43 W44 Catchment HG W40 W43 w44
HG - %k kk kK k k. % %k HG - 3k %k 3k % k% k% %k k ok
W4O ns - * %k k% W40 3k 3k k% - k% k% %k k ok
W43 k% k% % %k %k %k - %k k¥ W43 sk kkk ns - ns
W44 ns * %k %k k% - W44 % %k %k %k % %k k% kK kk -




9.7. Dotty plots for simulation A with discharge data
Catchment WA4.0, simulation A, discharge data
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Figure 20: Dotty plot for catchment W4.0 for simulation A for the 12 calibrated parameters with discharge data. The title of the plot shows the parameter of the x-axis, the y-axis is
the objective function NPE.



Catchment W4.3, simulation A, discharge data
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Figure 21: Dotty plot for catchment W4.3 for simulation A for the 12 calibrated parameters with discharge data. The title of the plot shows the parameter of the x-axis, the y-axis is
the objective function NPE.



Catchment HG, simulation A, discharge data
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Figure 22: Dotty plot for catchment HG for simulation A for the 12 calibrated parameters with discharge data. The title of the plot shows the parameter of the x-axis, the y-axis is
the objective function NPE.



9.8.

Catchment W4.0, simulation B, discharge data
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Figure 23: Dotty plot for catchment W4.0 for simulation B for the 12 calibrated parameters with discharge data. The title of the plot shows the parameter of the x-axis, the y-axis

is the objective function NPE.




Catchment W4.3, simulation B, discharge data
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Figure 24: Dotty plot for catchment W4.3 for simulation B for the 12 calibrated parameters with discharge data. The title of the plot shows the parameter of the x-axis, the y-axis

is the object

ive function NPE.




Catchment HG, simulation B, discharge data
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Figure 25: Dotty plot for catchment HG for simulation B for the 12 calibrated parameters with discharge data. The title of the plot shows the parameter of the x-axis, the y-axis is

the objective function NPE.




9.9. “Best” calibrations per simulation and catchment for
discharge data

Table 15: Parameter set per simulation and catchment with the highest NPE value for validation with the corresponding NPE
value of the calibration.

Simulation Catchment Best validation NPE Validation NPE Calibration
parameter set
A
W4.0 60 0.723 0.797
wWa4.3 93 0.645 0.811
HG 1 0.747 0.754
B
wW4.0 29 0.711 0.804
w4.3 98 0.682 0.781
HG 83 0.555 0.774




Catchment: W40
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Figure 26: Composed HBV-light screenshot of all output simulated for one hydrological year (01.10.2021-30.09.2022) for
simulation A, catchment WA4.0.
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Figure 27: Composed HBV-light screenshot of all output simulated for one hydrological year (01.10.2021-30.09.2022) for

simulation A, subcatchment WA4.3.



Catchment: HG
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Figure 28: Composed HBV-light screenshot of all output simulated for one hydrological year (01.10.2021-30.09.2022) for
simulation A, subcatchment HG.
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Figure 29: Composed HBV-light screenshot of all output simulated for one hydrological year (01.10.2008-30.09.2009) for
simulation A, catchment WA4.0.
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Figure 30: Composed HBV-light screenshot of all output simulated for one hydrological year (01.10.2008-30.09.2009) for
simulation A, subcatchment WA4.3.
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9.10. Objective function values for the hydrological year 2021-
2022

Table 16: Objective function values for the hydrological year 2021 to 2022 for the validation period simulation A for all
catchments. Simulation B represents the hydrological year of 2008 to 2009 for W4.0 and W4.3 and 2016 to 2017 for HG.
Marked in orange are the negative values.

Catchment W4.0 W4.3 HG

Simulation A B A B A B

NPE 0.771 0.704 0.102 0.625 0.709 0.193
KGE 0.678 -0.262 0.030 - 0.392 -0.038
Reff 0.321 -2.314 0.399 -0.599 0.289 -0.833
rs 0.776 0.725 0.629 0.738 0.768 0.706
VE 0.725 0.596 0.396 0.387 0.259 -0.284




9.11. Further results water level

9.11.1. Dotty plots for simulation A with water level data
Catchment W4.0, simulation A, water level
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Figure 31: Dotty plot for catchment W4.0 for simulation A for the 12 calibrated parameters with water level data. The title of the plot shows the parameter of the x-axis, the y-
axis is the objective function rs.



Catchment W4.3, simulation A, water level
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Figure 32: Dotty plot for catchment W4.3 for simulation A for the 12 calibrated parameters with water level data. The title of the plot shows the parameter of the x-axis, the y-axis

is the objective function rs.




Catchment W4.4, simulation A, water level
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Figure 33: Dotty plot for catchment W4.4 for simulation A for the 12 calibrated parameters with water level data. The title of the plot shows the parameter of the x-axis, the y-

axis is the objective function rs.




Catchment HG, simulation A, water level
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Figure 34: Dotty plot for catchment HG for simulation A for the 12 calibrated parameters with water level data. The title of the plot shows the parameter of the x-axis, the y-axis is

the objective function rs.



9.11.2. Dotty plots for simulation B with water level data
Catchment W4.0, simulation B, water level
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Figure 35: Dotty plot for catchment W4.0 for simulation B for the 12 calibrated parameters with water level data. The title of the plot shows the parameter of the x-axis, the y-
axis is the objective function rs.



Catchment W4.3, simulation B, water level
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Figure 36: Dotty plot for catchment W4.3 for simulation B for the 12 calibrated parameters with water level data. The title of the plot shows the parameter of the x-axis, the y-
axis is the objective function rs.



Catchment W4.4, simulation B, water level
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Figure 37: Dotty plot for catchment W4.4 for simulation B for the 12 calibrated parameters with water level data. The title of the plot shows the parameter of the x-axis, the y-
axis is the objective function rs.



Catchment HG, simulation B, water level
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Figure 38: Dotty plot for catchment HG for simulation B for the 12 calibrated parameters with water level data. The title of the plot shows the parameter of the x-axis, the y-axis

is the objective function rs.




9.11.3.

Water level benchmarks

Spearman rank correlation of benchmarks
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Figure 39: Benchmark and result of calibration period for water level data for each catchment with rs as objective function.
The number describes the difference between lower benchmark, calculated with the Monte-Carlo approach (yellow) and the
upper benchmark calibrated with the GAP approach (blue) the best calibration result and the ensemble mean (red).

9.11.4.

Model performance of model calibrated with water level data

Corresponding values of Figure 39 in summarized in a table.
Table 17: Water level data summary of objective function rs values for all catchments for the simulation A and B. The upper
benchmark is calculated with the GAP optimisation, the lower benchmark with the Monte Carlo approach. The ensemble mean
is calculated once for the calibration and once for validation period. The relative objective function describes the relation
between the difference of validation ensemble mean and the lower benchmark to the difference of upper and lower

benchmark.
Catchment W40 w43 wa.4 HG
Simulation A B A B A B B
Upper benchmark 0.481 0.601 0.816 0.841 0.556 0.608 0.769 0.846
Ensemble mean 0.281 0.288 0.669 0.648 0.367 0.340 0.653 0.671
lower benchmark
GAP ensemble 0.494 0.616 0.824 0.873 0.553 0.608 0.770 0.777
mean calibration
GAP ensemble 0.392 0.100 0.491 0.680 0.683 0.508 0.696 0.593
mean validation
Relative Objective 0.555 -0.573 -1.211 0.166 1.672 0.627 0.371 -0.446

Function

cc
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