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Abstract
In this thesis, an easily reproducible modeling approach was developed for assessing the climate change
impact on streamflow. This approach was tested by using it to assess the impact of climate change on
streamflow in 5 different contrasting catchments across the United States. Many studies show that climate
change is expected to influence streamflow regimes all over the world. However, these studies are often
difficult to reproduce because the modeling approaches used are usually only locally applicable. In the ap-
proach used in this study, hydrological model calibration and validation were done using open-accessible
ERA5 forcing together with observed streamflow data provided by the GRDC. The model performed best
in a mountainous catchment, while the worst performance was found in a dry catchment and a catchment
containing several lakes. The low performances here are mainly caused by imperfect forcing data used for
calibration and the neglection of lake processes. The climate change impact analysis used forcing from two
CMIP6 models with the SSP245 and SSP585 scenarios. The projections showed significant changes in
streamflow in colder regions, which aremost likely related to changing snowmelt processes. Themain find-
ing in warmer regions is that streamflow is generally expected to decrease in the drier periods. Changes of
streamflow in these regions are most likely related to changes in precipitation and evaporation processes.
However, results remain very uncertain due to disagreements between climate models and sometimes
doubtful performance of the hydrological, caused by oversimplification of the model and imperfect ERA5
calibration data. The designed modeling approach facilitates reproducibility of climate change impact anal-
yses in a wide range of catchments using different climate models and scenarios. Its use makes it easier
to expand similar analyses to a large ensemble of these aspects.
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Introduction

1.1. Introduction
Climate change is expected to influence climate, atmoshperic and hydrological processes all over the world
(IPCC, 2021). For example: precipitation patterns and snowmelt processes will be altered as a result of
increasing air temperatures, leading to changes in streamflow regimes (Hanus et al., 2021, Roudier et al.,
2014, Huang et al., 2020, Hirpa et al., 2019, Neves et al., 2020, Ndhlovu and Woyessa, 2021, Brunner
et al., 2020, Lane et al., 2022). Impacts on runoff signatures due to hydrological changes can be assessed
using a combination of hydrological and climate models. In this thesis, ”climate models” will be used as a
catch all for global recirculation models, including re-analysis datasets. The most common approach used
in studies focusing on climate change impact on streamflow is to use one hydrological model in a limited
amount of catchments. Another approach that can be found in the literature is the use of large multi-model
ensembles, disregarding individual model performances. The study of Krysanova et al. (2018) argues,
however, that this second approach is less trustworthy regarding the analysis climate change impact as-
sessment, as these studies often use an ensemble of both good and poor performing models. Studies that
focus both on using a wider variety of hydrological models and individual model performances in different
contrasting catchments are relatively limited, however. Besides the possibility of using different hydrolog-
ical models, studies related to climate change impact can differ in the number of used climate models,
scenarios and catchments. In the work of Clark et al. (2016) it is found that the results of climate change
impact studies bring along a lot of uncertainties related to these aspects. In climate change impact stud-
ies, a part of these uncertainties are frequently addressed, but in the field of hydrological models it is often
difficult for researchers to tackle these uncertainties by using multiple hydrological models. The reason
for this is that hydrologists are often hindered by limited model availability, as many existing hydrological
models are only locally applicable and are programmed in different languages (Hut et al., 2017; C. Hutton
et al., 2016). This makes it difficult to reproduce the hydrological model in another catchment, and to make
an assessment of the performance and uncertainties of predictions between different hydrological models
and catchments, together with different climate model combinations. Still, in the literature it is mostly found
that the climate model uncertainty is more dominant than the hydrological model uncertainty (De Niel et al.,
2019, Her et al., 2019). Nonetheless, working with both multiple hydrological, climate models and catch-
ments, while taking individual model performances into account, could enhance the overall credibility of
future projections.

The eWaterCycle platform aims to solve the problem of limited hydrological model availability by making
hydrological models more FAIR (Findable, Accessible, Interoperable and Reproducable). In this platform,
hydrologists are able to share their work and add new models, so that these models can be accessed by
other hydrologists through a common interface in Python, where users are able to easily adapt somemodel
acts as well (Hut et al., 2022). To make the hydrological models FAIR, all hydrological models on the eWa-
terCycle platform can be accessed through a Basic Model Interface (BMI) (E. Hutton et al., 2020) within
a Jupyter Notebook environment. In this way, different hydrological models (possibly written in different
programming languages) can be easily reproduced in the same manner. Forcing input for the hydrological
models on the platform can be generated using the Earth System Model Evaluation Tool (ESMValTool)
(Righi et al., 2020). Using this tool, forcing input from large climatic datasets can be easily and quickly
generated for use in specific hydrological models without the need of different complex functions. This
FAIR approach enhances the flexibility for modellers, as they are being able to use a wide variety of hy-
drological models for their research without the need of focusing on the more complex model technology.
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2 1. Introduction

The aim of this thesis was to make a climate change impact assessment on streamflow by building on
the FAIR modeling approach of eWaterCycle. This is done by developing a flexible and reproducible
approach for conducting reproducible climate change impact analysis on streamflow. This thesis report
demonstrates the functionalities of this approach by performing climate change impact assessments on
streamflow in five contrasting catchments across the United States, using two climate models from the
CMIP6 dataset with two future climate scenarios (Eyring et al., 2016). The approach is built on the HBV-
mountain hydrological model (Hanus et al., 2021), for which a BMI is added such that it can be used in the
same way as the hydrological models on the eWaterCycle platform. Although this study still uses only one
hydrological model, the approach can be redesigned such that more different BMI hydrological models can
be used, so that multiple models can be used to reproduce similar analysis.

1.2. Study goals
The first goal of this thesis work was to develop a flexible modeling approach for conducting climate change
impact analysis on streamflow in a reproducible way. This is done by firstly adding a BMI to the HBV-
mountain hydrological model, as was developed in the work of Hanus et al. (2021), such that this model
and the approach can be implemented on the eWaterCycle platform. The purpose of this first goal is to
increase the flexibility for conducting climate change analyses on the eWaterCycle platform.

The second goal of this thesis was to use this approach to assess the impact of climate change on stream-
flow in five different contrasting climates located accross the United States. This is done by using two
climate models from the CMIP6 dataset with two different future SSP scenarios. The purpose of this sec-
ond goal was to demonstrate the functionalities and flexibility of the approach by showing the calibration
process in the catchments and different results of the climate change impact assessment.

1.3. Thesis outline
This report is structured as followed: Chapter 2 discusses the methods used in this study. More specif-
ically, Sections 2.1 - 2.5 discuss the methods used for the model calibration and climate change impact
assessment, while Section 2.6 highlights the usage and some of the functionalities of the reproducible
modeling approach. The results of calibration and climate change impact assessment are presented in
Chapter 3, and these results are discussed in more detail in chapter 4. In the discussion section, Sections
4.1 and 4.2 focus on the found results in the climate change impact assessment, while Section 4.3 focuses
on how the designed modeling approach and how this approach relates to the found results. The final
conclusions are outlined in Chapter 5.
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Methods

This chapter discusses the methods used for the climate change impact analysis, and how these methods
are made reproducible. Section 2.1 focuses on the study area, Section 2.2 describes the hydrological
model, and the input data for model calibration and making the streamflow simulations are described in
Section 2.3. The calibration and validation process is explained in Section 2.4. The methods for the climate
change impact analysis are explained in Section 2.5. Lastly, Section 2.6 presents the usage and some of
the functionalities of the reproducible modeling approach.

2.1. Study area
This study focused on the climate change impact on streamflow in five different catchments located across
the United States. Most of these selected catchments are located in different climate zones, according to
the Köppen climate classification (Beck et al., 2020, Köppen, 1936). Furthermore, the selected catchments
differs in the elevation levels, land use proportions, drainage area and long term mean discharge. Land
cover types are taken from the 2001 USGS National Land Cover (NLCD) Database (Homer et al., 2007),
catchment elevations are taken from the Digital Elevation Model of NASA SRTM (NASA, 2013). The NLCD
land cover data is classified in the four different land cover types used in the HBV-mountain hydrological
model (section 2.2). The riparian zone is estimated by assuming that the wet pixel area the NLCD data is
equal to the riparian zone area, which is, given the spatial resolution of the NLCD data (30m) and the rela-
tively small size of most of the catchments, a simplification of the method of using small fixed-width buffers
for estimating riparian zones (e.g. Salo et al. (2016)). However, using this method likely underestimates
the true riparian area in larger streams, as the riparian buffers are often larger here compared to smaller
streams (Song et al., 2021). All catchment data are summarized in table 2.1 and the locations can be
found in figure 2.1. Figure 2.2 shows examples of the elevation and land cover map of the Big Rock Creek
catchment. This catchment is distinguished by its relatively dry climate. According to NLCD land cover
data, the Thunder Creek catchment area consists of 11% glacier, and is the only one of the five catch-
ments with glacial cover. This percentage of glacier cover is slightly less than the percentage glacier cover
of the Thunder Creek catchment used in the studies of Fountain and Tangborn (1985) (14%). Streamflow
in this catchment is predominantly influenced by glacier melt (Tangborn, 1980). Although the Kawishiwi
catchment is located in the same climate zone as the Youghiogheny catchment, this catchment is selected
because of its distinct elevation levels, low temperatures, and land use proportions: the Kawishiwi river
passes through several lakes, which is the reason of its relatively large percentage of riparian zone. Also,
the small difference in the minimum and maximum elevation level in this catchment differs from the other
catchments.
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