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Abstract - Extreme low-flow conditions have a detrimental effect on aquatic life in freshwater systems. The chance
at low-flow conditions is expected to grow as a result of climate change and increased human demand. The European
Union is advising its member states to implement Environmental Flow Requirements (EFRs). The Danube, with its great
importance and size, is a fitting case study for the implementation of EFRs. This study used the PCR-GLOBWB 2 model,
at 5” arcmin scale, to analyse the effectiveness of EFRs based on changes of hydrologic parameters and the impact on
water scarcity. This was done for a monthly timeframe to determine the influence of seasonality. Two different EFRs
have been studied: the Variable Monthly Flow and the 90™ exceedance percentile. The WATCH dataset supplied
validated data to study the changes in water scarcity levels and hydrologic parameters as a result of EFR inclusion for
the period from 1960 till 2000. Subsequently, the model was forced precipitation and evapotranspiration data from 5
bias-corrected Global Circulation Models, for the RCP 6.0 scenario, in order to study EFR effects on the near (2010-
2050) and far (2060-2100) future. The results show an improvement in drought related indicators, namely minimal
annual flow and extreme low-flow (Q95), with the implementation of EFRs with the WATCH Forcing Data. This
improvement is most distinct in the Hungarian low-lands where without regulations abstractions are responsible for a
significant decrease in IHA performance. As water is reserved for the environment, competition over available water
resources is enhanced. The EFR definition can have a significant impact on the temporal and spatial distribution of
periods of water scarcity. Model runs based on GCM forcing did not show significant IHA improvement related to EFR
inclusion, but water scarcity was is expected to exacerbate with time.

1. Introduction

Drought induced low-flows can have dramatic impact on riverine life and the surrounding environment.
Low-flows are associated with poor water quality, because less dilution leads to higher levels of
pollution. Simultaneously the amount of oxygen in the water drops, resulting in death of aquatic life
(Humphries and Baldwin 2003). While population growth results in higher water demand, climate
change could lead to more persistent dry periods (Bisselink, de Roo, et al. 2018; Unesco 2018).
Consequently competition for water is expected to grow (Boretti and Rosa 2019), thus increased
withdrawals will threaten the health of rivers and surface waterbodies by increasing the likelihood of
severe low-flow events. As the quality of rivers continues to decline, European authorities are initiating
programs to reverse this trend (European Commission 2000; 2016).

One of the ways through which bodies of power try to impose regulations on rivers and
waterbodies is by implementing Environmental Flows Requirements (EFRs) (European Commission
2016). To regulate the quality and quantity of water, a profound understanding of the local hydrology is
required. Often in hydrology an area of study comprises a catchment area — a region where water flows
towards the same outlet. However, the catchment might encompass a multitude of different
authorities, as is the case for transboundary river basins. As a result, imposing and maintaining EFR can
be complicated. Within the European Union, EFRs are embedded within the Water Framework Directive
aims to protect and promote the sustainable use of its water resources. While this sets a EU-wide
directive, the definition of the EFR is still open for interpretation and this remains a major challenge.
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EFRs can be based on data with different complexity: an environmental flow based solely on hydrologic
data is more simplistic while including water quality, temperature and/or biologic measurements results
in a more holistic approach (Pastor et al. 2014). There is a wide variety of ways in which EFRs can be
established. As a result it can be difficult to determine which is the best fit for a particular basin or river.
However, hydrologically based initiatives are most common (Tharme 2003).

This study will focus on EFR inclusion for the Danube River Basin. The Danube River Basin is
spread across many countries, each with their own legislature. When one of the upstream countries, like
Austria, builds a dam for hydro-power this can affect will affect the water supply for all downstream
areas up till the lowlands of Romania. Furthermore, with the Danube as study region there are varying
climatology’s and topographic differences. As a result the flow regimes vary between the tributaries, the
flow regime is used to determine the EFR and one methodology for EFR formulation might fit one type
of flow regime better than the next. As there is no clear consensus within the scientific community on a
single EFR formulation, two common definitions of EFRs will be analysed and compared. While a lot of
research has focused on the formulation of EFRs and the ways EFR demands can be met, the direct
effect of the enforcement of EFRs on competition over water is not well understood. Because EFRs limit
the water available for human use, their inclusion will increase competition over water. The impact of
widescale EFR implementation throughout the Danube River Basin will be studied through analysis of
hydrologic- (IHA) and drought (WEI+) parameters. Will inclusion of the EFRs result in improved
hydrologic conditions, and if so, does this weigh against the enhancement of competition over water?

The basis of this study is the large-scale water resource model PCR-GLOBWB (van Beek and
Bierkens 2009; Sutanudjaja et al. 2018) that incorporates the supply and demand sides of the global
water balance. In this study, PCR-GLOBWB was applied for the Danube River with a spatial resolution of
5 arc minutes (5’) and a daily temporal resolution. The historical period ranges from 1960 till 2000 and
uses WATCH Forcing Data (Weedon et al. 2011). The Representative Concentration Pathway 6.0
(RCP6.0) supplied climate forcing data for model runs that simulated the future (van Vuuren et al. 2011).
A historic dataset from the RCP6.0 scenario was used to analyse the differences with WATCH data in
order to determine any biases that were left after correction. To account for the uncertainty in the
effects of anthropogenic greenhouse gas emissions on the resulting climate and weather patterns, bias-
corrected output of five general circulation models was used from the ISI-MIP 3 project (Warszawski et
al. 2014). The model runs for the future were split into two timeframes, one regarding the near future
(2010-2050) and one for the far future (2060-2100). The middle of the road narrative, Socio-economic
Shared Pathway 2 (SSP2), was used: population, land-use and water demands vary between the historic,
near- and far-future runs (Riahi et al. 2017). Water scarcity will be effected by changes in land-use and
water demand, which will compound with the effects of climate change.

While there are projects that couple hydrologic quality measures, like water temperature and
pollution load, to PCR-GLOBWB with DynWat and DynQual (Jones et al. 2022) allowing for a more
holistic approach, because of time constraints this study opted for an EFR based solely on hydrologic
characteristics. During this study a dedicated module was added to PCR-GLOBWB 2 to prescribe EFRs.
From here onwards PCR-GLOBWB 2 will be referred to with PCR-GLOBWB and no distinction will be
made. The 90 Exceedance percentile (Q90) and Variable Monthly Flow (VMF) were used to formulate
the EFR as both are able to determine an environmental flow based on hydrologic data alone.
Furthermore, VMF was created to function properly for a different flow regimes in order to be viable for
large scale modelling (Pastor et al. 2014). The Q90 was suggested by Bisselink, Jacobs, et al. (2018) as a
more appropriate means to implement the EFR (than 1m?3/s, or Q95). Other studies opt for a different
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form: Q90 during low-flow season and Q50 during periods of high flow (Gopal 2013; Bisselink, Jacobs, et
al. 2018). However, some concern surrounds the size of Q90, as it is deemed low-flow and therefore
might not suffice to meet environmental demands (Gopal 2013).

In order to measure the hydrologic impact of the EFR a selection of indicators of hydrologic
alteration (IHA) have been used. The indicators were largely based on the IAHRIS model (Martinez
Santa-Maria et al. 2008), with some modifications to incorporate monthly variations. For analysis of the
water scarcity a variation of the Water Exploitation Index plus (WEI+) was used (Casadei, Peppoloni, and
Pierleoni 2020). For the IHAs, hydrologic flow aspects are measured in environmental and altered state.
The difference is then converted to a parameter of change. The more a flow has been altered, the lower
the value of the parameters. One of the concerns with EFR implementation is the lower water
availability for human demand, which results in higher water scarcity. If the proportion of renewable
water consumed for human interests increases, so does the WEI+ value, and this can be used to analyse
the effects of the EFR.

EFRs are seen as a measure to safeguard the original flow regime of a river (Tharme 2003). It is
difficult to formulate an EFR capable of protecting every aspect of a rivers flow regime, let alone
regulate it for a transboundary river system. However, this study is mainly focussed on limiting low-flow
conditions for rivers. Implementation of an EFR would limit the amount of excessive withdrawals, and
safeguard some water for the natural environment. In light of the EU’s Water Framework Directive and
because of its transboundary nature, the Danube River, Europe’s second largest river, with its wide
range of environmental conditions and human activities, forms an intriguing case. In recent years, the
Danube River Basin has been hit with a series of droughts (Jakubinsky et al. 2019). Climate change is
expected to exacerbate this problem, forcing policy makers to start adapting (Gregoric¢ et al. 2019).
Currently, no preliminary measures are in place and warnings are carried out only when the impact is
already visible. Due to its prominence, the Danube has been the subject of many hydrological studies
focusing on water scarcity (lonita, Scholz, and Chelcea 2015; Bisselink, de Roo, et al. 2018; Gregoric et al.
2019; Jakubinsky et al. 2019), floods (Dankers et al. 2007; Hattermann et al. 2018) and the ecosystem
(Garnier et al. 2002; Karabulut et al. 2016; Stagl and Hattermann 2016). However, the effects of an EFR
on water scarcity and flow characteristics for future scenarios in the Danube river catchment have not
yet been studied.

Summarizing, in line with the overall objective, this study shall (1) implement and apply
different, common definitions of the EFR from literature, namely the Q90 and VMF in a hydrological
model, and (2) evaluate their impact on the simulated hydrological behaviour with particular focus on
the competition for water during periods of drought. This was done for a historic period (1960-2000)
and under scenarios of plausible near (2010-2050) and far (2060-2100) future scenarios due to human-
induced climate change and projected socio-economic developments.
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2. Methodology
2.1 Study area

The Danube River Basin stretches across 19 different countries and has a total surface area of more than
800.000 km? (lonita, Scholz, and Chelcea 2015; Karabulut et al. 2016). The river basin houses 83 million
people and plays an important role for many different aspects of human life by supplying water for
households, for the irrigation of crops or for manufacturing (ICPDR 2022). Furthermore, it allows for
extensive energy production, both throughout hydropower and thermal cooling (REKK 2020). These
different sectors are spread across the Danube, with hydropower having a large presence in the
headwaters and agriculture mainly in the low-lands of Hungary and Romania. As a results of the Danube
spatial extent a variety in climates and accompanied flow regimes can be found. The upper reaches near
the Alps have significant amounts of precipitation, between 1000 and 2800 mm per year, while Romania
and Bulgaria have low precipitation rates between 300 and 800 mm per year (WATCH Dataset). As these
areas of relative low precipitation are widely used for agriculture, they have a direct dependence on
irrigation from head waters, the main Danube or, if none is available, groundwater. As a result these
regions are at risk of crop failure (Pascoa et al. 2020), and powerplants could have to cease production if
no water is available for cooling which results in decreased energy production (van Vliet et al. 2016).
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Figure 1: Topographic overview map of the Danube River Basin. Shows all major tributaries and gives an impression of the land.
Map was created by the ICPDR and can be found at: danubegis.org.
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The population of the Danube is expected to shrink in size, except for the Pannonian Danube
where urbanisation leads to population growth (Bisselink, de Roo, et al. 2018). However, demand for
water continues to rise, mainly coming from increased energy use which requires water for cooling,
throughout large parts of the basin (Bisselink, de Roo, et al. 2018). Furthermore, larger regions will
experience difficulties with water supply as climate change is expected lower the amount of runoff
during summer periods (lonita, Scholz, and Chelcea 2015; Stagl and Hattermann 2015; Bisselink, de Roo,
et al. 2018). Partly as a result of less rainy days (>1mm / day) and furthermore as a result of higher
temperatures leading to decreased snow storage and earlier melt. These climatologic and socio-
economic developments present a challenge for water managers throughout the entirety of the
Danube.

The International Commission for the Protection of the Danube River (ICPDR) was formed to
lead research and help manage the river basin. Its contractors are the European Union and the 14
countries with more than 2000 km? of land in the basin (Karabulut et al. 2016; ICPDR 2022). In order to
protect the environment from this increased vulnerability to periods of drought the EFR is meant to
alleviate some of the stress on nature. This study uses the management plan along with the Guidance
Document No 31 of the Water Framework Directive as guidance when establishing the EFRs (European
Commission 2016; ICPDR 2021).

2.2 Environmental Flow Requirements

The Environmental Flow is one of the measures through which the ICPDR is able to protect the water
availability for nature. However, determining the right methodology is not clearcut. At the start of this
century, already more than 200 methodologies existed (Tharme 2003), and more have been created
since (Pastor et al. 2014). In this study two methods of EFR determination have been selected, based on
the data and time-availability for this project: the Variable Monthly Flow method and the 90 percentile
approach (Q90).

The VMF method, created by Pastor et al. (2014), has been selected as it was designed and
tested to define a functioning EFR for hydrologic modelling in a study area with a variety of flow
regimes. In order to compare its performance, a generally accepted and easy to implement EFR, the
Q90, was additionally investigated during the historical runs of the study (Bisselink, Jacobs, et al. 2018).
These only require hydrologic data and can easily be applied at scale. These methods are within the
terms of the Water Framework Directive, as they are scientifically based, with a large spatial extend and
with hydrologic data available only (European Commission 2016). For the Q90 method the
environmental flow uses the average monthly flow that is exceeded 90% of the time (Q90). The value of
Q90 can vary largely between locations, as a downstream river might have a constant supply of
discharge from a variety of headwaters, resulting in a consistent stream, while headwaters are more
dependent on rains and might have periodic low- or no-flows. The VMF uses the Mean Monthly Flow
(MMF) and the Mean Annual Flow (MAF) to first determine the flow regime for each month. The
monthly flow regime determines the quantity of water reserved for the EFR. This varies between 60%
during low flow months, and 30% during high flow months (see table 1).

Table 1: Description of the amount of water reserved for the environmental flow. MMF: Mean Monthly Flow.

Flow Category Mean Monthly Flow Size Environmental Flow Req.
Low Flow | MMF < 0.4 MAF 60% of MMF
Intermediate Flow ‘ MMF > 0.4 MAF & MMF <0.8 40% of MMF
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Figure 2: Example of a flow duration curve, in this case the value of Q90 would be 3590 m3/s as more than 90% of the time the
discharge is higher than this value.

2.3 The PCR-GLOBWB Model

The PCR-GLOBWB model is a hydrologic model that allows the simulation of water demand and supply
globally. It incorporates a wide variety of dynamics related to the atmosphere, surface and
groundwater, visible in figure 3 (Sutanudjaja et al. 2018). An environmental flow module was added to
the PCR-GLOBWB model, which is capable of implementing different definitions of EFRs through a set of
generic parameters (see 2.3.1). Once the EFRs are defined the available water for abstraction are limited
accordingly. This inhibits water abstractions when environmental limits are reached.

The EFR will have direct effect on a few of the processes within PCR-GLOBWB, most notably the
water abstractions for ground- and surface water, and the interaction between these water sources.
PCR-GLOBWB uses allocation cells, water demand within one of these cells is met by water that is
available within this allocation cell. This might result in a local city not being able to access water from a
nearby lake because it might be situated just outside its cell. The most important thing in regards to the
interaction between these abstractions and EFR, is that limitations as a result of EFR inclusion in one
waterway may result in increased abstractions in another waterway to be able to meet local demands. If
not enough surface water is available, this may result in exacerbate groundwater extraction. This can in
turn influence the interaction between ground and surface water by diminishing basal flow and
increasing the amount of infiltration.
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Figure 3: Schematic of the dynamics encompassed by the PCR-GLOBWB model, taken from and in detailed explained by
Sutanudjaja et al. (2018).

2.3.1 The Environmental Flow Module

Large scale modelling is capable of determining the influence of EFRs for an entire basin within a
relatively short timeframe. So far, environmental flow research is mainly focused on surface water
(Pastor et al. 2014; Jagermeyr et al. 2017; Bisselink, de Roo, et al. 2018; Bosmans et al. 2022), with
minimal ventures into groundwater systems (Esteller and Diaz-Delgado 2002; de Graaf et al. 2019).
While groundwater is of importance, it was infeasible to implement an EFR to groundwater withdrawals
within this study. From the hydrological data gathered in the environmental scenario (1) the Mean
Monthly Flow (MMF) and Mean Annual Flow (MAF), which are required to calculate the VMF, and the
Q90 were calculated. The discharge, slope and width of the channel are used in combination with
Manning’s coefficient to calculate the water height (see equation 1). The amount of water situated at
any timestep in a channel in PCR-GLOBWSB is expressed in meters of water height. The EFR is meant to
reserve a certain amount of water for the environment. In order to make the EFR and channel storage
compatible a conversion from discharge, which is in cubic meters per second, to height has to be
performed (Eq. 1).

="

With h being the water height (m), n being the Manning’s coefficient (-), Q is the flow (m3/s), B is the
width of the riverbed (m) and s is the slope (m/m).

To create some flexibility in the amount of water reserved by the EFR, a two-step system was
implemented, with a hard and a soft limit. This way, during periods of high demand, more water would
be admitted for possible withdrawal. Once the hard limit (hnara) is exceeded no more water may be
abstracted under any circumstances. The water is already below the environmentally acceptable limit
implemented. The soft limit varies per month, and is in this study based on the monthly 90'" exceedance
percentile, the section water between the hard and the soft limit (hsr) that will be available for
abstractions depends on the amount of water demand.

Relai .
hres = hnara + (hsoft - hhard) * max (0; 1—-0.5%— Cl_ - ) if hsoft > hhara Eq.2a
hsoft Rhard
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hres = Rpara if hsoft < hhara Eq.2b

The ratio between the hard and soft limit determines the equation. Any height between an upper soft
limit and a lower hard limit will be admitted to human demand at a reduced rate (Eq. 2a). If the soft limit
is found below the hard limit, it is not of influence and only the hard limit is saved for the environment
(Eg. 2b). The amount of water available for human use rises linearly with the demanded water height
(hcaim). The hres is the amount of water reserved in meters height, both the soft and hard limit as well as
the water demand height have the unit meters height.

The two-step system is used for the Q90 methodology, with the hard limit set at the lowest
monthly value of the 90'" flow percentile and the soft limit as the 90 monthly flow percentile itself. As a
result, the hard and soft limit coincide for the month with the lowest 90" percentile value. For the VMF
only a hard limit was put in place at the assigned monthly VMF value. For both the Q90 and VMF
methods a flow of 1 m3/s was assigned as the global minimal value for the hard limit, as abstractions in
an area with less than 1 m3/s of flow are assumed to be neither technically likely nor desirable.

2.3.2 Model scenarios

The study of EFR influence on the Danube was divided into two sections that would later be studied in
comparison. The initial stage consists of 4 model runs based on atmospheric forcing data from the
WATCH dataset. The WATCH Forcing Data is widely used throughout the scientific community. It is
considered to provide a proper estimate of climatologic trends and meteorologic events over the
timespan of 1958-2001, and was created for large scale modelling as is required in this study (Weedon
et al. 2011). The second stage consists of 20 model runs and is based on forcing data supplied by
climate models and a socio-economic narrative. For each time-period and climate forcing there would
be one scenario with EFR inclusion, and one business as usual (or baseline) scenario. The timespan for
every model is set at 40-years to achieve a balance between longer and shorter time periods that are
more robust and precise, respectively (Khalig et al. 2009)

The World Climate Research Program (WCRP) has provided models through the Coupled Model
Intercomparison Project (CMIP), that generate climate forcing data. From the CMIP5 the following
Global Circulation Models were selected, in line with the ISI-MIP framework, to cover the total range of
climate models: GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, NorESM1-M. The
datasets from these Global Circulation Models where calibrated to match the mean and standard
deviation of the WATCH. These models were completed for different forcing scenarios, ranging from 2.6
to 8.5 W/m? at the end of the 21 century. For this study the 6.0 W/m? forcing scenario was used, as this
is expected to be an optimistic average. For the narrative regarding socio-economic developments the
Socio-economic Shared Pathways (SSPs) were created by the scientific community (Riahi et al. 2017).
Five different scenarios were created: (1) Sustainability, (2) Middle of the Road, (3) Regional Rivalry, (4)
Inequality and (5) Fossil-fuelled Development. Full explanation of each scenario can be found in the
overview paper of Riahi et al. (2017), for this study the SSP2: Middle of the Road was used. It fits the
radiative forcing ‘average’ scenario. The SSP determines land-use, water demand and energy needs
(Riahi et al. 2017). This determines for each cell the water demand per timestep in PCR-GLOBWB.

For the model runs most of the standard PCR-GLOBWB settings are kept, with some general
adjustments, and some model run specific adjustments. All model runs happen for the same study
region. Between model runs the atmospheric forcing data will be changed. The atmospheric data used in
these model runs is supplied at 30 arcmin, and can be downscaled with PCR-GLOBWB to 5 arcmin if
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desired at the cost of additional computing power and require some additional information (Sutanudjaja
et al. 2018). In general the model functions at 5 arc min, as a result the same precipitation and
evapotranspiration values are given to all cells within a 30 arc min region, only temperature was
downscaled. Temperature plays a significant role by determining when rain turns into snow, local
variations in precipitation and evaporation were deemed of lesser interest. As the for the climate forcing
models there is no data available prior to 1960, the time period that will be covered spans from 1960 till
2000 instead of model runs with the WATCH dataset that range from 1958 till 2000.Furthermore,
between the historic and the future runs, there is a change in water demand from each of the sectors
(industry, agriculture, livestock and domestic). Corresponding data from the SSP2 was made available by
E. Sutanudjaja who collected this data from Riahi et al. (2017) and Fricko et al. (2017).

To create a situation that resembles the actual initial conditions within the Danube River Basin, a
model run of 10 years was completed. At the start of this run, no water was stored in reservoirs or
aquifers. By simulation 10 years of processes, the storages can reach a level where equilibrium occurs.
As a result, the actual model runs will have a more accurate representation of reality. The spin-up run
was completed with natural conditions, this means no human abstractions or manmade reservoirs. The
output of the final timestep of this run was used as initial conditions for the environmental run. For the
runs with human interaction, a separate spin-up run was completed with human interactions, spanning
the same 10 year period. It should be noted that this spin-up period still includes a bias, as the period
used to create the initial storage might not be representable for the storage as a result of many years
prior. However, the same initial conditions are used across the model runs, with an exception for the
historic environmental run, this should not be of significant influence on the study results.

At first a Pristine (1) run was completed. The Pristine scenario entailed only natural processes,
no anthropogenic reservoirs, withdrawals or return flow was included. The discharge data from this run
would be used to define the quantity of the EFRs. Additionally, it would be used during the calculation of
the IHAs as this is considered the original flow regime in this study. The second run was the Historic
Baseline (2) scenario, which represents the original situation during the period between 1958-2000. In
this scenario the EFR is not yet included. The first effects of the EFR would be analysed based on the
Historical Variable Monthly Flow (3) and the Historical Q90 EFR (4) scenario. The only difference
between these two runs and the prior baseline run is the implementation of the EFRs. For the Q90
methodology a hard and soft limit have been applied as discussed in section 2.3.1, for the VMF only a
hard condition is given. These runs allow the comparison of the effectiveness of different EFRs have on
water scarcity, river performance and the times EFR limits are exceeded. The values for the VMF and
Q90 EFR are determined once, and have a value for each month. While the river regime might change as
a result of climate change, this will not impact the definition of the EFRs.

The second stage consists of model runs forced with atmospheric data that originates from
GCMs. The Historic GCM Baseline (5) and Historic GCM Variable Monthly Flow (6) scenarios allow
comparison with the WATCH dataset. It shows if there are any major difference that occur as a result of
the forcing data. If this is the case, these difference can also be expected in exacerbated amounts for the
future. The settings for these scenarios were identical to the Historic Baseline (2) and the Historic
Variable Monthly Flow (3) scenarios, except for the forcing data used. Because five GCMs are used as
forcing data, the amount of model runs within a scenario also multiplied five fold. To save time only the
VMF was included for the model runs of 2006 till 2100. Lastly the impact of the EFR was analysed based
on the Future GCM Business As Usual (7) and the Future GCM Variable Monthly Flow (8) scenarios. The
future scenarios made use of the data supplied by SSP2.
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Table 2: Overview of the scenarios. Every time period has at least one Business As Usual and a Environmental Flow scenario to
analyse the effects of the EFR.

ID Model Run Time period Environmental Flow Forcing
1 Pristine 1958-2000 None WATCH
2 Historic Baseline 1958-2000 None WATCH
3 Historic Variable Monthly Flow 1958-2000 VMF WATCH
4 Historic Q90 EFR 1958-2000 Q90 WATCH
5 Historic GCM Baseline 1960-2000 None GCMs*
6 Historic GCM Variable Monthly 1960-2000 VMF GCMs*
Flow
7 Future GCM Business As Usual 2006-2100 None GCMs*
8 | Future GCM Variable Monthly Flow 2006-2100 VMF GCMs*

*Includes the: GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM and NorESM1-M model

2.4 Evaluation of the water resources

In this study we evaluate the hydrologic situation mainly in three ways at a monthly timescale. First off,
the quantity of renewable water is analysed for every cell — water use must remain within the
boundaries of the renewable water to function sustainably. Secondly, the hydrologic parameters known
as Indicators of Hydrologic Alteration, adapted from Martinez Santa-Maria et al. (2008), will show
changes in the flow regime. Lastly, the use of a modified WEI+ parameter for water scarcity makes it
possible to evaluate the impact of EFR inclusion on water scarcity and competition over the available
resources. The WEI+ was calculated for subbasins while demand from one cell may be sourced in
another, as long as it is within one allocation cell. Allocation cells have a larger size than the regular grid
cells. The monthly timescale allows fluctuation between the months linked to seasonality both in
climate and in demand.

2.4.1 Renewable water and limits

The quantity of renewable water resources (RWR) is a key factor for long-term well being of civilization.
Renewable water is considered the water delivered to a region within a set timeframe by natural
processes. Exploiting water resources post the rate of these renewable water resources will eventually
cause the destruction of the local water balance. By implementing an environmental flow, we protect
the rivers from over-exploitation, yet the resources available to meet human demands.

Within our model the renewable water resources are analysed for individual cells, as a result the
water balance is determined by a few factors (Eq. 3): the net atmospheric flux (Qatm), groundwater flow
(Qgw) and runoff (Qs) from adjacent cells (van Beek, Wada, and Bierkens 2011). The net atmospheric flux
is defined as the amount of precipitation minus the evapotranspiration. As evaporation cannot exceed
the amount of available water, in general within a system there will be more precipitation than
evaporation. However, at cell level a evapotranspiration surplus might occur, as a result there the
amount of renewable water resources diminishes. Groundwater and runoff will enter a cell from
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adjacent upstream cells. However, it should be noted that if all renewable water is used within a cell,
there will be no runoff entering the downstream cell. Therefore, for the entire catchment the renewable
water that is generated per timestep is simply the balance between the precipitation and evaporation.

RWR ey = Qatm + ng + Qs Eq.3

While this study is mainly focused on the effect EFR inclusion has on the competition over water
resources, at present and in future scenarios, it should be noted that climate change will heavily effects
the renewable water resources within the catchment. Especially at a seasonal scale the quantity of
available renewable water will change. If water can be trapped within the system during periods of
water surplus, spring for example within the Danube, it would be possible to compensate the summer
deficit.

2.4.2 Indicators of Hydrological Alteration

Indicators of Hydrologic Alteration have been used to determine the morphologic alteration within a
waterway (Martinez Santa-Maria et al. 2008). However, in this study these parameters provide a
measure of environmental well-being. Furthermore, these parameters show how much the new flow
regime has changed from its baseline (equation 4). The parameters used in this study have been
adapted from the IAHRIS model (Martinez Santa-Maria et al. 2008). The abbreviations IHA and IAH can
be used interchangeably, representing Indicators of Hydrologic Alteration and Indicators Alteration
Hydrologic respectively. As the original software required Microsoft Excel 2003, and was meant for
analysis of individual streams , this format was replicated within a bash script using primarily Climate
Data Operators (CDO, Schulzweida 2022). A total of 15 parameters were implemented (Appendix A). In
the IAHRIS model distinction was made between 5 categories of river status, with category 1 resembling
very good ecological status and category 5 very poor ecological status (table 3).

Table 3: Display of the variety of hydrologic status categories according to the IAHRIS model. Adjusted from Martinez Santa-
Maria and Fernandez Yuste (2010a,b)

Hydrological Status
Martinez Santa-Maria and Fernandez Yuste (2010a,b)
Category Il Category lll Category IV
IHA 0.8<IHA<1 0.6<IHA<0.8 0.4<IHA<0.6 0.2<IHA<0.4 0<IHA<0.2
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Table 4: Overview table for a short description of all indicators of hydrologic alteration used in this study. Detailed explanation
of the calculation of the parameters can be found in appendix A.

Overview
Indicator Description
IHA 1 The annual average discharge.
IHA 1b The average monthly discharge.
IHA 2 The difference between the annual maximum and minimum discharge values.
IHA 4 The difference between the 90™ and 10™ discharge percentile.
IHA 5 The average of the maximum daily discharge.
IHA 8 The 5™ exceedance percentile for discharge, related to floods.
IHA 9 Coefficient of variability for the maximum daily discharge.
IHA 10 Coefficient of variability of the 5™ exceedance percentile for discharge.
IHA 12 The amount of days the 5" exceedance percentile is exceeded within a month.
IHA 13 The average of the minimum daily discharge.
IHA 14 The 95" exceedance percentile for discharge, related to drought.
IHA 15 Coefficient of variability for the minimum daily discharge.
IHA 16 Coefficient of variability of the 95" exceedance percentile for discharge.
IHA 18 The amount of days without any flow (Q=0).
IHA 19 The amount of days discharge is lower than the 95" exceedance percentile.
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2.4.3 Water Scarcity Indices

While the prior analysis have been conducted on a cell basis, this is not particularly fitting for water
scarcity. Water demands might be concentrated within a relatively small region, maybe even a single cell
- think of a metropolis like Bucharest. Its water is not sourced only from the cell most of the demand
comes from, a larger area needs to be used. A total of 77 subbasins have been created for this purpose,
which comprised of a maximum of 30 000 km? (figure 4).

Figure 4: All subbasins created for the computation of the water scarcity.

For this study a broadly used indicator for water scarcity, the Water Exploitation Index Plus (Casadei,
Peppoloni, and Pierleoni 2020), was selected. The Water Exploitation Index Plus (WEI+) is a ratio
between the consumptive abstractions and the available renewable water resources (see equation 4).

abstractions — return flow

WEI+ = Eq.4

renewable water resources — environmental flow

In this study an adjusted version of the WEI+ will be used, as the environmental flow is seen as
additional competition to the other sectors, furthermore the return flow is not incorporated (Equation
5). While the subtracting the return flow from the abstractions gives a more accurate representation of
long-term water availability for a region, the immediate water scarcity is more severe as these return
flows are yet to be available. Especially during the summer months in the Danube drought can be a
significant problem, and the immediate water scarcity is very important. These circumstances are also
the once most severely impacted by EFR inclusion, therefore exclusion of the return flow from the
equation is fitting for this study. The EFR is seen as additional water demands — the water is not
removed from the river and thus it is still available would emergency arrive, however, we wish to spend
this water on environmental wellbeing instead.

gross demand + EFR
WSI = Eq.5
renewable water resources

All of these variables are outputs of the PCR-GLOBWB model and can be used directly to calculate the
water scarcity. The renewable water resources considered are the inflow coming from upstream, the
locally generated runoff and groundwater recharge (Equation 4 and 5). Enforcing an environmental flow
will always lead to increased water scarcity, as less water is available for human use. The impact of
enforcing an EFR is more severe when renewable water limits are limited.
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3. Results

The aim of this study is to apply different EFRs and identify their respective impact on the hydrological
behaviour in the Danube river basin. The EFRs, VMF and Q90, have been compared based on a few
different characteristics: 1) how much water is reserved and how often is this limit reached, 2) their
impact on the WSI and 3) their impact on the Indicators of Hydrologic Alteration. The first section of this
chapter will display the historical scenarios. The second section discusses the effect the GCMs have
when compared to the WATCH database. The last section regards the future scenarios that use the SSP2
narrative with GCM climate forcing (RCP 6.0). As the GCMs comprise of 5 different runs the figures show
an overview of all individual GCMs and an average. Detailed individual figures can be found in Appendix
B.

3.1 Historic Situation of the Danube River Basin

3.1.1 Formulation and Implementation of the EFRs

At the basis of this study lies the pristine run. The pristine run shows the hydrologic situation in the
Danube River Basin if man-made reservoirs did not exist, no water was abstracted for human needs and
without return flows from agriculture or cities. The discharge of the Pristine Run was used to define the
VMF and Q90 EFRs. All of the major tributaries of the Danube river catchment are clearly visible. The
annual atmospheric balance is achieved by subtracting the evapotranspiration rate from the
precipitation rate. The low-lands in Hungary and Romania, the Moldova region and Bulgarian mountains
already have a annual atmospheric balance, these regions are vulnerable to droughts (Figure 5B).

The discharge within the Danube is significantly impacted by human activity. As a result of
irrigation, industrial and domestic use the water in the main Danube diminishes by up to 800 m3/s in the
Danube delta (figure 5A). Furthermore, there are some relatively dry sections that experience increased
flows as a result of return flows. Return flows can originate from waste water or irrigation. These will be
of important influence on some of the drought parameters as the low-flow averages are increased by
these processes beyond their natural values. Total gross demand can be found in figure 6B, this is
important in the final determination of the Q90 EFR size, as the demand allows the value of the Q90 to
fluctuate between the soft and the hard limit (section 2.3.1)
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Figure 5: The multi-year annual average discharge (A) and annual average atmospheric balance (B) for the Pristine Run.
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Figure 6: The baseline shows the impact human processes already have on average on the river flow in the Danube catchment

(A), the total gross demand (B) is used to set the final value for the Q90 EFR. For the demand there is a more coarse grid visible of
30 arc minutes.

At the core of the Environmental Flow is the amount of water reserved for the environment. As
discussed in section 2.3.1, the VMF works with a single hard limit, while the Q90 has a soft limit at its
monthly 90" discharge percentile and a hard limit at the annual minimum monthly 90" discharge
percentile. In figure 7 the calculated monthly limits for the Danube near Bucharest and Lake Tisza can be
seen. The size of demand compared to the availability of water determines the amount of water
admitted to the environment. Deviations from the upper 90" percentile limit are caused by relatively
large local water demands, this is visible in the Lake Tisza cell. The VMF for downstream rivers generally
lower than the 90™ percentile method, during dry months the difference decreases or VMF might even
surpass the limit of the Q90 EFR. However, for reservoirs and mountainous regions where flow is
precarious the VMF has a show larger values. These headwaters have no major inflow from other major
streams and are dependent on rainfall in the direct region, while the Danube receives water from many
tributaries. Consequently, a drought affecting a tributary can be detrimental to its local environment
and population, while the Danube remains largely unaffected.
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Figure 7: A display of the annual average Q90 EFR (upper left) and VMF EFR (upper right) for the entire catchment. The graphs
show the change in EFR throughout the year. EFR changes are set at a temporal resolution of one month. The graphs also show
the total gross demand, which determines the exact size of the Q90 EFR. Because the discharge is much lower near lake Tisza (B)
the demand has more influence on the EFR than near Bucharest, where even though demand is much higher, this has no

relevant effect.
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3.1.2 EFR Impact

EFRs will only be of use in times when a low-flow situation occurs, with discharge levels dropping below
the EFR limit. Whenever, discharge is high, abstractions are not limited and therefore the situation
remains unaffected. In order to determine how much of an impact the EFR might have, determining how
often an EFR is exceeded gives an indication of how much effect it might have on the streams flow.

It is important to explain how the EFR Exceedance ratio is calculated, the Q90 might be
exceeded more often, although on the average flow reserved might be higher for the VMF. The EFR
Exceedance ratio is calculated by checking giving every day within the 40-year period a binary value. If
the average discharge of that day is below the EFR, it is valued at one, a higher discharge than EFR is
given a zero. The sum of all these days determines the total amount of days during which the EFR was
exceeded. Dividing the total sum by the total amount of days within these 40-years gives the EFR
Exceedance ratio (Eq. 4).

*oQ; <EFR;
n

EFR Exceedance ratio (=) =

With n being the total amount of days, Q being the average daily discharge and EFR being the
environmental flow requirement for that particular day. In general, the VMF seems to be in effect more
often than the Q90 within the Danube basin (Figure 8B). Only a few streams are blue, and this is at most
0.2 increase, while some cells are exceeded almost continuously with the VMF and almost never by the
Q90 (-0.8). Because of the hard limit of 1 m3/s set for every cell there are many regions where the EFR
exceedance ratio is 1. These are areas where no river flows and just rain water falls from time to time.
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Figure 8: The EFR Exceedance rate for Q90 and VMF, left and right respectively. With their relative difference in the middle
(Q90-VMF). The VMF effects streams more often in large parts of the basin, with a few streams being blue, which means the
Q90 EFR is exceeded more often.
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3.1.3 River Health

The IAHRIS model was adjusted to function with PCR-GLOBWB model outputs and acts as a measure of
environmental performance. It was expected that implementation of the EFR would improve the
performance of the drought related parameters (Appendix A, IHA 13 — IHA 19). The maximum value for
a hydrologic parameter, meaning exact representation of the pristine flow conditions, is one. Therefore,
the Baseline scenario performs well, with much of the basin being between 0.9 and 1.0. Areas that have
lower performance values are in general more populated or irrigated (figure 9A). It should be noted that
all deviations from 1 in this scenario are the complete responsibility of human processes, as this is the
only change that occurred between the model runs. Furthermore, the EFRs cannot improve the
performance of cells that already have optimal performance for drought parameters.

Because all deviations are by manmade processes, the EFRs have a significant impact, mainly in
the Hungarian lowlands. In Romania and Bulgaria the EFRs are less effective, here some of the
discrepancies are a result of increased return flows (figure 9A) that decrease the performance of the
low-flow parameters. Both EFRs have similar trends (figure 9D), with large parts of the basin being green
or red, depicting improvement or deterioration for both respectively. However, these are IHA averages,
the drought parameters are the ones that are affected directly by EFR implementation.

Indicators of Hydrologic Alteration Indicators of Hydrologic Alteration
WATCH (1960-2000) WATCH (1960-2000)

Baseline - IHA average value

VMF - IHA change

w=0.00 (-)
0.20 (1)
0.40 (-)
0.60 (-)
0.80 ()
w—1.00 (-)
Open Topographic Map )

0.10()

010() ; y
X - 0.20()
g —030(-) %
2 —0.40 () 0 100 200 km
[ —

Open Topographic Map

Indicators of Hydrologic Alteration Indicators of Hydrologic Alteration
WATCH (1960-2000) WATCH (1960-2000)

&
WL o
A
= -
Q90 - IHA change
200 correlation_vmf_q90
-0.01 () ¥
oo \ ; THA improved (both)
" 0.10() == IHA improved (VMF)
w—0.20 (-) IHA improved (Q90)
=i = IHA deteriorated (both)
s o 100 200 km i ] 100 200 km
Open Topographic Map — Open Topographic Map

Figure 9: Overview of the A) IHA value during the Business As Usual (BAU) scenario and consecutive change of average IHA
values when B) VMF and C) Q90 EFRs are implemented. D) Shows where the IHA average is improved as a result of EFR
implementation.
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Figure 10B displays the effect of VMF and Q90 EFR implementations on the map average values
of the different parameters. It becomes evident that the drought parameters are significantly more
affected. Furthermore, the differences between map total and river cells have been analysed, as EFR
implementations do only affect rivers as abstractions do not occur in regions where little consistent flow
is. A river cell was defined as a cell with an annual average flow above 1 m3/s. The map average
improves more in response to EFR implementation. This mainly originates from the 1 m3/s global
constraint, as a significant amount of non-river cells are consistently protected from withdrawals. The
VMF method from Pastor et al. (2014) outperformed the 90" percentile method both for the rivers and
the total map averages.

The most pronounced improvement is visible for yearly minimal flow, IAH 13, and the extreme
low-flow value (Q95), IAH 14 (figure 10B). Minimal improvements are seen over all parameters except
for IAH12 which is based on flood seasonality (see Appendix A). The increase in overall IHA performance
is also visible in the range in which most of the cells are situated (figure 10A), with both EFR
implementations resulting in a shift towards the right. While the average increase in IHA performance is
not great, a clear improvement is visible in the middle of the Danube basin (Figure 9B, C).
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Figure 10: A) Histogram of the IHA performance of each cell as a ratio of the total, with bins of 0.1 in size. As 1 is the maximum
value for the IHA parameters, a shift to the left shows improvement. Both environmental flow methods show improvements over
the Baseline scenario. B) The change in map average Indicators of Hydrologic Alteration compared to the values to the Baseline
scenario. A detailed explanation of the individual parameters can be found in the appendix.
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3.1.4 Water Scarcity

Competition over water is more severe in regions where water demand is high or little (renewable)
water resources are available. Regions like these are mainly found in the South and Eastern sections of
the Danube river basin (figure 11A). Subbasins with heavy industry or large cities also show relatively
high WSI values when compared to their direct neighbours, which have similar rates of precipitation. As
expected, the implementation of an EFR (VMF or Q90) results in a basin-wide rise on the WSI in
response to the additional competition. Effect of EFR inclusion is largest where the EFR itself is relatively
large compared to the total amount of water available. The 90" percentile EFR has the highest EFR
values (figure 7) in the basins surrounding the Danube channel, resulting in the largest increase in WSI
(figure 11B). The VMF has relatively more effect in the mountainous regions with little inflow from other
subbasins, but increases pressure within most regions at a similar rate. Both the VMF and Q90 result in a
WSI > 1 for the South-Eastern part of Serbia, meaning the implementation of an EFR would make it
unfeasible to meet all demands with renewable water sources. Finally, there is severe shift to the right
in the water scarcity distribution curve (Figure 11D). This means both VMF and Q90 result in more
frequent and severe periods of water scarcity. From figure 11D it also becomes clear that Q90 has a
larger impact on the WSI.
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Figure 11: Overview of the WSI in the Danube river basin. The ‘average’ water scarcity for a basin has been computed for the different
scenarios: A) Historic situation without an EFR, Implementation of the VMF (B) and implementation of the Q90 EFR (C). D) shows the
water scarcity distribution curve, the EFRs have a very large impact on the water scarcity.
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3.2 Comparison of datasets: WATCH vs GCMs

A comparative study of the GCM results for the historic period (1960-2000) and the WATCH was
performed in order to understand the faults that come with the use of climate models. While the GCMs
have been corrected to closely resemble the WATCH dataset in both its average and standard deviation,
there are some clear discrepancies (figure 12). Figure 12 displays the average discrepancy of the GCMs
for the EFR Exceedance, IHA performance and WSI. The complete overview of these analysis, with maps
for the individual GCMs are visible in figure 13. The EFR is exceeded less often when GCMs are used to
force the model, this trend is seen throughout most of the basin, but is especially pronounced near the
alps and rivers of NE Romania. The HadGEM model resembles the situation displayed by the Baseline
scenario significantly better than the other models, namely for the IHA parameters, with IPSL also
showing above average performance. Overall the WSI is similar, a slight decrease can be seen in the
South and Eastern sections of the basin except for the subbasin with the main Danube channel. IHA
performance diminishes throughout the basin with the largest impact in remote dry regions, and the
least for rivers and irrigated lowlands of Romania. These alterations induced by the change in hydrologic
forcing only, and this shows the dramatic impact mainly on the IHAs.
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Figure 12: An overview of the difference between parameter values as a result of using Global Circulation Models to force the
model instead of using the WATCH dataset. On average there is more consistent precipitation.
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Figure 13: An overview of the average for the GCMs and on the side each individual GCM, from top to bottom respectively:
GFDL, HadGEM, IPSL, MIROC, NorESM. For the WSI and EFR Exceedance no immediate differences are apparent, but the IHA is
clearly very different for each GCM.
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3.3 Future scenarios
In this section we will analyse the changes that occur within the EFR Exceedance, for IHA parameters
and the water scarcity during future scenarios. For the GCM average values only trends resembled by all
individual GCMs will be shown, other cells will be made grey. Individual GCM maps will be shown on the
side and in Appendix B.

3.3.1 EFR Impact

The EFR Exceedance is a key indicator for the effectiveness of EFRs. The historic scenario (1960-2000)
served as a baseline, with the early (2010-2050) and late (2060-2100) future showing the change relative
to the baseline scenario (figure 14). For the future scenarios the SSP2 socio-economic narrative is used,
and therefore water demand and return flows will be different for each time period. The EFR
exceedance seems to diminish in large parts of the basin during the early future scenario (figure 15A).
Decreases in EFR exceedance might originate from increased return flows or increased precipitation
rates. This trend changes for the far future scenario, where exceedance ratios seem to increase for most
GCMs, in the South and East of the basin, for the far future scenario (figure 15B).
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Figure 14:the EFR Exceedance ratio for the average of the GCMs. One of the most significant things to note is the decreased
region that always exceed the EFR. Especially in the more mountainous regions this is visible. The sidebar displays the individual
GCMs from top to bottom: GFDL, HadGEM, IPSL, MIROC and NorESM.
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Figure 15: The EFR Exceedance change for 2010-2050 (A) and 2060-2100 (B) compared to 1960-2000 respectively.The side
shows the individual GCMs: GFDL, HadGEM, IPSL, MIROC and NorESM from top to bottom. A cell is turned grey if the models do
not agree about the trend, the average is shown for cells where all models do agree (all zero or positive . all zero or negative).
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3.2.3 River Health

The IHA framework is seen as a measure of the hydrological performance of the natural waterbodies.
The IHA performance changes over time in response to changes within the climatology and human
demand. However, it becomes evident that climate plays a much more significant role than the EFR, and
as such, the influence of the EFR becomes hard to read. Firstly, as the GCMs do not exactly represent the
atmospheric forcing data used an IHA average of 1 is not seen (figure 16A). Secondly, implementation of
the VMF affects the only drought parameters of the IHA, whereas climatology affects all parameters.
Even so, the VMF results in improvements throughout most the basin. The effect is larger in the far
future compared to the near future, which partly can be explained by the lower performance in the
Business As Usual scenario (figure 16E, 12F).
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Figure 16: Overview of the average IHA change with time. If there is no trend between the GCMs it was given the color gray - meaning not all
GCMs agree on a positive or negative change. The VMF is of relatively low influence in all time periods. The lowlands, which are both well
populated and relatively arid, is where river
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The IHA serves is used in this study as a measure of well-being for nature. A) As climate models are not
able to predict the climatology perfectly: the maximum IHA value is around 0.9, this is in mostly
unpopulated area as these are unaffected by humans; Areas affected by human demand (mainly
irrigation) show further lowering of the IHA value, around 0.5 around irrigation hubs . As time
progresses the climatology changes and changes in human demand result in B) a shift of IHA
performance during the near future and than a C) decrease throughout most of the basin in the late
future. The effect of the VMF implementation seems to be largest during the historical period, but never
exceeds 0.25. On a basin level the average effect is negligible.

This trend of decreased average performance over time can be seen in table 5, the value of individual
parameters is displayed in figure 17. VMF has on average a slightly larger impact during the late future.
Overall MIROC has the most stable performance and here the VMF decreases the performance of the
IHA for the period between 1960-2000 and 2010-2050 for the rivers and the map as a whole. VMF
contributes negatively to the drought parameters for the GCM historic scenario, trending upwards to a
positive effect in both early and far future scenarios.

Table 5: Overview of the IHA average performance of the entire catchment (A) and rivers (B), which have an average flow above 1 m3/s, for each of
the different scenarios.

A BAU 1980 |BAU 2030|BAU 2080|VMF 1980 |VMF 2030 |VMF 2080 B BAU 1980 |BAU 2030|BAU 2080|VMF 1980|VMF 2030 |VMF 2080
GFDL 0.79 0.77 0.77 0.79 0.77 0.77 GFDL 0.82 0.79 0.79 0.82 0.79 0.79
HadGEm 083 o783  Jo74  [088 079 0.75 HadGEM [086  [081  |0.76  [087 081  |076
IPSL 0.80 0.77 0.74 0.80 0.77 0.77 IPSL 0.83 0.79 0.77 0.83 0.79 0.77
MIROC |0.77 0.77 0.76 0.77 0.77 0.76 MIROC |0.80 0.79 0.78 0.80 0.79 0.79
NorEsM |0.78 0.?6;H@ 0.78 NorESM |0.81 0.78 0.81 0.78
Average |0.79 0.77 0.74 0.80 0.77 0.75 Average |0.82 0.79 0.77 0.83 0.79 0.77
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Figure 17: Average performance of the individual Indicators of Hydrologic Alteration. The VMF is supposed to mainly improve
the drought parameters (IAH 13 - 19), however, as a result of changes in climate the effect is inconsistent. The IAH 13 (low-flow
average) drops when VMF is implemented as there is already a higher average low-flow as a result of the GCM forcing, the VMF
enhances this difference.
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3.3.3 Water Scarcity

High EFR exceedance seems to be correlated with water scarcity. With the Eastern side of the Danube
catchment displaying relatively high values on the WSI (figure 18A). Problems seem to exacerbate in the
near future with water scarce regions becoming increasingly more scarce (figure 18B). There are some
minor changes in water scarcity between the near and the far future: in Budapest, parts of Bulgaria and
Romania there is a decrease in water scarcity, with an increase in Serbia, Austria and the Czech Republic.
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Figure 18: The change in water scarcity distribution over time in the Danube basin. Water scarcity is increasingly gently in both
of the future scenarios. The distribution curves for each individual GCM is given on the right side, while the average map gives
some idea of what regions are affected by high water scarcity.

29 of 42



&
GCM VMF average - WSI

0.00 (-)
0.20 ()
= 0.40(-)
== 0.60 (-)
== 0.80 (-)
=100 (-)
Open Topographic Map

xn

&
GCM VMF average - WSI

0.00 (-)
0.20 ()
= 0.40(-)
== 0.60 (-)
== 0.80 (-)
=100 (-)
Open Topographic Map

xn

.
GCM VMF average - WSI

0.00 (-)
0.20 ()
= 0.40(-)
== 0.60 (-)
== 0.80 (-)
=100 (-)
Open Topographic Map

X

GCM VMF WSI distribution curve (1960-2000)

- GFDL
10000 - HadGEM
—— MIROC
—— IPSL
25000 NorESM
- 20000
=
3
Q 15000
10000
5000
0
U:U 0:2 0‘4 0.‘5 0:8 1‘0
WSl (-)
20000 q
15000 1
o
(=
3
10000 4
O
5000
54

20000

17500

15000

12500

0.0 0.2

WSI distribution overview

0.4 0.6 0.8 10

100000 4

80000 +

60000 +

Count

40000 4

20000 +

~—=— Baseline 1960-2000
VMF 1960-2000
—=— BAU_2010-2050
—— VMF_2010-2050
—— BAU_2060-2100
—— VMF_2060-2100

WSI (-)

Figure 19: The change in water scarcity distribution over time in the Danube basin with VMF implemented. The trend of increasing water
scarcity is now more clear (D), there is a shift in the distribution curves from left to right. The maps function as a way to visualize where

water scarcity is most pronounced throughout the year.
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4. Discussion

In this study the effect of EFRs on water scarcity and IHAs was investigated through large scale modelling
with the PCR-GLOBWB model. Two different EFRs, the 90" discharge percentile and the Variable
Monthly Flow (Pastor et al. 2014), were compared to assess the effect of EFR definition on both IHA
performance and water scarcity. Subsequently, the best performing EFR was used to analyse its impact
in the near and far future. The historical period was use to investigate the discrepancies that existed
because of the GCM usage instead of the WATCH database. All scenarios in the Danube river basin were
performed at 5-arc min resolution.

4.1 Environmental Flow Requirements and their impact on river flow

EFRs prevent withdrawals when water is below a critical level in order to protect environmental
wellbeing (Tharme 2003; Pastor et al. 2014). To establish the impact of the EFR an analysis of the IHAs
was performed (Mathews and Richter 2007; Martinez Santa-Maria et al. 2008). IHAs, indicators of
hydrologic alteration, are a set of parameters which show the discrepancies between the natural flow
and the measured/simulated flow.

We can observe a large quantity of regions improving with the implementation of either EFR
during the historic model runs with WATCH forcing data, mainly in the Hungarian lowlands (figure 9).
The indicator with the most significant effect in response to the implementation of EFRs in this study
was IAH 13, which considers minimal annual flow (see figure 10, table 4). The second largest
improvement was for IAH 14, extreme low-flows (Q95). In general the map averages increase only
slightly, as a large amount of cells still unaffected by the EFR. For the EFR to have an effect, river flow
has to drop below the EFR as a result of withdrawals related to human demand. Furthermore, by
limiting abstractions in one waterway, attention might shift to a different local stream to meet the
remaining demand. As a result there are a lot of areas with a slight decrease in IHA performance
surrounding IHA improvements — the problems are transported to other areas, not solved.

The VMF protects a larger part of the headwaters (figure 14A), this additional water
accumulates downstream. As a result is more effective at improving flow regimes than the Q90. The
improvements of the IHAs match the EFR being exceeded less often when the VMF or Q90 EFR is
implemented. However, this does not imply that low-flow is unaffected by anthropogenic influence once
an EFR is implemented. The streamflow will still be affected by abstractions prior to the limit being
reached. Therefore EFRs offer some measure of protection, but the low-flow average (IAH 14) and
minimal annual flow (IAH13) can still be in deficit compared to the environmental conditions. Although
there are a lot of different influences on the flow regime of a river, individual IHAs are still able to
provide insight in characteristic changes resulting from EFR implementation.

Interestingly enough, the Bulgarian mountains and some of the Romanian Carpathians
experience significant increased water scarcity while having relatively little effect on the IHA
performance. This is most likely because the IHA performance might be decreased as a result of
increased return flows (figure 6) — this would make the EFR ineffective.
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Figure 20: The range at which EFR would protect flow conditions when implemented, and the size of the 95th exceedance
percentile. The Q90 EFR should always protect this parameter and VMF most of the time. No additional abstractions would be
possible. A) A flow duration curve of a headwater river in the Danube river basin; B) Is the flow duration curve of the main
Danube.

While EFR inclusion is paired with improved IHA performance for model runs using WATCH
forcing data, when GCM data is used to force the model this trend is seen a lot less. Counterintuitively,
the IAH 13 performance, related to average low flow, is worse with the implementation of VMF relative
to its Business As Usual counterpart (figure 17).

Similar problems with poor performance of minimal flow indicators when GCM is used to force
models have been observed before in scientific research (Shrestha, Peters, and Schnorbus 2014; Kiesel
et al. 2019). In one study this lack of performance was explained by uncertainties in the model itself,
especially regarding river ice dynamics (Shrestha, Peters, and Schnorbus 2014). River ice is not a
prevalent feature in most the Danube basin. Others have remarked the impact of RCP, GCM and
ecoregion choice on IHA performance. Certain combinations of RCP and GCM might perform well for
one ecoregion, yet none of the combinations performed well for multiple regions (Kiesel et al. 2019).

The fact that this study encompasses multiple ecoregions as well as multiple GCMs has most
likely played a significant role in the irregular performance of the IHAs. However, there is clear evidence
for overestimated atmospheric conditions being responsible for poor IHA performance. The distribution
curve in monthly precipitation values shows zero precipitation, and extremely low precipitation, are
heavily underestimated across all GCMs (figure 21). This is detrimental for the parameters most affected
by the EFR, the IHA13 and IHA14, as these are both most likely recorded during times of drought.
Underestimating the frequency of zero precipitation will lead to an increased average Q95 value.
Furthermore, the EFR exceedance rate decreases in many parts in the basin when GCMs are compared
to the WATCH (figure 12A). This means in general the EFR will limit abstractions less often, and the only
reason for this can be less low flow conditions as a result of different atmospheric fluxes — all other
variables have been constant for the historic simulations. The inclusion of an EFR will increase the
discharge values as it limits abstractions. If drought parameters are already performing poorly as a result
of too wet or consistent conditions this is exacerbated by EFR inclusion. During the near and far future
scenarios the frequency of zero precipitation increases, which results in a drop of the Q95 and
correspondingly the effect of VMF on IAH 13 becomes positive. As this study has used trends across all
GCMs as a method of validation, it would be interesting to see if these changes are statistically
significant.

32 of 42



§L% Utrecht
%A!\§ University
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Figure 21: Precipitation distribution curves showing the bias of GCMs which have much less extremely low precipitation values,
whereas the WATCH dataset has much more. This difference decreases over time. As there is no data WATCH data for 2010-
2050 and 2060-2100 the black line representing the zero precipitation rate for the WATCH is drawn at a consistent height.

4.2 The effect of additional competition over water resources

Increasing the quantity of water available for the natural environment comes at a cost — the amount of
competition over water increases. Multiple studies have investigated water scarcity in the Danube river
basin with forcing data and socio-economic narratives (Rosenzweig et al. 2004; Barthel et al. 2010;
Bisselink, Jacobs, et al. 2018; Bisselink, de Roo, et al. 2018; Mauser et al. 2018; European Commission
2020).

The increased WSI originates from a growing demand for water or a drop in water supply.
During the historical Baseline scenario the South and Eastern regions already had the highest WSI
values. However, these regions are also expected to experience drought more often during summer in
the future (Bisselink, de Roo, et al. 2018). In the early and far future climate change and increased water
demand will result in higher WSI values (figure 18). This is in line with prior studies and is explained
through increased demand coming from energy generation and population growth in combination with
increased periods of drought for the South-Eastern section of the Danube basin (Bisselink, Jacobs, et al.
2018; Bisselink, de Roo, et al. 2018).

By definition an EFR constrains the water availability for humans. As a result the WSI is
guaranteed to rise. The 90" percentile EFR and the VMF have distinctly different effects on water
scarcity: the Q90 has a large impact on the Danube itself, while headwaters and rivers with irregular
flows are affected more by the VMF. Areas with pre-existing problems regarding water scarcity seem to
be affected most significantly by enforcing an EFR (figure 19). Shifts in population might decrease the
number of people directly effected, however, this is not able to compensate for the additional water
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demand coming from different sectors. Enforcing VMF during the near and far future would lead to
certain regions having a permanent water deficit (figure 19). The number of regions with a permanent
water deficit also rise over time, showing the problems exacerbate. Permanent water deficits mean
demands cannot be met with renewable water. The change over time is especially well visible for the
scenarios with EFR inclusion in the distribution curve. A step wise figure moving over time towards the
right is visible (figure 19D). The further the distribution moves towards the right, the more frequent
water scarce situations occur.

If water demands are ignored this can result in crop failure, industrial shut-down or lack of
drinking water. As the model does not limit groundwater extraction the shortage of surface water in this
study is supplemented with groundwater withdrawals. The WSI already incorporates renewable
groundwater, therefore regions with a WSI of 1 or higher are dependent on non-renewable
groundwater. The size of these non-renewable groundwater withdrawals rises for both the near and far
future as less surface water becomes available. In water scarce regions additional groundwater
extractions are can go up to 0.08 m/year, which means implementing an EFR could result in a lowering
of the groundwater table of up to 7 meters in the time period between 2010-2100. This lowering of the
groundwater table will affect basal flow, groundwater recharge and local vegetation. EFR inclusion
should therefore be paired with restrictions to groundwater abstraction to have positive long-term
effects. Creative ways will have be found to meet the water demands when all these restrictions arise.

4.3 Limitations and Recommendations

It became clear that GCMs underestimated the number of very low precipitation months. As a result the
VMF lowered the performance of drought indicators during the historical period. The IHA performance
is based on the pristine run, which was based on the WATCH dataset. For future studies it might be
more suitable to have a pristine run for every GCM used which will function as natural flow. This will
make sure the discrepancies that follow are a result of climate change or socio-economic change,
instead of also partly inheriting discrepancies between the datasets themselves. This decrease in
performance was the result of an overestimation of the low-flow conditions. Future research regarding
the effect of EFRs on low-flows should focus on this parameter, as the other parameters are not directly
affected by the implementation of EFRs. Additionally the bias within GCMs regarding low precipitation
values should be minimized as these have a drastic effect on minimal flow indicators. As the
environmental flow is determined based on the historical period and does not adjust to natural changes
in climate, maintaining the EFR might become increasingly impossible.

The research in this paper inherits the limitations of the PCR-GLOBWB 2 model (Sutanudjaja et
al. 2018; Hoch et al. 2022). Most relevant is the workings of allocation cells within PCR-GLOBWB.
Allocation cells assign within what boundaries water can be used to meet a cells demands. This could
result in a situation where a city cannot access a local waterbody because of an allocation cell boundary.
The city would then have to find its water elsewhere and might have to resort to groundwater
extractions, which would not have occurred could it have accessed the local water body. Furthermore,
the added environmental module has limitations of its own. Environmental flows for reservoirs are
determined through the discharge at the outlet, while other waterbodies have an environmental flow
determined by water height. It was also not feasible to add an EFR to the groundwater extractions. As a
result, it was possible that limitations in surface water withdrawals were compensated by groundwater
withdrawals.

A lot of the hydrological parameters from IAHRIS (Martinez Santa-Maria et al. 2008) were
incorporated to show a complete picture of the influence of EFR on multiple aspects of riverine flow.
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However, as a result the impact of important drought indicators were diminished in some of the figures.
While the indicators are individually calculated for the entire region of the Danube River Catchment, for
the average a mask has been applied. The mask was based on the annual average flow is used to
determine which cells are shown, in this study cells with a annual average flow above 1 m3/s were
considered “river cells”.

5. Conclusion

Simulations with the WATCH forcing data show EFRs are an effective way to combat low-flows that
result from over-exploitation of water resources. The VMF and Q90 both show significantly increased
IHA performance within the low-lands of Hungary and some rivers in Romania. The restriction of water
withdrawals by the EFRs enhances competition over the remaining water resources. If water demands
cannot be met and groundwater abstractions are not limited, it can have the undesired effect of
increasing non-renewable groundwater exploitation. On average the VMF has more of a positive impact
on the hydrologic parameters when compared to Q90. Furthermore, the Q90 results in more water
scarcity than the VMF, making the VMF the better fit for the Danube catchment. Side by side evaluation
of EFR definitions is important to determine the best fit for a catchment.

While the scenarios based on GCM forcing data did not provide consistent results, some trends
are still clear. The impact of the EFRs improves over time, as it becomes more effective when droughts
occur more severely and/or frequently. Furthermore, the limited water availability after EFR
implementation resulted in an increasing area for water scarcity index values above 1. This means the
demands cannot be met by local renewable water, and thus has to come from non-renewable sources.

Before EFRs are implemented a thorough assessment of their impact should be completed. The
effectiveness of EFRs is much higher in Hungary than in Bulgaria, even though water scarcity rises
significantly in both cases. The formulation of the EFR also impacts both the IHA and the WSI, and should
therefore be carefully considered.

6. Models and scripts

The script used to calculate the Indicators of Hydrologic Alteration can be found on my personal GitHub
page (https://github.com/StevenHosper/CDO_scripts). Any code relevant to the PCR-GLOBWB model
will be made available on the UU-Hydro GitHub page (https://github.com/UU-Hydro/PCR-
GLOBWB_model) when deemed ready.

350f 42



g\‘ll?}% Utrecht
?{{m\§ University

References

Barthel, Roland, Stephan Janisch, Darla Nickel, Aleksandar Trifkovic, and Thomas Hoérhan. 2010. “Using
the Multiactor-Approach in Glowa-Danube to Simulate Decisions for the Water Supply Sector
Under Conditions of Global Climate Change.” Water Resources Management 24 (2): 239-75.
https://doi.org/10.1007/s11269-009-9445-y.

Beek, L. P. H. van, and Marc F. P. Bierkens. 2009. “The Global Hydrological Model PCR-GLOBWB:
Conceptualization, Parameterization and Verification.” Utrecht University.
https://vanbeek.geo.uu.nl/suppinfo/vanbeekbierkens2009.pdf.

Beek, L. P. H. van, Yoshihide Wada, and Marc F. P. Bierkens. 2011. “Global Monthly Water Stress: 1.
Water Balance and Water Availability: GLOBAL MONTHLY WATER STRESS, 1.” Water Resources
Research 47 (7). https://doi.org/10.1029/2010WR009791.

Bisselink, Benny, Chris Jacobs, Emiliano Gelati, Jeroen Bernhard, Ad de Roo, Carlo Lavalle, Lorenzo
Mentaschi, and Marco Adamovic. 2018a. Impact of a Changing Climate, Land Use, and Water
Usage on Water Resources in the Danube River Basin a Model Simulation Study. Luxembourg:
Publications Office.

Bisselink, Benny, Ad de Roo, Jeroen Bernhard, and Emiliano Gelati. 2018b. “Future Projections of Water
Scarcity in the Danube River Basin Due to Land Use, Water Demand and Climate Change.”
Journal of Environmental Geography 11 (3—4): 25-36. https://doi.org/10.2478/jengeo-2018-
0010.

Boretti, Alberto, and Lorenzo Rosa. 2019. “Reassessing the Projections of the World Water Development
Report.” Npj Clean Water 2 (1): 15. https://doi.org/10.1038/s41545-019-0039-9.

Bosmans, Joyce, Niko Wanders, Marc F. P. Bierkens, Mark A. J. Huijbregts, Aafke M. Schipper, and
Valerio Barbarossa. 2022. “FutureStreams, a Global Dataset of Future Streamflow and Water
Temperature.” Scientific Data 9 (1): 307. https://doi.org/10.1038/s41597-022-01410-6.

Casadei, Stefano, Francesco Peppoloni, and Arnaldo Pierleoni. 2020. “A New Approach to Calculate the
Water Exploitation Index (WEI+).” Water 12 (11): 3227. https://doi.org/10.3390/w12113227.

Dankers, Rutger, Ole Bgssing Christensen, Luc Feyen, Milan Kalas, and Ad de Roo. 2007. “Evaluation of
Very High-Resolution Climate Model Data for Simulating Flood Hazards in the Upper Danube
Basin.” Journal of Hydrology 347 (3—4): 319-31. https://doi.org/10.1016/j.jhydrol.2007.09.055.

Esteller, Maria Vicenta, and Carlos Diaz-Delgado. 2002. “Environmental Effects of Aquifer
Overexploitation: A Case Study in the Highlands of Mexico.” Environmental Management 29 (2):
266-78. https://doi.org/10.1007/s00267-001-0024-0.

European Commission. 2000. “DIRECTIVE 2000/60/EC OF THE EUROPEAN PARLIAMENT AND OF THE
COUNCIL - Establishing a Framework for Community Action in the Field of Water Policy.”
European Parlement. https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32000L0060&from=EN.

———. 2016. Ecological Flows in the Implementation of the Water Framework Directive.Guidance
Document No 31 . LU: Publications Office. https://data.europa.eu/doi/10.2779/775712.

———. 2020. Water Scenarios for the Danube River Basin: Future Challenges and Preparedness : A
Foresight Study to Inform Water Management in the Danube River Basin. LU: Publications Office.
https://data.europa.eu/doi/10.2760/134358.

Garnier, J., G. Billen, E. Hannon, S. Fonbonne, Y. Videnina, and M. Soulie. 2002. “Modelling the Transfer
and Retention of Nutrients in the Drainage Network of the Danube River.” Estuarine, Coastal
and Shelf Science 54 (3): 285—-308. https://doi.org/10.1006/ecss.2000.0648.

Gopal, Brij. 2013. “Methodologies for the Assessment of Environmental Flows.” In Environmental Flows:
An Introduction for Water Resources Managers. Cap-Net.

36 of 42



g\‘ll?}% Utrecht
?{{m\§ University

Graaf, Inge E. M. de, Tom Gleeson, L. P. H. (Rens) van Beek, Edwin H. Sutanudjaja, and Marc F. P.
Bierkens. 2019. “Environmental Flow Limits to Global Groundwater Pumping.” Nature 574
(7776): 90-94. https://doi.org/10.1038/s41586-019-1594-4.

Gregori¢, Gregor, Andreja Moderc, Andreja Sudnik, and Maja Zun. 2019. Better Prepared for Drought:
Danube Drought Strategy. Ljubljana: Slovenian Environmental Agency.

Hattermann, Fred F., Michel Wortmann, Stefan Liersch, Ralf Toumi, Nathan Sparks, Christopher
Genillard, Kai Schroter, et al. 2018. “Simulation of Flood Hazard and Risk in the Danube Basin
with  the Future Danube Model.” Climate Services 12 (December): 14-26.
https://doi.org/10.1016/j.cliser.2018.07.001.

Hoch, Jannis Michael, Edwin H. Sutanudjaja, Niko Wanders, Rens van Beek, and Marc F. P. Bierkens.
2022. “Hyper-Resolution PCR-GLOBWB: Opportunities and Challenges of Refining Model Spatial
Resolution to 1 Km over the European Continent.” Preprint. Global hydrology/Modelling
approaches. https://doi.org/10.5194/egusphere-2022-111.

Humphries, Paul, and Darren S. Baldwin. 2003. “Drought and Aquatic Ecosystems: An Introduction:
Drought and  Aquatic  Ecosystems.”  Freshwater  Biology 48 (7): 1141-46.
https://doi.org/10.1046/j.1365-2427.2003.01092.x.

ICPDR. 2021. “Danube River Basin Management Plan - Part A - Basin-Wide Overview.” IC-231. Vienna,
Austria: ICPDR. www.ipcdr.org.

———.2022. “IPCDR.” Icpdr.Org. 2022. https://icpdr.org/main/.

lonita, M., P. Scholz, and S. Chelcea. 2015. “Spatio-Temporal Variability of Dryness/Wetness in the
Danube River Basin: Drought Variability Danube.” Hydrological Processes 29 (20): 4483-97.
https://doi.org/10.1002/hyp.10514.

Jagermeyr, Jonas, Amandine Pastor, Hester Biemans, and Dieter Gerten. 2017. “Reconciling Irrigated
Food Production with Environmental Flows for Sustainable Development Goals
Implementation.” Nature Communications 8 (1): 15900. https://doi.org/10.1038/ncomms15900.

Jakubinsky, Jifi, Monika Blahovd, Lenka BartosSova, Kldra Steinerova, Jan Balek, Petra Dizkova, Daniela
Semeradova, et al. 2019. “Repository of Drought Event Impacts Across the Danube Catchment
Countries Between 1981 and 2016 Using Publicly Available Sources.” Acta Universitatis
Agriculturae et Silviculturae Mendelianae Brunensis 67 (4): 925-38.
https://doi.org/10.11118/actaun201967040925.

Jones, Edward R., Marc F. P. Bierkens, Niko Wanders, Edwin H. Sutanudjaja, Ludovicus P. H. van Beek,
and Michelle T. H. van Vliet. 2022. “DynQual v1.0: A High-Resolution Global Surface Water
Quality Model.” Preprint. Hydrology. https://doi.org/10.5194/gmd-2022-222.

Karabulut, Armagan, Benis N. Egoh, Denis Lanzanova, Bruna Grizzetti, Giovanni Bidoglio, Liliana Pagliero,
Faycal Bouraoui, et al. 2016. “Mapping Water Provisioning Services to Support the Ecosystem—
Water—Food—Energy Nexus in the Danube River Basin.” Ecosystem Services 17 (February): 278-
92. https://doi.org/10.1016/j.ecoser.2015.08.002.

Khaligq, M.N., T.B.M.J. Ouarda, P. Gachon, L. Sushama, and A. St-Hilaire. 2009. “Identification of
Hydrological Trends in the Presence of Serial and Cross Correlations: A Review of Selected
Methods and Their Application to Annual Flow Regimes of Canadian Rivers.” Journal of
Hydrology 368 (1-4): 117-30. https://doi.org/10.1016/j.jhydrol.2009.01.035.

Kiesel, Jens, Andreas Gericke, Hendrik Rathjens, Annett Wetzig, Karan Kakouei, Sonja C. Jahnig, and
Nicola Fohrer. 2019. “Climate Change Impacts on Ecologically Relevant Hydrological Indicators in
Three Catchments in Three European Ecoregions.” Ecological Engineering 127 (February): 404—
16. https://doi.org/10.1016/j.ecoleng.2018.12.019.

Martinez Santa-Maria, Carolina, Jose Anastasio Fernandez Yuste, Javier Sanchez, Fernando Magdaleno
Mas, and Eduardo Garcia. 2008. “lahris: New Software to Assess Hydrologic Alteration.” In

37 of 42



g\‘ll?}% Utrecht
?{{m\§ University

Proceedings of 4th ECRR International Conference on River Restoration 2008. Venecia, ltalia.
https://oa.upm.es/4247/.

Mathews, Ruth, and Brian D. Richter. 2007. “Application of the Indicators of Hydrologic Alteration
Software in Environmental Flow Settingl: Toolsfor Environmental Flow Setting.” JAWRA Journal
of the American Water Resources Association 43 (6): 1400-1413.
https://doi.org/10.1111/j.1752-1688.2007.00099.x.

Mauser, W, R Stolz, M Weber, and M Ebner. 2018. “Integrating and Editing New Scientific Results in
Climate Change Research and the Resulting Impacts on Water Availability to Revise the Existing
Adaptation Strategies in the Danube River Basin.” REVISION AND UPDATE OF THE DANUBE
STUDY. Ludwig-Maximilians-Universitat Munich, Germany: ICPDR.
https://www.icpdr.org/main/sites/default/files/nodes/documents/danube_climate_adaptation
_study_2018.pdf.

Pascoa, Patricia, Célia Gouveia, Ana Russo, Roxana Bojariu, Sergio Vicente-Serrano, and Ricardo Trigo.
2020. “Drought Impacts on Vegetation in Southeastern Europe.” Remote Sensing 12 (13): 2156.
https://doi.org/10.3390/rs12132156.

Pastor, A. V., F. Ludwig, H. Biemans, H. Hoff, and P. Kabat. 2014. “Accounting for Environmental Flow
Requirements in Global Water Assessments.” Hydrology and Earth System Sciences 18 (12):
5041-59. https://doi.org/10.5194/hess-18-5041-2014.

REKK. 2020. “National Energy and Climate Plans in the Danube Region.” REKK. https://energy.danube-
region.eu/wp-
content/uploads/sites/6/sites/6/2021/03/NECP_Danube_Region_REKK_ 2020 final_0215logo.p
df.

Riahi, Keywan, Detlef P. van Vuuren, Elmar Kriegler, Jae Edmonds, Brian C. O’Neill, Shinichiro Fujimori,
Nico Bauer, et al. 2017. “The Shared Socioeconomic Pathways and Their Energy, Land Use, and
Greenhouse Gas Emissions Implications: An Overview.” Global Environmental Change 42
(January): 153—-68. https://doi.org/10.1016/j.gloenvcha.2016.05.009.

Rosenzweig, Cynthia, Kenneth M. Strzepek, David C. Major, Ana Iglesias, David N. Yates, Alyssa
McCluskey, and Daniel Hillel. 2004. “Water Resources for Agriculture in a Changing Climate:
International Case Studies.” Global Environmental Change 14 (4): 345-60.
https://doi.org/10.1016/j.gloenvcha.2004.09.003.

Schulzweida, Uwe. 2022. “CDO User Guide,” October. https://doi.org/10.5281/ZENODOQ.7112925.

Shrestha, Rajesh R., Daniel L. Peters, and Markus A. Schnorbus. 2014. “Evaluating the Ability of a
Hydrologic Model to Replicate Hydro-Ecologically Relevant Indicators: EVALUATION OF
HYDROLOGIC-MODEL-SIMULATED HYDRO-ECOLOGICAL INDICATORS.” Hydrological Processes 28
(14): 4294-4310. https://doi.org/10.1002/hyp.9997.

Stagl, Judith, and Fred Hattermann. 2015. “Impacts of Climate Change on the Hydrological Regime of the
Danube River and Its Tributaries Using an Ensemble of Climate Scenarios.” Water 7 (11): 6139—
72. https://doi.org/10.3390/w7116139.

———. 2016. “Impacts of Climate Change on Riverine Ecosystems: Alterations of Ecologically Relevant
Flow Dynamics in the Danube River and Its Major Tributaries.” Water 8 (12): 566.
https://doi.org/10.3390/w8120566.

Sutanudjaja, Edwin H., Rens van Beek, Niko Wanders, Yoshihide Wada, Joyce H. C. Bosmans, Niels Drost,
Ruud J. van der Ent, et al. 2018. “PCR-GLOBWB 2: A 5 Arcmin Global Hydrological and Water
Resources Model.” Geoscientific Model Development 11 (6): 2429-53.
https://doi.org/10.5194/gmd-11-2429-2018.

Tharme, R. E. 2003. “A Global Perspective on Environmental Flow Assessment: Emerging Trends in the
Development and Application of Environmental Flow Methodologies for Rivers.” River Research
and Applications 19 (5-6): 397-441. https://doi.org/10.1002/rra.736.

38 of 42



g\‘ll?}% Utrecht
?{{m\§ University

Unesco, ed. 2018. Nature-Based Solutions for Water. The United Nations World Water Development
Report 2018. Paris: UNESCO.

Vliet, M. T. H. van, Justin Sheffield, David Wiberg, and Eric F Wood. 2016. “Impacts of Recent Drought
and Warm Years on Water Resources and Electricity Supply Worldwide.” Environmental
Research Letters 11 (12): 124021. https://doi.org/10.1088/1748-9326/11/12/124021.

Vuuren, Detlef P. van, Jae Edmonds, Mikiko Kainuma, Keywan Riahi, Allison Thomson, Kathy Hibbard,
George C. Hurtt, et al. 2011. “The Representative Concentration Pathways: An Overview.”
Climatic Change 109 (1-2): 5-31. https://doi.org/10.1007/s10584-011-0148-z.

Warszawski, Lila, Katja Frieler, Veronika Huber, Franziska Piontek, Olivia Serdeczny, and Jacob Schewe.
2014. “The Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP): Project Framework.”
Proceedings of the National Academy of Sciences 111 (9): 3228-32.
https://doi.org/10.1073/pnas.1312330110.

Weedon, G. P., S. Gomes, P. Viterbo, W. J. Shuttleworth, E. Blyth, H. Osterle, J. C. Adam, N. Bellouin, O.
Boucher, and M. Best. 2011. “Creation of the WATCH Forcing Data and Its Use to Assess Global
and Regional Reference Crop Evaporation over Land during the Twentieth Century.” Journal of
Hydrometeorology 12 (5): 823—48. https://doi.org/10.1175/2011JHM1369.1.

39 of 42



g\‘ll?}% Utrecht
?{{m\§ University

Appendix A

The Climate Data Operators module was used to calculate each of the Indicators of Hydrologic
Alteration. A few of the Hydrologic Parameters of Martinez Santa-Maria (2008) were not incorporated
as they were either poorly understood or difficult to implement with the aim of this study (IAH3, IAH6,
IAH7, IAH 11, IHA17). A Indicator of Hydrologic Alteration is considered as the following:

. . . IHAaltered .
Indicator of Hydrologic Alteration = THA if IHAgiterea < THAenvironmental
environmental
THA i
Indicator of Hydrologic Alteration = I;_;l;lmnmenml if IHAiterea = THAenvironmental
altered

Indicator of Hydrologic Alteration 1 is the annual average discharge. This is calculated by using the
Climate Data Operator function ‘timavg’ in combination with ‘yearavg’. This takes the average of each of
the yearly averages over the time period.

THA1 = Z Qannual

With n being the amount of years in the timeseries and Qannual being the average discharge annually.
Indicator of Hydrologic Alteration 1b is based on the monthly mean discharge. This can result in 12
different indicators or a singular indicator, depending on the choosing of the user. In this study the
monthly mean parameters were averaged to get a single Indicator of Hydrologic Alteration, as to equally
weigh each of the indicators. This was done with the ‘timavg’ (in case of a singular indicator) and
‘ymonavg’ which takes the multi-year average of a month.

IHA 1b = Qmontn

Indicator of Hydrologic Alteration 2 is based on the annual minimum and maximum. With CDO this is
calculated with the ‘yearmax’ and ‘yearmin’ functions. After these have been subtracted the ‘timavg’ is
taken.

Z Qmax - Qmin

n
The Qmaxand Qmin are the annual minimum and maximum values, n is the amount of years.

Indicator of Hydrologic Alteration 4 is based on the difference between the daily 10" and 90%
exceedance percentile. The ‘yearpctl’ operator requires the daily discharge, the yearly maximum and the
yearly minimum. If you have calculated the previous indicators these will all be readily available.

2. Q10 — Qoo

n
Qg and Qo represent the 10" exceedance percentile and the 90" exceedance percentile. The low-flow

Qg is subtracted from high-flow Quo.

IHA 2 =

IHA 4 =
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Indicator of Hydrologic Alteration 5 is based on the average of the maximum daily flows. It uses the
‘“timavg’ of the prior calculated annual maximum values.
IHAS5 = Qpax

Indicator of Hydrologic Alteration 8 is based on the 5" exceedance percentile, correlating to flood
discharge. Combining the ‘yearpctl’ and ‘timavg’ functions.

IHA8 = Qs
Indicator of Hydrologic Alteration 9 is based on the Coefficient of Variability (CV) of the maximum flows
(IHA 5) in the selected time period. It uses the standard deviation of the annual maximum series and the
mean of the annual maxima.

[HA9 = 0 Qmax

max

Indicator of Hydrologic Alteration 10 is based on the Coefficient of Variability (CV) of the 5" exceedance
percentile in the selected time period. It uses the standard deviation of the annual 5" percentile series
and the mean of the annual 5 percentiles.

g
IHA 10 = 909

5
Indicator of Hydrologic Alteration 12 is based on the amount of days that the flood discharge (5%

percentile) is exceeded, called the flood seasonality. This can be a single parameter or 12, depending on
the given choice. A single parameter results in equal treatment of the indicators.
IHA12 =1 — 0.2 *x ABS ( natural — altered)

With natural and altered being the amount of days in the month that the 5 percentile discharge was
exceeded. A increase or decrease of 1 day results in a 0.2 decrease in the IHA parameter, with full
alteration being reached if this changes by 5 days.
Indicator of Hydrologic Alteration 13 is based on the average of the minimum daily flows. It uses the
‘timavg’ of the prior calculated annual maximum values.

IHA13 = Qi
Indicator of Hydrologic Alteration 14 is based on the 95" exceedance percentile, correlating to drought
discharge. Combining the ‘yearpctl’ and ‘timavg’ functions.

IHA 14 = Qqs
Indicator of Hydrologic Alteration 15 is based on the Coefficient of Variability (CV) of the minimum flows
(IHA 13) in the selected time period. It uses the standard deviation of the annual minimum series and
the mean of the annual minima.

0 Qmin
min

Indicator of Hydrologic Alteration 16 is based on the Coefficient of Variability (CV) of the 95%
exceedance percentile in the selected time period. It uses the standard deviation of the annual 95%
percentile series and the mean of the annual 95" percentiles.

g
IHA 16 =  Qos

95
Indicator of Hydrologic Alteration 18 is based on the amount of days that there is no flow (Q =0) in a

month. This can be a single parameter or 12, depending on the given choice. A single parameter results
in equal treatment of the indicators.

IHA18 = 1 — 0.2 * ABS (natural — altered)
With natural and altered being the amount of days that there is zero flow in the natural and altered
regime respectively. One additional or less day of zero flow results in a 0.2 shift of the IHA.

IHA 15 =
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Indicator of Hydrologic Alteration 19 is based on the amount of days that there is a flow lower than the
95t exceedance percentile in a month. This can be a single parameter or 12, depending on the given
choice. A single parameter results in equal treatment of the indicators.

IHA19 = 1 — 0.2 * ABS (natural — altered)
With natural and altered being the amount of days that there is a discharge below the 95" exceedance
percentile in the natural and altered regime respectively. One additional or less day of zero flow results
in a 0.2 shift of the IHA.

Appendix B
As there are over 100 figures with a size of more than 10 MB each the figures have been put into a zip
folder and are available upon request (s.hosper@students.uu.nl).
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