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Abstract
Rotavirus infections are a worldwide health issue. They cause severe diarrhoea with often fatal
consequences. Rotavirus is solely emitted by humans and is spread via the faecal-to-oral route.
Rotavirus has many genetic variations, and this makes the virus persistent and able to survive in a
broad range of environmental conditions. Once the virus is emitted, it finds its way to rivers, which
water is used for drinking water, recreation, cleaning and irrigation. Rivers are thus major sources for
rotavirus infections. These infections can be modelled, and this can help to determine problem areas
and its causes. Model results can help to create more awareness on the role of rotavirus in worldwide
diarrhoea occurrences.
This study aims to simulate future rotavirus concentrations worldwide. To achieve this, previous
pathogen models, GloWPa Crypto C1 and GloWPa Rota H1, were combined and adjusted into a new
model: GloWPa Rota C1.
GloWPa Rota C1 is the first model that simulates rotavirus concentrations in rivers and include
socioeconomic and climate drivers. Socioeconomic inputs vary between communities, wastewater
treatment removals and incidence rates. The model uses temperature, runoff and discharge as climate
factors. Various calculations created scenarios that resulted in emissions and, loads and river
concentrations.
The model was applied to three cases: the first simulated the present (i.e. 2010) conditions and two
different scenarios forecasted the plausible future (i.e. 2050) conditions. The two scenarios are based
on the most recent scenarios developed for the Intergovernmental Panel on Climate Change. They
combine socio-economic development and climate change. The two selected scenarios differ most in
climate characteristics (e.g. temperature) but also deviated in population size and sewer connections.
The scenarios showed overall decreases in emissions and concentrations. Scenario A, a scenario with
a strong focus on human well-being and environmental issues, indicated an annual emission decrease
of 0.4 log1018 and Scenario B, a scenario that prioritizes economic development and technological
innovations with less attention to the environment, showed a decrease of 0.6 log1018 oocysts (viral
particles) compared to 2010. Scenario A showed larger decreases in concentrations than scenario B.
This is explained by better sanitation and less direct emissions. In both scenarios the concentration
hotspots changed compared to 2010. In 2010 the five hotspots were China, India, Brazil, the USA and
Mexico (in gradational order). In Scenario A the hotspots shifted to India, China, Nigeria, Pakistan and
Congo and in Scenario B they shifted to India, China, Pakistan, Nigeria and Congo. These shifts were
related to population growth.
The most influential drivers of rotavirus-river concentrations were the socioeconomic factors. These
drivers include population size and urban and rural emissions. Climate factors lesser affect the results.
I made assumptions for several decay processes and input data. Uncertainties in these assumptions
likely do not undermine the scenario results. The data were overall representative for the two
scenarios. This model preliminary indicates rotavirus concentrations in rives worldwide, which points
at major problem areas and allows to analyse the proximate causes.
The development of GloWPa Rota C1 and my applications provides more insight in rotavirus-river
concentrations worldwide. This model is a pragmatic tool to determine concentrations, emissions and
loads. Results probably contribute to combat diarrhoea by determining the highest emission and
concentration regions. Ideally, this model contributes to achieving Sustainable Development Goal 6:
“Ensure availability and sustainable management of water and sanitation for all”.
VIII

1. Diarrhoea, a leading cause in child deaths
Diarrhoeal disease is the second leading cause of child death under five years old worldwide. Today,
that is translated to approximately 500,000 children per year. Diarrhoea is an infection of the intestinal
track and can be caused by bacteria, viruses or parasitic organisms. Infection is often due to a lacking
sanitation and access to clean (drinking) water (Amouzou, Velez, Tarekegn, & Young, 2016; Lamberti,
Ashraf, Walker, & Black, 2016). Rotavirus (RV) and pathogenic Escherichia coli (E. coli) are the two most
common pathogens of moderate-to-severe diarrhoea in developing countries. Other causes are
Cryptosporidium and Shigella species (Amouzou et al., 2016). Diarrhoea is an issues in developing
countries, but industrialized countries have to combat the disease too (Amouzou et al., 2016). The
above mentioned pathogens are transmitted via water and food (Amouzou et al., 2016). Water can be
contaminated through human faeces and/or animal excretions. Contaminated water can enter the
human body when drunk or via recreational activities, leading to diarrhoea. Food cleaned or irrigated
with contaminated water, as well as seafood originating from contaminated sources, may also cause
diarrhoea incidences. Additionally, deficient hygiene may lead to contamination from person to
person, causing diarrhoea too (Vermeulen, de Kraker, Hofstra, Kroeze, & Medema, 2015).1
Unlike Cryptosporidium, which also has a livestock source, RV is solely present in human faeces. RV
spreads via the faecal-oral route: person to person contact, contaminated food and drinking water,
and open defecation. Therefore, RV is a valuable consequence indicator of poor sanitation (Kiulia et
al., 2015).2 Rotavirus consists out of eight serogroups, A to H. There are three RV groups that cause
human diseases, Rota A, B and C, from which A is the major cause of acute gastroenteritis for infants
and children worldwide (da Silva, Miagostovich, & Victoria, 2016; Kiulia et al., 2015).
Tate et al. (2012) found that 37% of diarrhoea-related deaths and 5% of all child deaths (<5 years) are
related to RV. In 2013 the estimated child deaths due to RV was 215,000. India and Nigeria were the
leading countries in these statistics of 2013, counting 22% and 14% of the total child deaths due to RV
(Tate et al., 2016).
RV vaccinations have been introduced to reduce the number of diarrhoea incidences. RV vaccinations
strengthen the human immune system by inserting human RV strains in a low dose. RV vaccines
introduction decreased the number of severe diarrhoea evidently (World Health Organization, 2013).
Even though RV vaccines seem to be the solution to eliminate child deaths from the diarrhoeal disease
challenges still arise. Glass et al. (2006) stress that the vaccine has been used most in developed
countries. Vaccination effectiveness in developing countries is uncertain. The effectiveness has shown
to differ per country. Furthermore, the development of the vaccines is costly and not available to the
ones who need it the most (developing countries). Last, awareness of the seriousness of RV infections
and appreciation for the vaccines lacks. RV incidence registration absence created a knowledge gap on
the burden of the disease. Once awareness rises, RV vaccines will be valued more (Glass et al., 2006;
Parez et al., 2014). Thus, so far, vaccinations might be a successful manner to eliminate RV but is
unrealistic to be implemented worldwide in the near future. RV remains an important contributor to
child deaths worldwide, as seen in studies from Tate et al. (2016) and Tate et al. (2012). RV is a
pathogen that has been monitored over the years, resulting in relatively high data availability

1

http://www.who.int/news-room/fact-sheets/detail/diarrhoeal-disease;
https://data.unicef.org/topic/child-health/diarrhoeal-disease/
2
https://www.rivm.nl/Onderwerpen/R/Rotavirus
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compared to other pathogens. Therefore, RV is a suitable subject for research on diarrhoea related
research.
Water quality is thus a major component in RV spreading and the diarrhoeal disease. RV water
contamination is partly caused by sewage, faecal waste from septic tanks and latrines (Vermeulen et
al., 2015).1 The United Nations (2018) stated that in 2015, 892 million people still practised open
defecation. The seriousness of adequate sanitation and human health is reflected in the Sustainable
Development Goals (SDGs). SDG 6 is: “Ensuring availability and sustainable management of water and
sanitation for all”. Sub goal 6.2 is related to the diarrhoea issue, “by 2030, achieve access to adequate
and equitable sanitation and hygiene for all, and end open defecation, paying special attention to the
needs of women and girls and those in vulnerable situations” (United Nations, 2018). 3 In order to
achieve SDG6.2 it is important to simulate future water pathogen concentrations and distribution to
determine diarrhoeal diseases evolution in the future. Although RV data is available (e.g. emissions
and incidences), detailed information on concentrations and spatial distribution the virus are lacking.
Modelling can fill these gaps and support future decision making regarding RV (Kiulia et al., 2015).
The GloWPa model (Global Waterborne Pathogen model) simulates global emissions and distribution
of pathogens to land and rivers. There are various variations of this model. GloWPa has been used for
both Cryptosporidium and rotavirus. Based on various formulas, past, current and future emissions and
distribution are calculated in GloWPa, allowing hotspots determination (areas with high emissions)
(Hofstra, Bouwman, Beusen, & Medema, 2013; Vermeulen et al., 2015). There are two versions of the
GloWPa model: GloWPa-Crypto and GloWPa- Rota (Hofstra et al., 2013; Kiulia et al., 2015).
So far, GloWPa-Rota simulated rotavirus emissions. But what happens ones the emissions enter the
environment? Which factors affect RV concentrations in rivers? What can we expect to happen in the
future? These questions that have not been answered yet. This study is aimed to answer those
questions, allowing simulation of future rotavirus concentrations in rivers The GloWPa model can be
adjusted to simulate rotavirus-river concentrations by including both socioeconomic and climate
aspects, creating a coherent image. Such a model will allow risk assessments, creates concrete data on
problem areas, support sanitation strategies, and allocate emission and concentration hotspots (Kiulia
et al., 2015).

1.1.Research aim
This study aims to assess future concentrations of rotavirus in rivers worldwide using the GloWPa-Rota
model. Therefore, the main research question (RQ) is: How are future rotavirus (serogroup A)
concentrations in rivers worldwide expected to change based on the shared socioeconomic pathways
and representative concentration pathways? To answer the research question pathogen model
GloWPa must be altered. Therefore, more information on RV instream decay and other factors on the
virus’ concentrations must be gathered. Available data on RV should be incorporated in the model
allowing it to run different scenarios (description of possible events). Once the model can simulate RV
concentrations in rivers, the model is used to develop scenarios. Scenarios simulate future
concentrations. To accomplish these steps, the following sub-research questions will be answered.
RQ1.

What are factors that affect rotavirus concentrations in rivers?

RQ2.

How can rotavirus ‘river concentrations be modelled?
i.
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What models have been used to model rotavirus or any other virus/pathogen in rivers?

https://www.un.org/sustainabledevelopment/water-and-sanitation/
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ii.
What adjustments need to be made to these models to model rotavirus in rivers (new
model: GloWPa Rota C1)?
RQ3.

What are possible scenarios for the future?
i.
ii.
iii.
iv.

Which existing scenario (s) can be used as an input for Rota C1?
What data is used in model GloWPa Rota C1 and does it need any conversions?
What are present and future rotavirus emissions and river concentrations?
What is the performance of the GloWPa Rota C1?

1.2.Reading guide
The three sub-research questions are addressed in the coming chapters of this study. Each chapter
discusses a separate research question. Chapter 2 goes into detail on the background of rotavirus.
Furthermore, factors that influence the rotavirus decay rate are explored. Chapter 3 discusses existing
models that helped creating a new model for RV. The chapter contains more information on GloWPa
RV H1 and explains the new concentration model. Chapter 4 describes the scenarios for 2050. In
Chapter 5, the new model (GloWPa Rota C1) is explained and used to analyse rotavirus-river
concentrations of two scenarios. At the end of each chapter the results are deliberated. The thesis
finishes with an overarching discussion where the main uncertainties are defended, and a conclusion
on the main findings of my study. These can be found in Chapters 6 and 7.

3

2. Rotavirus, prevalence in surface waters
2.1. Methodology
To answer RQ1, that focusses on RV survival in rivers, the scientific literature was reviewed. The
review’s scope was limited to factors influencing the emissions and RV river concentrations. Prevention
of the rota disease and infections (e.g. vaccines and hygiene measures) were excluded from this study.
The literature review provided more knowledge about RV in general as well as on the abovementioned topics. Scientific literature was obtained via Google Scholar and Scopus. The first selection
was based on the relevance of the title, followed by reading the abstracts of the literature. In addition,
websites from UNICEF, WHO and the RIVM were used for more general information on RV and
diarrhoeal disease. This chapter first discusses the socioeconomic factors. Then, the climate factors are
discussed separately.

2.2. Rotavirus emissions
RV concentrations in rivers start at the source, human excretion/emissions. Population size is a main
driver for RV emissions. Population growth is influenced by economic growth. Coale and Hoover (2015)
stressed that low income countries tend to have high birth and death rates. High birth rates are due to
an embedded habit/occurrence, where children must sustain their parents at older age. With mortality
rates being high, a high birth rate is the only way to secure your future. When the economy of such
country improves, death rates will continue to decline due to better health care and an overall
improvement of the quality of life. Shortly after, the birth rates will descent too as. Population change
is thus inseparable from economic growth (Coale & Hoover, 2015).
RV has complex genetic characteristics; therefore, emissions differ greatly in decay sensitivity. There
are eight RV variations from which group A (RVA, in this study also referred to as RV) is the most
infectious to humans. RVA solely has a human source and is distributed via the faecal-oral route (Araud,
Shisler, & Nguyen, 2018; Kiulia et al., 2015). RVA is divided into different serotypes based on the VP7
and VP4 protein. VP7 protein is the outer capsid glycoprotein and determines the G (glycoprotein).
VP4 is the spike protein and determines the P (protease sensitive). There are G serotypes and 27
different Ps from which at least six G genotypes (G1-G4, G9 and G12) and three P genotypes (P4, P8
and P6) are found in humans. The diversity in genetic compositions is partly responsible for the RV
infection outbreaks that still occur these days (Araud et al., 2018; da Silva et al., 2016). Besides the
genotypes there are multiple factors and processes that influence the river concentrations. Emissions
can enter the environment directly or indirectly when wastewater treatment is in place.

2.3. Influences on rotavirus concentrations in rivers
After RV is emitted, the virus load is affected in various ways until it reaches the water. Once, being
present in the water other processes take place that further break down the virus. This section
provides an overview of the different climate factors that determine RV concentration in rivers after
shedding.

2.3.1.

Wastewater treatment

Once RV is emitted, connected emissions are partly distributed to wastewater treatment systems. RV
removal by wastewater treatment (WWT) depends on the treatment type, season and geographical
area. WWT is divided into three phases: primary treatment, secondary treatment and tertiary
treatment. Primary treatment consists out of sedimentation, in secondary treatment biological
processes with activated sludge take place. Here, all remnant particles are removed. Using anaerobic
(without oxygen) and aerobic (with oxygen) treatment allows biological organic compound removal
from wastewater. Tertiary treatment can consist out of different methods, pathogens inactivation and
4

non-soluble substances removal takes place via e.g. coagulative precipitation, UV light, chlorination
and membrane bioreactors (Kiulia et al., 2015). An alternative tertiary method is a wastewater
treatment pond, where an average of on log10 virus reduction is found (Kiulia et al., 2015). Quaternary
WWT is usually a membrane filter that performs reverse osmosis (Wintgens et al., 2005). Verbyla and
Mihelcic (2015) translated the RV removal by WTT as follows: 20% removal for primary treatment,
97.5% removal for primary followed by secondary treatment and 99.21% removal when tertiary
treatment is added. Improvements in wastewater treatment systems and better WWT systems
implementation will decrease the RV discharge to the environment.
Additionally, economic growth is also seen as a driver for sewer systems expansion. Scenarios also
indicate wastewater treatment improvements remain limited in areas with limited economic growth
(Van Puijenbroek, Bouwman, Beusen, & Lucas, 2015).

2.3.2.

Runoff and discharge

Once RV reached the environment, there is a certain fraction from the land that ends up in rivers due
to precipitation. This is called the runoff. Runoff occurs partly via precipitation but is also affected by
irrigation of land and geographical factors like the land gradient (Vermeulen, 2018; Vermeulen et al.,
2015). Pathogens (for example Cryptosporidium) also decay during the runoff process. (Rafieepour,
Ghamari, Mohammadbeigi, & Asghari, 2015; Vieira et al., 2016). In the end, changes in runoff have a
direct consequence for the river concentrations (Rose et al., 2001).
Once the runoff reaches the river, discharge becomes an influencer for RV concentrations. Discharge
is the volume that flows through a river. The larger the discharge the more diluted the concentrations
are. Discharge determines the virus’ residence time in one place and consequently affects the decay
due to water temperature and UV exposure (Hofstra, 2011; Rose et al., 2001). For example, a decrease
of 20% in discharge leads to an increase of 0.3°C in water temperature. Where an increase in discharge
of 20% resulted in a decrease of 0. 2°C in water temperature (Van Vliet, Ludwig, Zwolsman, Weedon,
& Kabat, 2011). River discharge is also influenced by precipitation. The more rainfall, the larger the
discharge volume (Hofstra, 2011).

2.3.3.

Temperature

Temperature is another climate factor on RV river concentrations. RV is known as a persistent virus
that can exist under various circumstances. RV is still thermostable between 50°C and 56°C (da Silva et
al., 2016). Accordingly, RV had a 2 log10 reduction in river waters at 20°C in 10 days. In tap water at
4°C no significant drop was detected (da Silva et al., 2016). Kraay et al. (2018) confirmed the impact on
RV’s decay rate by water temperature. From the literature study performed by Kraay et al. (2018),
consisting out of 39 experiments, a median decay rate of 0.056 per day was set. This corresponds to a
survival time of 18 days. The following formula for RV decay (K) in water at a certain temperature (T)
was used by Kraay et al. (2018):
𝐿𝑜𝑔 (𝑘(𝑇) = −2.5 + 0.78(𝑇 − 25) + 1.2 𝑋𝑛𝑎𝑡

Equation 1

In equation 1, Xnat is the indicator variable and used to quantify natural water sources. Xnat is set to
1 in Kraay et al. (2018) simulation as Xnat did not affect the results significantly. For this formula the
multiplicative change in decay rate per 1°C at 0.078 (β1). 1.2 (β2) represents the microbes decay rate
that are present in natural water sources. Kraay et al. (2018) set the formula for different water source
types. Their paper showed that interaction between the water type and temperature on their data set
remained limited.
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Water temperature is affected by air temperatures and industrial water discharge (with unnatural
temperatures, e.g. due to its cooling function (Hofstra, 2011). Air temperature also influences the river
discharge (van Vliet et al., 2013).

2.3.4.

Sedimentation

Another instream factor on pathogens is sedimentation. Though, RV is too small for sedimentation
(Kraay et al., 2018). Sedimentation is the physical occurrence where RV would settle down in water.
The small virus size means that settlement in stream is not expected. Sedimentation was considered
as a factor on RV concentrations in rivers as other pathogens like Cryptosporidium do settle
(Vermeulen, 2018).

2.3.5.

Ultraviolet radiation

The last environmental factor to be considered for RV decay is ultraviolet radiation (UV). UV has a
damaging effect on RV genetic characteristics (Araud et al., 2018; Li, Gu, He, Shi, & Yang, 2009; Qiu et
al., 2018). Araud et al. (2018) claimed that UV radiation affects the RV genome. The authors stressed
that inactivation by UV and visible light is possible, depending on reactive oxygen species (ROS)
formation and viral proteins’ stability. ROS are likely to react with microbes in water and become
natural sensitizers. These sensitizers can destabilize RV by damaging capsid proteins like VP7 (and VP2
and VP6, which are less common). Last, VP8 can also be damaged by UV and visual light radiation
without the presence of exogenous sensitizers but a decay rate based on UV was not provided (Araud
et al., 2018). Li et al. (2009) and Qiu et al. (2018) also detected RV concentration reductions after UV
treatment.
Figure 1 shows the pathway of waterborne pathogens and the socioeconomic and climate influences.
In black, RV’s pathway is shown. The orange and blue boxes indicate the added socioeconomic and
climate influence on RV concentrations and emissions.

Figure 1 Rotavirus pathway, indicating climate and socioeconomic effects in orange and blue. The
sedimentation part is removed from the pathway of rotavirus to water as this is not applicable for GloWPa
Rota C1 (Coale & Hoover, 2015; Hofstra, 2017).

6

2.4. Discussion: rotavirus survival
This chapter addressed the influential factors on RV survival in rivers. The literature indicates that
emissions are influenced by excretion rates, population size and wastewater treatment. The climate
factors temperature, discharge, runoff and UV radiation affect RV concentrations instream.
Sedimentations is negligible as an instream decay factor for RV as it unlikely to occur due to RV’s size.
The minor chance of sedimentation argues for ignoring as a factor on RV concentrations in rivers.
Literature on the exact UV radiation effect on RV decay rates is scarce. The identified studies had
different focusses (e.g. Araud et al. (2018) looked at the role of reactive oxygen species on RV
inactivation by UVA and visible light). Li et al. (2009) and Qiu et al. (2018) discussed multiple RV
detection methods and show a decreased RV concentration after UV treatment. Still, information on
UV doses in relation to RV inactivation is missing in these papers. Relations between UV and RV decay
were briefly mentioned but these numbers were not consequent or robust enough to use in a model.
Due to a limited time, I decided to leave UV out of the scope of my study. Sensitivity analysis of
Vermeulen (2018) on Cryptosporidium-river concentrations showed little sensitivity to solar radiation.
Therefore, the UV radiation exclusion is not expected to affect the model results.
Background knowledge on RV is important for the establishment of a model that simulates RV river
concentrations. The right knowledge results in founded decisions for the model.

2.5. Conclusion: rotavirus survival
Chapter 2 answers research question one. It provides a literature overview on both climate and
socioeconomic factors that affect RV river concentrations.
The concentrations are foremost determined by RV excretion, the source of RV concentrations in the
environment. Thereafter, five factors on RV river concentrations stand out: discharge, runoff,
sanitation, temperature and wastewater treatment. Other environmental factors were left out. UV
impact on decay lacks scientific evidence and is therefore excluded from the scope of the new model.
Assumptions and generalizations are thus required. This helps to further improve the model and can
be considered whilst examining the results of my study.
Summarizing, this literature study provided more insight in influential factors on RV river
concentrations. Knowledge on socioeconomic and climate factors provide input for the new RV
concentration model.
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3. Modelling rotavirus concentrations in rivers
This chapter reflects on RQ2 on how RV in rivers can be modelled. Here, the existing models GloWPa
Crypto C1 Vermeulen (2018) and GloWPa Rota H1 by Kiulia et al. (2015) are discussed. The models are
a continuation of each other and form the base of the new Rota C1 model. Their mechanisms and
possible adjustments for modelling RV concentrations, based on Chapter 2, are evaluated. In the end
this results in a new model, GloWPa Rota C1 (see Section 3.2).
Rota H1 modelled the human emissions worldwide. GloWPa Rota H1 is the adjusted GloWPa Crypto
H1version and estimates the worldwide RV emission distribution for 2010. GloWPa Rota H1 especially
focusses on the incidence, excretion rate where GloWPa C1 additionally considers instream survival of
the pathogen Cryptosporidium (Kiulia et al., 2015; Vermeulen, 2018).

3.1. GloWPa Rota H1 and Crypto C1
GloWPa Rota H1 (Kiulia et al., 2015) estimates the human RV emissions for the year 2010. GloWPa RV
H1 results are plotted at 0.5 x 0.5 degree latitude x longitude grid (Kiulia et al., 2015). There are three
main compartments: human excretion, RV incidences, and wastewater treatment.
Main drivers for human excretion are population, sanitation access and excretion by the population.
RV H1 estimates the total human emissions (H) by the following formula:
𝐻 = 𝑃 ∙ 𝐹𝑠𝑎𝑛 ∙ 𝑉𝑝 ∙ 𝐹𝑠𝑤
-

Equation 2

P = country population;
Fsan = fraction of the population using sanitation facilities (connected to sewer, direct
emissions, emissions on the land);
Vp is the viral particles excretion rate per person; and
Fsw the fraction that reaches the rivers (and is not removed by wastewater treatment or left
behind on the land).

The third model compartment simulates wastewater treatment. RV H1 considers primary to tertiary
wastewater treatment. RV removal is calculated by multiplying the removal rate times the population
fraction that uses the treatment system:
𝐹𝑟𝑒𝑚 = 𝐹𝑝 ∙ 𝑅𝐸𝑝 ∙ 𝐹𝑠 ∙ 𝑅𝐸𝑠 ∙ 𝐹𝑡 ∙ 𝑅𝐸𝑡
-

Equation 3

Frem= fraction removed;
F= population fraction;
RE= RV removal rate; and
p, s, t = primary, secondary and tertiary wastewater treatment

The WWT removal rates depend on the used techniques. Primary treatment consists out of
sedimentation, secondary treatment uses chlorination or activated sludge treatment, and tertiary
treatment applies various techniques like UV radiation and chlorination.
GloWPa Crypto C1 is the first model to model Cryptosporidium river concentrations. The model
combined Crypto H1 with Crypto L1 (livestock) and added environmental factors to the model. These
include the runoff (transport from land to water), discharge (flow in the river), water depth and travel
time, and the survival rate. In stream survival consists out of temperature, solar radiation and
sedimentation (this is for Cryptosporidium, not RV) (Vermeulen, 2018). Crypto C1 is the base for Rota
C1 instream survival, adjusted to RV.
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Crypto C1 consists out of six main scripts that run in statistical program R. The model comprises four
parts, indicated in Figure 2 with different colours: green) animal excretion, orange) human excretion,
blue) hydrology and pink) RV survival in rivers.

Figure 2 GloWPa Rota C1 model schematic overview based on Hofstra et al. (2013). The inputs are indicated in
squared boxes and the model scripts(.R) are indicated by the boxed with rounded edges. Outputs are shown
in plane text. The colours indicate the different compartments of de model. The yellow circled scripts are the
main model scripts that run.

3.1.1.

Adjusting GloWPa RV H1 and Crypto C1 into Rota C1

The adjustments of GloWPa RV H1 to Crypto C1 were minor as most of the model was already
completed. RV H1 was simply adopted for the new model as values and calculations were already set
according to RV. Most changes were made (to Crypto C1) in the working paths and altering fixed values.
The foremost changes in Crypto C1 were the climate aspects that were converted to RV.
The first input data adjustment was eliminating the animal excretion in the Crypto C1 part of the
model. To run the model for RV, the animal prevalence was set to zero. Concentrations caused by
cattle (and other animals) were removed and not considered in the Rota C1.
The Crypto C1 instream survival compartment was adopted by Rota C1. Crypto C1 considered three RV
survival components: i) temperature, ii) UV radiation and iii) sedimentation. Based on the literature
from Section 2 the UV and sedimentation parts were removed from the Survival_instream.R script.
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These sections had insufficient information available to include in the model as discussed in Section 2
(Araud et al., 2018; Kraay et al., 2018; Li et al., 2009). The other scripts remained the same.
Last, a new compartment was added to the model to allow for a Scenario Analysis. Here, gridded
human emissions are compared. Creating new plots that visualise the differences between scenarios.

3.2. The new GloWPa Rota C1 model
GloWPa Rota C1 models future RV emissions and river concentrations. The model provides an
indication of the problem areas and the concentration proximate causes. This section elaborates on
the model structure.

3.2.1.

Schematic overview

GloWPa Rota C1 comprised three compartments: human emissions, runoff to rivers, and the instream
survival. A schematic GloWPa Rota C1 overview is given in Figure 2 where the scripts are circled in
yellow. The first scripts set the settings of R to run the model. The diffused emission script runs to
calculate human diffused emissions. The second script is optional as a fixed runoff fraction is used in
the third script rather than diffused concentrations. The third and fourth script run calculations for RV
emissions. The fifth script comprises the influences on RV emissions before they reach rivers and
include RV survival instream. The final script compares emissions between scenarios.
Input data differs per category. The model uses annual data on population fractions. Climate data as
temperature and hydraulic data are monthly based. GloWPa Rota C1 uses set values for the incidence
rates and RV removal, allowing a pragmatic model use for past, current and future scenarios (see
Chapter 2).
GloWPa Rota C1 considers both climate and socioeconomic aspects. The consequences of the climate
and socioeconomic changes were given in Figure 1. Rota C1 included socio economic aspects via
population size, population fractions (age division, sewer connections, discharge) and HDI. Climate
drivers are included via temperature as a decay driver. Additionally, surface runoff and discharge were
included too.

3.2.2.

Script overview

Rota C1 comprises seven scripts. Here, the scripts are explained, and an overview of the ins and outputs
are given.
1. ConfigurationV3.R
Reads the csv files of animal emissions and rotavirus parameters.
Input:
-

Csv file with parameters for the livestock model; and
Csv file with parameters for the concentration model.

2. Calling_diffuse_emissions.R (optional)
The second script reads the data on animal excretion, prevalence and parameters that affect the RV
survival. This script creates an overview of animal excretion survival and runoff. Note that this part
must be performed for the rest of the model even though RV is not excreted by animals. To eliminate
their concentrations the prevalence was set to zero.
It must be noticed that the human diffused emissions were excluded for this study. Data on diffused
emissions was not available and therefore set to zero in the fifth script. This is therefore optional.
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Input:
-

Csv file with parameters for the livestock model.

Output:
-

Csv file with survival of livestock excreta.

Subscripts: Manure_storage.R and Diffuse_emissions.R
3. Configrota.R
Configrota.R sets the values for human excretion, incidence rates and removal efficiencies to prepare
the model for further RV calculations. Furthermore, it reads the data regarding the population,
sanitation and wastewater treatment. Last, data frames and grids are created.
RV configuration is different per Scenario And thus requires separate runs to set the model accordingly
for script 4.
Input:
-

Csv file with population fractions regarding age, sewer connections and wastewater treatment
systems; and
Population grids on urban and rural populations.

4. Rota_final.R
Script 4 calculates the human emissions. Data that was read in script 3 is used to create data frames
and grids.
This script must be run separately per scenario to create human emission values according to the
population file of the scenario.
Input: (see script 3)
Output:
-

Csv file with calculated average emission per population head;
Gridded human RV emissions; and
Various pie charts about the human emissions in the United Kingdom and Nigeria.

5. Calling_concentrations.R
Script 5 runs calculations for the survival and RV concentration distribution, using three subscripts. The
human diffused emissions are set to zero in the subscript Diffuse_runoff.R to avoid a double addition
of the runoff fraction that was read in script 3.
It is important to note that the subscripts are run and use data sets on hydrology and RV survival. These
data sets may differ per scenario. Therefore, this model compartment must run per scenario when
performing a Scenario Analysis. Calling concentration script and its subscripts require input data
modifications accordingly.
Inputs:
-

Hydrology data: river geometry, runoff, discharge; and
Temperature data.

Outputs:
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Csv file with data on the RV concentrations: (diffused concentrations) and loads per month.

Subscripts: Survival_instream.R, River_geometry.R, Diffuse_runoff.R and Routing.R
6. Compare_scenarios.R (optional)
Script 6 allows for a comparison between emissions of the different scenarios. This is also possible for
loads and concentrations, with minor adjustments in this script regarding input files and plot settings.
Input:
-

Csv files (of different scenarios) with calculated average emission per population head; and
Gridded data on human RV emissions.

Output:
-

Comparison plots: base maps, scenario emission comparisons to 2010.

7. Concentration_plot.R (optional)
This final script plots various concentration plots.
Input:
-

Gridded RV concentrations; and
Diffused emissions.

Output:
-

Decay plots;
Regional concentration plots;
Source dominance plots: visualising diffuse and point source dominance; and
World Health Organization pollution categories maps.

3.3. Discussion: model
Rota C1 models RV river concentration by including socioeconomic and climate factors. The model
considers socioeconomic factors population, excretion, incidences and wastewater treatment. Climate
factors include temperature, discharge and runoff. The model is based on previous GloWPa versions
GloWPa Crypto C1 and GloWPa Rota H1. In addition, rotavirus specific characteristics derived from
scientific literature were added or adjusted. Though, there are several discussion points.
First, the human diffused emissions are set to zero in the fifth script. When open defecation is
practiced, faeces enter the environment. Part of these faeces and thus RV will enter rivers. Information
availability on the runoff fraction was lacking. Due to the complexity of the matter a constant was
chosen. A runoff fraction of 0.025 was used (as in RV H1). Runoff fraction inclusion is an essential
compartment for the surface concentration calculations. GloWPa Crypto C1 sensitivity analysis
resulted in little sensitivity to runoff fractions (Vermeulen, 2018). Therefore, the use of a constant is
sufficient and will not affect the model results.
Second, in the Calling_concentration.R script, where the instream survival calculations are performed,
UV is removed from the new model. The literature review, however, shows that UV radiation evidently
affects RV genetics (Araud et al., 2018; Li et al., 2009; Qiu et al., 2018). Due to an information lack on
the precise UV radiation effects on RV decay in water, this is excluded from the model. However, the
UV radiation elimination from GloWPa Rota C1 will probably not overestimate the river
concentrations. This is confirmed by Vermeulen (2018), where solar radiation had little effect on
Cryptosporidium. My study eliminates UV from its scope as too little is known on UV effects on RV
concentrations. In combination with time limitations there was not room for further research on UV
radiation.
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Third, temperature is the only climate driver on RV decay included in the survival instream model
compartment. Expected temperature increases are abundantly discussed in literature. However,
gridded water temperature data is not available yet. Therefore, I added a general (atmospheric)
temperature change to the 2010 water temperature data. However, the temperature increases should
apply water temperature increases and not air temperature increases. Although a general temperature
change will not be valid for every region in the world, it does enable scenario analysis. Creating the
plausible scenarios and allowing scenario comparison with lacking data is difficult. Last, Vermeulen
(2018) stresses that the model is not sensitive to changes in temperature. With RV as a more persistent
pathogen than Cryptosporidium, Rota C1 is likely even less sensitive to these changes.
Last, fixed excretion-rate fractions regarding, and incidences and RV prevalence remain uncertain. The
assumption that people do not differ much, allowed to use average incidence rates. The values may
deviate in time and spatially, creating an uncertainty in the regional results. However, on country scale
will be accurate as country data is used. This results in an average emission value, without peaks and
lows. As seen, emissions, incidences and prevalence are important to include in the model since they
are main drivers for pathogen concentrations in rivers (Vermeulen, 2018). How these values will evolve
is unpredictable at this stage. Therefore, literature-based values are the best solution for inclusion in
Rota C1. In the end, this model aims to indicate problem areas and not just the differences per person.
The model is the first to simulate rotavirus-river concentrations worldwide. GloWPa Rota C1
encompasses climate and socioeconomic factors. The model uses several constants that are based on
scientific literature creating a pragmatic simulation.

3.4. Conclusion: model
Chapter 3 answered RQ2 on modelling rotavirus-river concentrations. The Rota C1 model is constituted
out of previous pathogen models and new literature findings. Rota C1 is established out of
socioeconomic and climate factors. The new model helps determining RV concentration in rivers
worldwide and allows hotspot allocation. Last, the model can be used for scenario analysis to simulate
future (and current) RV concentrations.
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4. Scenario establishment
4.1. Socioeconomic pathways and representative concentration pathways
This project focusses on the future RV-river concentrations. To give a realistic representation of the
evolution of the concentrations both climate and socioeconomic aspects need to be considered for the
GloWPa-Rota model. Therefore, the Representative Concentration Pathways (RCPs) and the Shared
Socioeconomic Pathways (SSPs) were reviewed to answer RQ3, creating exploratory scenarios.
The Intergovernmental Panel on Climate Change (IPCC) used RCP and SSP scenarios to cover social
economic and climate changes (Kebede et al., 2018; Van Vuuren & Carter, 2014). RCPs describe climate
scenarios based on greenhouse gas emissions, air pollutants and land use. Changes in atmospheric
composition affect the radiative forcing of the climate system. SSPs disregards climate change and
solely describes possible trends in the societal development, related to e.g. economic development,
population growth and technological innovations.
The RCPs focus on future climate aspects, looking at radiative forcing. The IPCC requested these RCPs
in 2007 as a follow up to the SRES. There are four RCPs with different radiative forcing levels. The RCPs
are developed using different models and serve as an input to General Circulation Models (GCMs) that
project climate change related variables (Kok, 2016). The RCPs are based on literature and are further
simulated until 2100 (IIASA, 2013). GHG emissions, radiative and chemically active gasses are the focus
of the RCPs database. Radiative forcing is used as an indication of the incoming and outgoing energy
in the atmosphere and serves as an index of potential climate change mechanisms (expressed in W/m2)
(IIASA, 2013; Wayne, 2013). Four RCPs are in place. RCP8.5 represents a scenario where greenhouse
gas emissions will continue to increase over time. RCP6 is a stabilization scenario where the total
radiative forcing is stabilized after 2100. RCP4.5 is also a stabilization Scenario But with lower emission
levels than RCP6. Last, RCP2.6 represents a scenario where greenhouse gas emissions decrease
substantially over time (Wayne, 2013). RCPs do not consider social aspects within their scenarios,
therefore the SSPs were developed and released in 2012.
The SSPs focus on the worldwide socioeconomic conditions. The SSPs were established in 2012, revised
in 2016 and are complementary to the RCPs. SSPs allow emission scenarios with and without the
implementation of climate policies (Van Vuuren et al., 2014). This is something RCPs do not provide as
an option. SSPs framework was established in combination with climate forcing (RCPs) that resulted in
the matrix of Figure1. Additionally, RCPs and SSPs can be used to evaluate climate impacts and
mitigation and adaptation measures.4
Five SSPs have been established that all have different characteristics. SSP1 represents a future where
a more sustainable path is chosen, and environment is a high priority. SSP2 follows a middle way, which
does not deviate, from historical patterns. SSP3 characterises a future where regional conflicts have
the overhand. There is less attention for environmental issues and international cooperation is limited.
SSP4 emphasizes on growing inequality. SSP4 focuses on middle and high-income areas. Last, SSP5
describes a future where globalization, economic growth and innovation are key features. There is a
strong reliance on fossil fuels and environmental concerns are lacking. Figure 3 reflects these
characteristics and addresses the challenges regarding mitigation and adaptation. The adaptation
challenges are mentioned on the X-axis and on the Y-axis, the mitigation challenges are shown. The
figure shows that SSP3 faces the most challenges and SSP1 the most optimistic scenario is in Figure 3
(O’Neill et al., 2017).

4

https://unfccc.int/sites/default/files/part1_iiasa_rogelj_ssp_poster.pdf
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Figure 3 Five shared socioeconomic pathways (SSPs) representing different combinations of challenges to
mitigation and to adaptation based on O’Neill et al. (2017).

SSPs are driven by four socioeconomic drivers: population, education, urbanization and economic
development. Population considers age, sex and fertility and mortality. Furthermore, there are various
assumptions made regarding these aspects e.g. the effect of female education on reproduction. SSP2
and SSP5 have the smallest population size and SSP3 the largest by 2100. Education continues to
increase in most SSPs. Only in SSP3 and SSP4 the level of education drops slightly by the end of this
century. With respect to urbanization, SSP3 has the lowest urbanization rate (of 60%) and SSP1 SSP4
and SSP5 have the highest rate (of 92%). Last, economic projections are based on the world’s Gross
Domestic Product (GDP), which is highest in SSP5 (Riahi et al., 2017). A combination of RCPs and SSPs
projects a coherent future image including socioeconomic and climate aspects.

4.2. Rota C1 Scenario development
As RCPs and SSPs complement each other, the two scenario types can be combined into new scenarios.
Van Vuuren and Carter (2014) compared the SSPs and the RCPs to the previous Special Report on
Emission Scenarios (SRES) from 2010. Comparison is based on various aspects of the pathways, for
example population, income and climate projections. This results in the combinations: RCP8.5 and
SSP3, RCP6.0 and SSP2, RCP4.5 and SSP1 , and RCP8.5 and SSP5 (Van Vuuren & Carter, 2014). Van
Vuuren and Carter (2014) stressed that a combination between RCP2.6 and any SSP based on the SRES
is impossible. Kok (2016) additionally counter argued (to Van Vuuren and Carter (2014)) that some of
their combinations are not possible (RCP8.5 x SSP3) and proposes different combinations as shown in
Table 1. Instead of looking at previous scenarios, Kok (2016) considered the likelihood and credibility
of the combination of RCPs and SSPs. The author elaborated that multiple RCPs and SSPs combinations
are impossible. In conclusion, the main combination RCP8.5 x SSP5 was proposed by both Kok (2016)
and Van Vuuren and Carter (2014).
The combinations RCP2.6 x SSP1 (Scenario A) and RCP8.5 x SSP5 (Scenario B) were used for the study.
These combinations are the extremes of the spectrum and most likely to occur. They thus generate
the most realistic outcome. The decision for RCP2.6 x SSP1 and RCP8.5 x SSP5 was also made for
practical reasons. van Vliet et al. (2013) contained the required hydrology data for RCP2.6 and RCP8.5
available. Using existing data saved time which was limited for this study.
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Table 1 Likelihood of global integrated scenarios. The RCP x SSP matrix that indicates impossible combinations
and estimates the likelihood for possible combinations globally based on Kok (2016).

4.3. Scenario descriptions
4.3.1. Scenario A: A prosperous future
In Scenario A RCP2.6 and SSP1 are combined which results in a situation where there is a gradual shift
towards sustainability. There is a strong emphasis on the environment, sustainable energy and human
well-being. This is foremost the case in developed countries. Economic growth is important, but wellbeing is even more prioritized. Still, developing countries tend to focus more on economic growth but
only when this is does not result in environment expenses (O’Neill et al., 2017). Scenario A is a scenario
with the least adaptation and mitigation challenges. This is due to several socioeconomic and climate
aspects.
Scenario A involves many investments in education and healthcare. Access to universal and higher
education is important and enhanced via new policies. Well-being is translated in healthcare and
improvement in sanitation services, benefitting human health. Increasing human capital and
supporting measures for human well-being has its effects (O’Neill et al., 2017).
In Scenario A the population has the smallest population growth compared to the other SSPs (IIASA,
2018b; Jones & O’Neill, 2016). Scenario A has a global population size of 8,459 million people
worldwide – where in 2010 the global population counted 6,869 million according to IIASA (2018b).
This relatively slight change is a result of prioritizing human well-being blend with environmental
protection. The investment in human capital lead to a decrease in population growth. Knowledge
investments in combination with technological innovations accelerate the demographical shift in
developing countries (moving towards the replacement rate). Subsequent, the population size is
relatively small (Jones & O’Neill, 2016; O’Neill et al., 2017; Riahi et al., 2017).
The GDP per capita increases and the economy is blossoming. Markets are integrating and opening.
Global markets become more common which allows developing countries to join too. However, the
focus on globalization causes a decrease the incentive to for local specialization which means a
limitation in trade volume. With economic growth, inequalities diminish, and social cohesion will
increase. Urban areas will expand and are seen as sustainable practices hotspots (O’Neill et al., 2017).
Sanitation and WWT are improving in Scenario A. This is a result of stricter environmental regulations,
focus on health and well-being, and a decrease in inequality. Urban populations are mostly connected
to tertiary WWT plants. Quaternary treatment becomes more common, especially in the industrialized
countries. In developing areas, the transition is slower. Therefore, not everyone is connected to the
sewer system and backlog in ratio to the population growth. Hence, open defecation does eradicate
(Van Puijenbroek et al., 2015). Quaternary wastewater treatment was introduced to the Rota C1
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model. Quaternary wastewater treatment has different technical options to be applies. Reverse
osmosis is a membrane method that can be used as quaternary wastewater treatment (Wintgens et
al., 2005).
The focus on the environment leads to dissociation from fossil fuel use, stricter environmental policies
and more support for sustainable technologies and environmental protection. Green technologies
have a more positive perception than today. Therefore, taxes are divided differently and subsidies for
environmental technologies stimulate innovations and technologies. With more advanced
technologies energy access is improved. The shift towards sustainability results in a society where
consumption is orientated on a low resource and energy intensity that has positive effects on climate
change (O’Neill et al., 2017).
Strict environmental policies, sustainable technologies and environmental protection results in
positive climate values. According Wayne (2013) there is a 40% decrease in methane and nitrogen
dioxide emissions and does RCP2.6 have a CO2 equivalent of 1370 parts per million (ppm). A decline
in Greenhouse Gas (GHG) emissions results in a global temperature increase of 1.5°C. This is below the
target of 2°C (Riahi et al., 2017; Rogelj, Meinshausen, & Knutti, 2012).
Last, the discharge will be similar to 2010 and the runoff will too. Both depend on water temperature
and precipitation. In this scenario the precipitation slightly increases. From an increase of 1.5% to 3%
compared to 1980 (in simple daily intensity: average daily precipitation on wet days) (Sillmann, Kharin,
Zwiers, Zhang, & Bronaugh, 2013). Discharge is presumed to decrease slightly. Knowing that
temperature increases lead to decreases in river discharges (van Vliet et al., 2013; Van Vliet et al.,
2011). With a temperature rise of 1.5°C this is kept to a minimum.

4.3.2.

Scenario B: Development and wealth

Scenario B is market driven, focussing on economic development. Here, investments are made in
technologies, global markets and human capital. Especially the digital revolution contributes to
knowledge sharing. This leads to a growing number of global institutions and coordinating.
Sustainability and environment only gain priority when it affects economic growth (Jones & O’Neill,
2016; O’Neill et al., 2017; Riahi et al., 2017).
The economical mind set in Scenario B is translated in investments in human health, education and
human and social capital. On national scale institutional changes are stimulated to accommodate
competitive markets via a decrease in corruption, stricter laws and removal of barriers that
disadvantage certain population groups. Worldwide, social cohesion is improving, inequity decreasing,
and political participation strengthened. This leads to less conflicts. However, tension is cause by the
mismatch in market-oriented views and traditional views during transition phases. On intercontinental
level cooperation on economic, development and security policies are pursued. These international
policies are translated into international actions that are used in case of regional conflicts. Further
globalization is caused through strengthened institutions that support market penetrations and that
lower market barriers (O’Neill et al., 2017).
SSP5 has similarities to SSP1 but the main difference is the driver for investments in education, health
services etc. which is economic and social development instead of pure human well-being in SSP1.
Education access, improvement in health services e.g. sanitation, and new energy technologies are all
reflected in the economic growth. Educational access is also improved due to economic development.
Economic development, the elixir of human health and education, is stimulated by development
policies that are related to human capital. Finally, this results in a decrease in poverty and thus a
growing middle class (O’Neill et al., 2017).
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Tightening the income gap is also a result from globalization and international trade. Incomes per
capita in increasing at a high speed in lower income countries. Meanwhile, industrial countries
maintain the focus on economic growth. Consumerism and resource-intensive behaviour is common
in these countries. Developing countries shortly adopt this consumer patter (O’Neill et al., 2017).
SSP5 has a global population of 8,558 million people (IIASA, 2018b). The middle class is growing,
income per capita is increasing and inequalities are decreasing. In developing countries, the birth rate
declines while in developed countries the birth rate increases due to positive prospects. Furthermore,
urbanization continues rapidly. Governments struggle to maintain the conditions of the city due to the
rapid migration from rural to urban areas (Jones & O’Neill, 2016; O’Neill et al., 2017).
Sanitation development is comparable to Scenario A: Sanitation is improved worldwide. However,
Scenario B is more progressive with its focus technological development. Developing countries are
better connected to sewer systems than in Scenario A, a higher percentage is connected in general
and quaternary treatment is commonly used (in 2050). The difference to Scenario A can be explained
by the emphasis on innovation, fast pace of development and focus on economic growth (Van
Puijenbroek, Beusen, & Bouwman, 2019).
Within Scenario B little attention is paid to the environment. The environment has more priority on a
local scale as the effect on human well-being is noticed sooner. For instance, air and water pollution
are directly noticed and can cause a threat to human health. Another environmental aspect is land use.
To sustain the modern lifestyles of a growing population agricultural productivity is challenged. Not
only new agro-technology is required to sustain the population’s needs, deforestation continues too.
Eventually, land and environmental systems are decidedly managed around the world (O’Neill et al.,
2017).
The reliance on fossil fuels impact the environmental quality but also technological innovations.
Technological development is important for the economy. Especially labour productivity, fossil energy
supply and natural resource management are focus points. In Scenario B the emphasis lays on
productivity rather than sustainability. The maximum fossil fuel exploration has more environmental
consequences. Related to the main driver the lifestyles relay on fossil fuels and energy is consumed
intensively. Therefore, Scenario B has which challenges to mitigation (Kriegler et al., 2017; O’Neill et
al., 2017).
With a fossil fuel-based society continues to emit GHGs. In RCP8.5 the CO2 equivalent is 1370 ppm,
this is 28 times higher than RCP2.6. There is also an increase in methane (CH4) and nitrogen dioxide
(N2O). Increasing GHG emissions and continuation of fossil fuel exploitation leads to a 4.9°C
temperature increase (Kriegler et al., 2017; Rogelj et al., 2012; Wayne, 2013).
This temperature increase and a change in precipitation will affect the discharge and runoff. Here, an
increase in both is expected. Precipitation will increase to 6% - from an increase of 1.5% in 2010
compared to 1980- in simple daily intensity (Sillmann et al., 2013). The increase in precipitation will
lead to a larger runoff. Additionally, the temperature increase of 4.9°C will lead to a decrease in river
discharge, greater than in Scenario A (van Vliet et al., 2013; Van Vliet et al., 2011). Though, the
difference to Scenario A is minor (Van Vliet et al., 2016).

4.4. GloWPa Rota C1 data
Data for the scenarios was obtained via different institutions (online sources and literature) like IIASA
and personal connections within the university like the obtainment of the hydrology data from M.T.H.
van Vliet (Van Vliet et al., 2016). The hydrology data included water temperature (for 2010), river
runoff and discharge.
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Temperature
Water temperature data was derived from Van Vliet et al. (2016) 2010 data. For the scenarios the
increase in air temperature (Kriegler et al., 2017; Rogelj et al., 2012; Wayne, 2013) were added. Water
temperatures originate from River Basin Model (RBM). This model calculates the water temperature
for a specific stream segment. The model is based on i) upstream water temperature / inflow, ii)
temperature exchange at the surface (interaction between air and water) , and iii) inflow / temperature
of the incoming water. RBM uses outputs from the Variable Infiltration Capacity model (Van Vliet et
al., 2011).5
Runoff and discharge
Van Vliet et al. (2016) provided the discharge data for the two scenarios. Both scenarios have an
increase around 4% compared to 1971-2000. Scenario A has a slightly larger discharge than Scenario
B. Their research showed a lower discharge in 2050 than in 2010. Their difference- between 2010 and
2050 – were also rather small (approximately 1% compared to 1971 – 2000) (Van Vliet et al., 2016).
Five climate models (earth system model, ESM) were used to cover the physical processes and
feedbacks in atmosphere, ocean, cryosphere and land surfaces. The different GCMs have relatively
rough resolutions leading to smaller scaled processes and feedbacks not being properly modelled. For
this study, five different Earth System Models (ESMs) i) GFDL-ESM2M, ii) HADGEM2-ES, iii) IPSL-CM5AIR, iv) MIROC-ESM-CHEM, and v) NORESM1-M. ESMs are the successors of GCMs; including
biochemical processes and responses to forcing due to GHG emission. The models have different
focusses, depending on the interest / specialization of the developers. Combining the models resulted
in a more robust result as all kind of expertise are included (Flato, 2011). Additionally, literature was a
significant source for data extraction as well as the previous experiences with GloWPa.
The runoff fraction in Rota C1 is set at 0.025. Meaning, a 0.025 fraction of the faeces reaches rivers.
This value originates from manure mobility (Ferguson, Croke, Beatson, Ashbolt, & Deere, 2007). The
Kiulia et al. (2015) model assumes the same runoff factor for RV as RV mobilization is the comparable
to manure runoff. RV is more complex, considering wet events, runoff amount and weather conditions.
RV runoff was not considered in this study’s scope. According to other studies the effect of runoff on
pathogen concentrations in surface water is nihil compared to socioeconomic factors (Vermeulen,
2018). Therefore, it is likely that it will neither have a major effect on RV concentrations in rivers.
Population
Next to climate data, GloWPa Rota C1 requires socioeconomic data: population size, sewer connection,
wastewater treatment etc. Population dynamics will change in the future. Expected population sizes
per country, in rural and urban areas, and age divisions were adjusted according to the data from IIASA
(2018a, 2018b). Base year 2010 is based on Van Puijenbroek et al. (2015). This was not adjusted to
IIASA (2018b) to maintain a single data source (see Table 2). HDI values from Klugman (2010) were
used, assuming the HDI will not change nor exceed the HDI boundary of 0.785.
The human emissions are divided into two age categories: ≤5, and 5> as incidence rates differ.
Additionally, the incidence rate depends on the economic status of a county and is based on their
Human Development Index (HDI). Rota C1 uses 0.24 diarrhoea episodes per person per year for
children under five in developing countries with HDI lower than 0.785. This is based on a study
performed in Brazil. In industrialized countries this is 0.08 for children under five. This number is
5

https://www.wur.nl/en/Research-Results/Chair-groups/Environmental-Sciences/Water-Systems-and-GlobalChange-Group/research/Water-pollution-assessments-1/RBM.htm
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derived from a study in the Netherlands. The other part of the population is estimated at a RV incidence
rate of 0.01. The excretion rate is determined at 7 × 1010 genome copies per case per episode (Kiulia
et al., 2015). These values were based on the study of Kotloff et al. (2013). The shedding rate is
estimated at 7.4 x 1010 gnome copies per RV case per day. This number is based on multiple studies in
different countries where sewage concentrations ranged from 3.12 x 103 to 2.8 x 106 gnome copies per
litre sewage (Kiulia et al., 2015).
Sewer connection and wastewater treatment
Sanitation services are expected to change in both scenarios. Connected population in both urban and
rural environments were derived from 2010 data used in Rota H1 (Kiulia et al., 2015) and the fraction
that is connected in total from Van Puijenbroek et al. (2015). Additionally, the fraction that is
connected to a sewer system, as well as the WWT implementation were gathered via Van Puijenbroek
et al. (2019).
In the model, the primary treatment removal is set at 20% for RV, 97.5% is set to be removed when
primary treatment is followed by secondary treatment. In case of all three treatments a removal
efficiency of 99.21% is in place(Kiulia et al., 2015).
In scenarios A and B quaternary WWT is introduced. The removal efficiency of 0.9999 was used for
quaternary wastewater treatment. this is a practical value as there are all kinds of quaternary
treatment possibilities and every RV removal rate for all systems are known. Van Puijenbroek et al.
(2019) stated that the removal efficiency of nutrients in quaternary treatment which is 11% higher
than tertiary removal, which results in a removal fraction of 1.1. Assumingly, quaternary treatment will
not completely remove RV as it is this depends on the kind of method and cannot have a removal
fraction above one. Therefore, the removal efficiency was set to 0.9999.
In the end the population and their relation to sanitation were divided accordingly:
-

Connected and non-connected fractions in urban and rural areas;
Non-source fractions in urban and rural areas: pit latrines and septic tanks;
Diffused emission fraction: open defecation in rural areas; and
Direct emission fraction: open defecation in urban areas.

The above categories are based on total population fractions connected to a sewer system, and
fractions connected to the WWTPs provided by Van Puijenbroek et al. (2015). Sanitation data for SSP1
is based on 2010 data and the population that will be connected to a sewer system. First, the
separation between high and low HDI countries was made, using the 0.785 border. Afterwards, various
calculations were required to determine the fractions connected in both rural and urban
environments.
Urban population connected fraction
For high HDI countries, when:
𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 − 𝑚𝑖𝑛. 𝑟𝑢𝑟. 𝑐𝑜𝑛 > 𝑢𝑟𝑏𝑎𝑛 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛

Condition 1

Then, for high HDI:
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑢𝑟𝑏𝑎𝑛 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 = 𝑢𝑟𝑏𝑎𝑛 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛

Equation 4

If condition 1 is not true, then:
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑢𝑟𝑏𝑎𝑛 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 = 𝑡𝑜𝑡. 𝑝𝑜𝑝. 𝑐𝑜𝑛 − 𝑚𝑖𝑛. 𝑝𝑜𝑝. 𝑢𝑟𝑏. 𝑐𝑜𝑛

Equation 5
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For low HDI countries, when:
𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 − 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑟𝑢𝑟𝑎𝑙 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 > 0.9 ∙ 𝑢𝑟𝑏. 𝑝𝑜𝑝

Condition 2

Where:
𝑀𝑖𝑛. 𝑟𝑢𝑟. 𝑐𝑜𝑛 = 𝑟𝑢𝑟. 𝑝𝑜𝑝 ∙ 𝑓𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑟𝑢𝑟𝑎𝑙 2010

Equation 6

𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑢𝑟𝑏𝑎𝑛 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 = 0.9 ∙ 𝑢𝑟𝑏𝑎𝑛 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛

Equation 7

Then:

If the condition 2 is not true, then:
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑢𝑟𝑎𝑙 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 = 𝑚𝑖𝑛. 𝑝𝑜𝑝. 𝑟𝑢𝑟. 𝑐𝑜𝑛

Equation 8

Rural population connected fraction
𝑃𝑜𝑝. 𝑟𝑢𝑟. 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 = 𝑚𝑖𝑛. 𝑟𝑢𝑟. 𝑐𝑜𝑛 + (𝑡𝑜𝑡. 𝑝𝑜𝑝. 𝑐𝑜𝑛 − 𝑢𝑟𝑏. 𝑐𝑜𝑛 − 𝑚𝑖𝑛. 𝑟𝑢𝑟. 𝑐𝑜𝑛) Equation 9
Non-source fraction
The population that uses septic tanks and pit latrines was determined differently for Scenario A and B:
Scenario A: For now, I assumed that open defecation in urban and rural areas is eradicated. Therefore,
the remaining population that is not connected was assigned to non-source. Zero open defecation was
assigned to Scenario A.
Scenario B: Here, I assumed that a maximum of 99% of the non-connected population in low HDI
countries has access to pit latrines and septic tanks. In high HDI countries this is 100%. This
presumption was made because there SSP1 and SSP5 had a minimal difference in general. SSP5 deals
with stronger urbanisation, larger population growth and prioritizes human well-being less than SSP1.
In urban areas the assumption of zero open defecation was applied. Though, for rural areas a second
condition was added. The 2010 non-source population was used as a reference source.
When:
𝑝𝑜𝑝. 𝑟𝑢𝑟. 𝑛𝑜𝑛 𝑠𝑜𝑢𝑟𝑐𝑒2010 ≤ 𝑟𝑢𝑟. 𝑛𝑜𝑛. 𝑐𝑜𝑛

Condition 3

Then:
𝑟𝑢𝑟𝑎𝑙 𝑛𝑜𝑛 𝑠𝑜𝑢𝑟𝑐𝑒 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑛𝑜𝑛 𝑠𝑜𝑢𝑟𝑐𝑒 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 2010.

Equation 10

If this was not the case, it was assumed that the entire non-connected population has access to pit
latrines and septic tanks. Here, low HDI countries were limited to 99%.
Direct and diffused emission fraction
Direct emissions were set to only occur in urban areas and diffused emissions to occur solely in rural
areas. As mentioned, Scenario A presumes zero direct nor diffused emissions. In Scenario B, the
previous calculated population fractions were subtracted from 1. Thus, 1 minus the urban fractions
resulted in the direct emission fraction. The same was applied for rural areas but resulted in the
diffused emission fraction.
The input data and its sources are shown in Table 2. This table gives an indication of the differences in
scenarios.
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Table 2 Input data and sources overview GloWPa Rota C1 * The population input data of 2010 originated from Van Puijenbroek et al. (2015) ** The total world population input to GloWPa Rota C1
was slightly lower than in this table. Data from some countries were not included as these countries were not included in the base scenario 2010 with database (Van Puijenbroek et al., 2015).
Input

2010

Scenario A

Scenario B

Constants

Source

Constants

source

Constants

Source

Population *
(total, < 5 yrs.,
5> yrs.)

6,869 million;
635.5 million children <5
(World) **

IIASA (2018b) and
Van Puijenbroek et al.
(2015)

8,459 million;
372.8 million children <5
(World)**

IIASA (2018b)

8,558 million;
394.5 million children <5
(World)**

IIASA (2018b)

HDI

x

Klugman (2010)

x

Klugman (2010)

x

Klugman (2010)

Shedding rate

7.4 x 1010 gnome copies
per RV case per day

Kiulia et al. (2015)

7.4 x 1010 gnome copies
per RV case per day

Kiulia et al. (2015)

7.4 x 1010 gnome copies
per RV case per day

Kiulia et al. (2015)

RV episodes

0.24 <5 yrs. low HDI;
0.08 <5 yrs. high HDI;
0.01 5> yrs.

Kiulia et al. (2015) and
Kotloff et al. (2013)

0.24 <5 yrs. low HDI;
0.08 <5 yrs. high HDI;
0.01 5> yrs.

Kiulia et al. (2015) and Kotloff et
al. (2013)

0.24 <5 yrs. low HDI;
0.08 <5 yrs. high HDI;
0.01 5> yrs.

Kiulia et al. (2015) and Kotloff et
al. (2013)

Runoff fraction

0.025

Ferguson et al. (2007) and
Kiulia et al. (2015)

0.025

Ferguson et al. (2007) and Kiulia
et al. (2015)

0.025

Ferguson et al. (2007) and Kiulia
et al. (2015)

F connected / direct /
diffused /
non-source

x

Van Puijenbroek et al.
(2015)

x

Van Puijenbroek et al. (2015)

x

Van Puijenbroek et al. (2015)

WWT RV removal

Primary 0.20;
Secondary 0.975;
Tertiary 0.9921;
Quaternary 0.9999

Van Puijenbroek et al.
(2015)

Primary 0.20;
Secondary 0.975;
Tertiary 0.9921;
Quaternary 0.9999

Van Puijenbroek et al. (2019)
and Van Puijenbroek et al.
(2015)

Primary 0.20;
Secondary 0.975;
Tertiary 0.9921;
Quaternary 0.9999

Van Puijenbroek et al. (2019)
and Van Puijenbroek et al.
(2015)

2010 data +4.9°C

Kriegler et al. (2017)
Rogelj et al. (2012), Wayne
(2013) and
Van Vliet et al. (2011)

x

Van Vliet et al. (2016)

Water temperature

x

Van Vliet et al. (2011)

2010 data + 1.5°C

Kriegler et al. (2017)
Rogelj et al. (2012), Wayne
(2013) and
Van Vliet et al. (2011)

Surface water runoff and
river discharge

x

van Vliet et al. (2013) and
Van Vliet et al. (2011)

x

Van Vliet et al. (2016)
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4.5. Discussion: scenarios
Two scenarios for 2050 were established based on the RCPs and SSPs in combination with 2010 data.
The scenarios differed most in their temperature, population size and rural emissions. Various
assumptions were made in the scenarios which require more explanation.
The expected temperature increases were obtained from scientific studies. Due to lacking temperature
data a general increase was assumed in both scenarios. Here, temperature change likely notably differs
per region. Additionally, the temperatures were increases in atmospheric temperature and not water
temperatures. Temperature was one of the main drivers for RV decay in the C1 model, and the
assumption was a pragmatic solution to include expected temperature changes for the future. A
general increase in temperature could have caused a deviation in instream RV decay. However, the
temperature difference between the scenarios is larger than using water-temperature changes. A
larger difference is likely to result in better (sensitivity)analysis of the water temperature effects on RV
concentrations.
Moreover, climate aspects discharge and water temperature showed a level of uncertainty. River
discharge data (from 2010) was sensitive to vegetation, parameterization of soils, and meteorological
forcing data. Besides, discharge data affected water temperature data too. Besides the sensitivity to
discharge, water temperature is highly sensitive to the temperature of the source stream (Van Vliet et
al., 2012).
From the sensitivity analysis by Vermeulen (2018) the temperature effect on pathogen concentrations
in rivers was nihil. Therefore, the uncertainties in the pragmatic temperature increases to water
temperature did presumingly not influence the GloWPa Rota C1results. Vermeulen (2018) claimed that
river discharge did influence the pathogen concentration results. Though, by using five different
climate models most uncertainties in discharge were covered (Flato, 2011).
Next, the assumption for zero open defecation and 100% use of pit latrines and septic tanks in Scenario
A was based on the SSP1profile. O’Neill et al. (2017) mentioned SSP1 is a slightly slower developing
scenario compared to SSP5. In 2050 SSP1 is probably not as economically developed as SSP5. It is
possible that open defecation is not entirely excluded by 2050. Though, SSP1 prioritizes human health
and well-being the most compared to other SSPs (O’Neill et al., 2017; Riahi et al., 2017). Therefore, an
elimination of open defecation in SSP1 was expected.
Additionally, Scenario A implied a zero open defecation fractions as human well-being was a high
priority in this scenario. Scenario B coped with a greater population growth and urbanization than
Scenario A. With less care for human well-being it was assumed that favelas are still present in Scenario
B. Therefore, the open defecation in rural and urban regions was included in Scenario B’s data.
The population fraction non-source in Scenario B was based on 2010 data as a pragmatic solution for
missing data. The limit of 99% connection to a sewer system in low HDI countries allowed a fraction
for open defecation. The non-source assumption was based on the expectations of increases in wealth
and technological availability in developed and developing countries (O’Neill et al., 2017; Riahi et al.,
2017).
In all three cases, the wastewater treatment removal efficiency was an assumption. This was a
pragmatic decision to run the model. Removal efficiency is based on literature that support the use of
these numbers as Hofstra et al. (2013) explains. Especially for quaternary treatment, Van Puijenbroek
et al. (2019) identified an improvement in water purification and support the assumption of an
increased RV removal efficiency compared to tertiary removal.
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Furthermore, RV vaccinations were not included in the scenarios as it remained uncertain how this will
evolve in the future. Glass et al. (2006) and Parez et al. (2014) foreseen several hurdles to the vaccines.
Especially costs, appreciation for the vaccines and effectiveness in developing countries are uncertain.
Vaccines affect the viral RV particle excretion which affects RV emissions. For now, there are too many
uncertainties in the vaccine’s evolution. When more information about the development of the
vaccines is known they can be incorporated in the scenarios. Such scenarios may help to better
understand the potential importance of vaccines for RV concentrations in rivers.
Last, population data of the scenarios consisted out of two data sources: IIASA (2018b) and Van
Puijenbroek et al. (2019). These data sets were combined calculating sewer connected population
fractions. Data from IIASA (2018b) was used to estimate the total population per country, population
per age category and population in urban and rural areas. Van Puijenbroek et al. (2019) delivered data
on percentages that were connected to wastewater treatment and the total population connected to
a sewer system. The population connected to a sewage system data from Van Puijenbroek et al. (2019)
was numeric and not fractional. The data from Van Puijenbroek et al. (2019) were based on different
population values, causing a mismatch in numbers. However, combining the two data sources was
necessary to calculate the input values of GloWPa Rota C1. IIASA (2018b) was the only source for
population values and Van Puijenbroek et al. (2019) the most reliable source for sewage fractions. The
combination of two data sources was not expected to majorly influence the results. The population
values for 2010 of both databases matched and the 2050 population sizes only showed minor
difference between the datasets (IIASA, 2018b; Van Puijenbroek et al., 2019).
Establishing different scenarios based on both socioeconomic and climate aspects created two
coherent future images. The two scenarios were based on scientific research and were the most
contradicting scenarios possible.

4.6. Conclusion: scenarios
In total two scenarios for 2050 were established that are based on IPCC’s SSPs and RCPs. The scenarios
answer RQ3.i and 3.ii; which scenarios can be used as in input for the new model and what data is
used. A combination of socioeconomic and climate aspects enhances the future image for the model.
The main difference between the scenarios are the focus points and temperature increases. Scenario
A is the most optimistic scenario where population growth is kept to a minimum, investment in green
sustainable developments are made and human well-being is a priority. Scenario B, development and
wealth, prioritized economic growth and sustainability and human well-being are solely considered
when there are economic benefits involved.
The scenarios provide input for a scenario analysis of RV river concentrations for 2010 and 2050. Their
differences allow an analysis of two plausible futures.
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5. Rotavirus-river concentrations analysis
For this study the model ran for the base year 2010, Scenario A and Scenario B. In total 15 runs were
performed, from which five per scenario. The five runs were based on different hydrology data that
was created by Van Vliet et al. (2016). Here, the runoff to rivers and discharge were calculated for five
alternative climate scenarios within the data of base year 2010, SSP1 and SSP5 (used scenarios for this
study).

5.1. Rotavirus future river concentrations
From the model multiple results were created that can be compared. This section discusses three focus
points in the analysis: results per scenario, the differences between Scenario A and B, and a
comparison of the scenarios to 2010. This section first discusses the emissions, followed by an analysis
of the river concentrations and loads. This way phenomena before and after RV reaching rivers were
studied.

5.1.1.

Rotavirus emissions

Scenario A and B portrait decreased RV emissions by 2050 compared to 2010. Figure 4 indicates the
annual oocysts emissions per country and the difference in emissions compared to 2010 are shown in
Figure 5. These emission values are based on the human population, excretion rate and incidence rate.
There is a minimal variation between the two scenarios. The plots are similar and have the same
indications in almost every country. Furthermore, little variation to 2010 emissions is detected.
Scenario A has higher emission values than Scenario B. The total emission of 2010 is 2.4 x 10 18 log10
oocysts per year. In Scenario A the emissions are 2.0 x 1018 log and in Scenario B the total emissions
are simulated at 1.8 x 1018 oocysts per year. The average emissions in 2010 are estimated at 9.2 x 1012
log10 oocysts per year per country. In Scenario A this is 7.6 x 1012 and in Scenario B 7.0 x 1012 oocysts
per year. The blue tones indicate a decrease and the red tones an increase in oocysts per year. Most
of both maps in Figure 5 is blue, indicating a decrease in emissions. Though, emissions in hotspots
Afghanistan, parts of Africa, India, Indonesia and Pakistan continue to increase. This is related to
increasing populations. The IIASA data (IIASA, 2018b) ranks these countries in the top 35 largest
increases worldwide.
Both scenarios show general decreases in emissions. Interesting to see is that Scenario A, described as
the most sustainable and prosperous future, has higher total emission values than B but lower
concentrations than B. An explanation for the high emissions is the WWT. Scenario B is more focussed
on technological development and therefore has a higher fraction connected to WWT systems than
scenario A. The expected improving sanitation and wastewater treatment in combination with higher
population fractions being connected to a sewer system. These expected developments led to lower
emissions. One side note is that increasing connected populations did not directly mean less discharge
to waters. Pipeline were not necessarily connected to a wastewater treatment plant and could effluent
directly to water bodies. Every country considered in this study had some level of wastewater
treatment, except for Somalia. Scenario A had a 72% mean value of the connected population having
WWT too. In Scenario B this was slightly higher, 74% (Van Puijenbroek et al., 2015)
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Figure 4 Human rotavirus emissions per country in log10 oocysts per year: i) reference year 2010, ii)
Scenario A, iii) Scenario B. Scenario A has a smaller population size than Scenario B.
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Figure 5 Difference in log10 oocysts per year to 2010 per scenario. The blue colours indicate a decrease in
oocysts per year and the red tones an increase in oocysts per year.

5.1.2.

Rotavirus concentrations

Five climate models were used to simulate RV concentrations. The differences in output are reflected
in Figure 6 (the scenarios are found in APPENDIX A and APPENDIX B). Here, the overview of annual
rotavirus concentrations in rivers in 2010 is given. The plots are based on five climate models (ESMs).
There is a nihil difference between the outcomes per climate model for all three cases. This is shown
in Figure 6 but also in the two scenarios in APPENDIX A and APPENDIX B. This is not surprising as the three
cases have a discharge mean in the same range (Van Vliet et al., 2016). As the difference between the
ESMs are minor and do not affect the analysis for this study, the solely the results of one ESM,
Geographical Fluid Dynamics Laboratory (GFDL), are discussed.
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Figure 6 Rotavirus annual mean river concentrations 2010 (log10 oocysts annually) for five different ESMs.

The baseline plot (Figure 7A) marks rotavirus concentrations in rivers per region. Algeria, the west
coast of Brazil, Colombia, Ecuador, Mexico, Nigeria, India, Peru, South-Africa, Tunisia, Turkey,
Venezuela and Zimbabwe belong to the reddest coloured areas on the map. These areas are the
concentration hotspots. Alaska, Australia, New Zealand, Russia, Scandinavia and the Amazon are at the
other end of the spectrum, their low concentrations are indicated in green and blue.
Scenario A has lower concentrations than 2010 and marks the same hotspots as 2010 (shown in Figure
7B). Overall, the annual concentration mean is lower than in 2010. Exceptional regions are Japan,
Zimbabwe and the horn of Africa which changed colour from green to yellow and from orange to red.
Increases in African regions are related to increasing population and open defecation in both urban
and rural areas (low HDI). Japan is more exceptional, as it is a developed country here rural emissions
increase. In 2010, there was no rural emission assigned to Japan.
Scenario B also shows lower concentrations than 2010. Figure 7C marks the same high and low
concentration countries as Scenario A and 2010. Though, the concentrations in high concentrations
countries are slightly higher than in Scenario A, assigned with a redder colour.

28

Figure 7 Annual rotavirus-river concentrations A) 2010, B) Scenario A, C) Scenario B. The concentrations are
given on a Log scale, the redder the area the higher the concentrations.

The concentration difference between the scenarios is minor. Analysing the differences in
concentrations compared to 2010 shows the increasing concentration areas more precisely.
Differences of the scenarios to 2010 are plotted in Figure 8, where the red areas indicate an increase
and the blue areas a decrease in oocysts per litre. The decreases in Scenario A are generally larger than
in Scenario B. Furthermore, Scenario B has few areas more that show increasing concentrations
compared to Scenario A. These areas are Tanzania, and Turkey.
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Scenario B showed larger and higher concentrated hotspots. The increased hotspots in Scenario B are
explained by higher rural emissions than in Scenario A. The concentrations in the reddest parts are
related to high(er) rural emissions. In both scenarios the rural areas were less benefitted with
sanitation and wastewater treatment. Additionally, Scenario A did not include any direct and diffused
emissions that were present in Scenario B. Resulting in a difference in total annual numbers and plots.

Figure 8 Concentrations differences compared to year 2010 per scenario on a log scale.

Annual loads can support the concentration results. Loads are the emissions combined with the runoff
that end up in the river (expressed in log10 oocysts loads). This is different from the river
concentrations, where instream decay processes have been applied. Loads thus provide information
on the role of runoff and instream phenomena. Figure 9 shows the total loads of the three cases. Load
hotspots are mainly in the urban areas, where high population density is in place. Figure 9 highlights
these areas in red (e.g. China, India, Europe and coastal areas of the U.S.A).
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Both scenarios showed fewer red areas than 2010 and was translated to Figure 10. Here, the difference
in total annual loads per scenario compared to 2010 is shown. Scenario A and B majority is blue
(decreasing loads), except for with some countries in red. Increases in loads are seen in Central and
Western Africa. Scenario B shows more red areas than Scenario A, implicating higher loads than
Scenario A. Countries that stand out are Canada and Tanzania, which are blue in Scenario A and orange
in Scenario B.

Figure 9 Annual loads comparison on a log scale.
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Figure 10 Annual loads differences compared to 2010 per scenario on a log scale.

There are areas with high emissions and low river concentrations, such as Brazil and central Africa. The
most logical reasoning for this is by the presence of water bodies. The Sahara is and was white (Figure
7) due to water absence in this region. The Amazon, being green, is explained by the large river basin:
The Amazon Basin. This is the largest river basin in the world and dilutes RV loads (Meade, Rayol, Da
Conceicão, & Natividade, 1991; Vieira et al., 2016). Additionally, these areas are sparsely populated.
The urban areas, with high population densities, tend to have higher concentrations.
Three different cases (baseline 2010, Scenario A and Scenario B) provided results on emissions, loads
and concentrations. Scenario A showed the most prosperous decreases. Though, Scenario B also
showed overall decreases but had slightly higher increases in certain areas. The difference between
the scenario results were minimal and related to minimal deviations in main drivers as emissions and
discharge. Multiple aspects required more explanation to support the scenario analysis results.
Discussion points were the assumptions in the results, the scenarios visualization and the model itself.
Interesting to see, that a growing population led to (generally) lower emissions, loads and
concentrations. Geographically, it shows concentrations are similarly distributed in all three cases.
Hence, it should be noted that developing countries, especially in Africa, are expected to worsen. The
emission plots were generated per country. Population sized were directly linked to human emissions
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which was reflected in Figure 4. The reddest areas also had large population numbers. The difference
between Scenario A and B in concentrations was minimal. The scenarios matched in their technological
development and economic development – note, this originated from different priorities.
Furthermore, their discharge values did not differ much (Van Vliet et al., 2016) and population sizes
were comparable (IIASA, 2018b). These are factors that the model is (amongst others) most sensitive
too (Vermeulen, 2018).
The most deviating climate factor was temperature. Temperature had a minor impact on RV survival
instream. Water temperature was the largest deviating factor in the scenarios with a difference of
3.4◦C. The concentrations showed minor differences, suggesting little effect of water temperature. The
assumption of a general increase also led to higher temperatures in “cold” climates. This might be
incorrect as it is unlikely that every region increased with the same value. Though, as regional
temperature increases were unavailable a mean temperature change was chosen for the decay
calculations. Furthermore, temperature had a minimal effect on the concentrations on RV river
concentrations. Scenario B has triple the temperature increase compared to Scenario A. The
concentration plots however did not show large differences in RV river concentrations despite the
large temperature difference. If temperature was a crucial decay factor the concentrations would have
changed globally, not only regionally. Vermeulen (2018) already stated that socioeconomic factors
have the overhand in the original GloWPa model for Cryptosporidium. Vermeulen (2018) confirmed
the insensitivity of GloWPa to temperature changes.

5.2. Discussion: rotavirus concentrations and GloWPa C1 performance
Two different, contradicting, scenarios aimed at different scenario results. The emission and
concentration results deviated little. There are two reasons for the minor variance: similarity in
socioeconomic factors and similarity in discharge.
Vermeulen (2018) sensitivity analysis claimed that discharge and population are the most important
influences on pathogen concentrations in rivers. The scenarios had similar input data on both aspects.
Climate data could not have been more different (RCP2.6 and 8.5). SSP data can be more contradicting
by choosing SSP3 instead of SSP5. SSP3 expects less attention for human well-being, the economy and
global challenges. SSP3 prioritizes national issues and development, resulting in more inequalities and
conflicts (Riahi et al., 2017). However, a combination of SSP3 with RCP8.5 is rather unlikely (Kok, 2016).
The model results can be compared to the values in the literature. Full validation was out of the scope
of my study, due to limited data availability for RV. Concentrations of 2010 (3 log 10) by GloWPa Rota
C1 are similar to concentrations found in the river Maas (in the Netherlands) in the Lodder, Schijven,
Rutjes, de Roda Husman, and Teunis (2015) study. Here, concentrations of 3 Log10 to 4 log10 half of
the year (February – June) and >3 log10 concentrations in July - December were found. Concentrations
for Cordoba, Argentina, are also similar to the results from this study. Prez et al. (2015) showed a mean
concentration 3.7 log10 for two rivers Cordoba, Argentina. The Rota C1 2010 concentration mean is
estimated slightly lower, approximately 3 log10 oocysts per litre. In the two literature studies the
results are monthly based. Prez et al. (2015) studied two main rivers where concentrations are higher
in the wet season (October- March) than in the dry season (April – September). This phenomenon is
also shown in monthly results of GloWPa Rota C1 (in the results for December and June).
Using GloWPa Rota C1 to simulate different scenarios allowed determination of main drivers for
rotavirus-river concentrations. Scenarios were compared using different plot types. Consequently,
drivers could be evaluated separately. Furthermore, the hotspots were determined, and a general
future perspective created.
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5.3. Conclusion: rotavirus concentrations and GloWPa C1 performance
Chapter 5 answers the last part of RQ3 by analysing two scenarios’ RV river concentrations allowed a
Rota C1 performance evaluation.
Two scenarios were established based on IPCC’s SSPs and RCPs. The difference in the scenarios is
foremost the focus. Scenario A combines SSP1 and RCP2.6, with a focus on human health and
sustainable development. Scenario B combines SSP5 and RCP8.5 and emphasizes on the economic
conditions worldwide.
Rotavirus emissions and concentrations in rivers is in both scenarios lower than the base year 2010.
They overall maintain the same hotspots, with eastern Arica, central Africa and Japan as exceptions.
Here, the colour indication was redder than in the baseline plot.
Scenario A projects the most optimistic future. The overall loads and concentrations are lower than in
Scenario B. This is most visible in the following countries: Middle Africa (Chad, Central African
Republic), India, Turkey and Saudi-Arabia. The main reason for this difference is the greater rural
emissions in Scenario B.
The different loads and concentrations are mainly due to socioeconomic factors such as population,
WWT and open defecation. Temperature and runoff data varied in the scenarios but had limited
influence on the concentrations. Discharge values were almost equal, and therefore not causing a
noticeable difference between the scenarios.
The scenario analysis provided more insight in RV emission and concentration hotspots. In addition,
the main drivers for Rota C1’s results were determined. The model outcome can help to increase
awareness on the role of RV in the diarrhoeal disease and stimulate strategies to reduce rotavirus
emissions and river concentrations.
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6. Discussion
This chapter briefly discusses the methods that were used and the corresponding assumptions that
were made. Furthermore, the contribution of this study is discussed and an advice of improvements
to the model is given.
The method in this study consisted out of four steps. First, the background of influential factors on
rotavirus-river concentrations were determined. By reviewing scientific literature, the most important
factors were identified.
Reviewing literature resulted in UV radiation exclusion from the model. Literature on radiation effects
on RV concentrations was limited and not robust enough to be included. Vermeulen (2018) stated that
GloWPa is not sensitive to UV. Therefore, I expect that eliminating UV from the model did not influence
the results.
Second, GloWPa Rota C1 was established using a combination of previous GloWPa models Crypto C1
and Rota H1, and additional compartments based on literature GloWPa Rota C1 was created. Rota C1
is the first model to simulate rotavirus-river concentrations while incorporating climate and
socioeconomic drivers. Here assumptions on constants and variables were made to run the model.
The model considers multiple constants in different compartments. First, general RV excretion is
chosen. I assumed this does not differ outside of the distinguished age categories (<5 low HDI, <5 high
HDI, >5). RV excretion values were based on Kotloff et al. (2013) that were used in Kiulia et al. (2015).
Second, the same applied for WWT removal efficiencies that were derived from Verbyla and Mihelcic
(2015). To run the model the removal efficiencies were assumes to be consistent. Last, the runoff
fraction was set to 0.025 based on Ferguson et al. (2007). Using constants allowed inclusion of
phenomena that were left out of the scope of my study (due to e.g. time limitations). Furthermore,
GloWPa showed little sensitivity to runoff (Vermeulen, 2018). A fixed runoff fraction therefore likely
did not influence the GloWPa Rota C1results. Most importantly, constants support the model’s aim: to
provide an indication of the problem areas and the proximate causes.
Third, the two 2050 scenarios were generated based on different databases. 2010 data from Kiulia et
al. (2015) on sewer connected population fractions, in combination with population data from IIASA
(2018a, 2018b), was used for the sewer connections. Besides, wastewater treatment data was
retrieved from Van Puijenbroek et al. (2015) and Van Puijenbroek et al. (2019). There was a minor
mismatch between databases creating an uncertainty in the scenarios. However, as differences were
minor it likely did not affect the results.
In addition, the scenarios used general water-temperature increases due to unavailable data. This
resulted in a larger difference between the scenarios than expected. Hence, the larger difference
confirmed the model’s insensitivity to temperature (Vermeulen, 2018).
GloWPa Rota C1 ran the baseline year 2010 and the two scenarios. This step provided maps with
rotavirus-river concentrations, emissions and loads. Allowing comparison between the three situation
and allocation of hotspots and drivers. Results were similar. This was caused by the similarities in the
socioeconomic aspects, the main drivers for RV concentrations. SSP1 and SSP5 have many similarities
in population size and sanitation. Here, a more contradicting SSP is likely result in more deviating RV
concentrations. SSP3 is more contradicting to SSP1. SSP3 contains more conflicts and less attention for
human well-being and the environment (O’Neill et al., 2017; Riahi et al., 2017). However, the
combination of RCP 8.5 and SSP3 is impossible (Kok, 2016). Furthermore, for my study (climate) data
was scarce on other RCPs than RCP 2.5 and 8.5.
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Additionally, it is interesting to execute a Scenario Analysis for 2055 and 2100. In this study the year
2050 was used for the data collection as wastewater treatment data was available for this year (Van
Puijenbroek et al., 2015). The results already showed some differences between the results. O’Neill et
al. (2017) stated Scenario A (SSP1) develops slower than Scenario B (SSP5). Additionally, IIASA (2018b)
data shows a population peak of SSP5 in 2055. Thereafter, the population decreases in both scenarios.
With population size and sanitation as important drivers for RV concentrations in rivers, it is interesting
to see the results for the peak year of SSP5 (2055) and the stabilized situation (2100).
Finally, GloWPa Rota C1 results were comparable to actual RV measurements. Baseline 2010 results
were verified in studies from Lodder et al. (2015) and Prez et al. (2015). Of course, these comparisons
only regarded two locations. Currently, little information on past and current rotavirus concentrations
is available. More measurements can further validate the GloWPa Rota C1 model.
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7. Conclusion
This study aimed to answer the main RQ: How are future rotavirus (serogroup A) concentrations in
rivers worldwide expected to change based on the shared socioeconomic pathways and representative
concentration pathways? Therefore, GloWPa Rota C1 was established.
Rotavirus-river concentrations are affected by factors before and after it reaches the rivers. Pre-river
factors are human emissions, sanitation, population size and incidences. Once RV is emitted, runoff
determined the loads that enter the rivers. IN the rivers different decay processes take place. Here,
river discharge, temperature and UV radiation affect rotavirus-river concentrations.
GloWPa Rota C1 simulates rotavirus-river concentrations worldwide. Rota C1 was comprised out of
GloWPa Crypto C1 and GloWPa Rota H1. Adjustments were made according to rotavirus
characteristics. The model exists out of three compartments: human emissions, runoff to rivers and
the instream survival. Model inputs are annual data on population fractions and monthly climate data
like temperature and hydraulic. The model results can be translated into maps to indicate RV-river
concentration hotspots and their proximate causes. Rota C1 can be used to simulate present and
future concentrations.
The scenario analysis show the concentrations for base year 2010 and two scenarios for 2050 (Scenario
A and Scenario B). The two scenarios are based on combination of the Shared Socioeconomic Pathways
and the Representative Concentration Pathways. These combinations are based on the plausibility of
them occurring. Scenario A was based on RCP2.6 and SSP1. This scenario has a more optimistic
perspective with a strong focus on human well-being. Scenario B is based on RCP8.5 and SSP5. Scenario
B focuses more on economic development. The scenarios differ most in temperature, population and
sanitation services. Rota C1 allowed further concentration analysis.
The two scenarios show general decreasing rotavirus emissions, loads and concentrations. In 2010 the
highest emissions (16.5 log10 oocysts/year or higher) are found in the USA, Mexico, Brazil, India, China
and Russia. The actual river concentrations hotspots are India, Mexico, Colombia, Venezuela, Peru, and
the west coast of Brazil. Also, areas in Africa are considered as hotspot: Nigeria, Zimbabwe and SouthAfrica. Last, Turkey and India show concentrations of 2 log10 oocysts/L or higher.
Minor differences are found between the scenarios and baseline. Compared to 2010, Scenario A
indicates an emission decrease of 0.4 log1018 oocysts per year. In both scenarios the concentration
hotspots change compared to 2010. In Scenario A the hotspots were India, China, Nigeria, Pakistan and
Congo. Scenario B indicates a decreased emission by 0.6 log1018 oocysts per year compared to 2010.
Scenario B indicates India, China, Pakistan, Nigeria and Congo as hotspots. The changing hotspots are
related to population growth. Scenario A shows larger decreases in concentrations than scenario B.
This is explained by better sanitation and less direct emissions.
The most influential driver for the changes in the scenarios is the human rotavirus emission. Both
scenarios show a general decrease in emissions. Emission hotspot, with higher emissions than 2010,
show a rise in concentrations. The pattern in lower concentrations compared to the base year are
therefore explained by decreasing emissions. Human emissions per country are most controlled by
socioeconomic factors as population size, sanitation and discharge. The model is less sensitive to
climate factors like temperature increases and runoff. Only discharge is argued to influence the results
from GloWPa Rota C1.
In conclusion, this study presents and demonstrates a model to simulate rotavirus emissions and river
concentrations. The study gives insight in the relation between climate and socioeconomic factors on
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rotavirus concentrations and emphasized on the hotspots worldwide. The model results highlight the
human emissions as the main driver for river concentrations. The results of my study and the Rota C1
model can provide information on rotavirus emission concentration hotspots and their causes.
Additionally, insight in the main RV river concentrations driver(s) can be used to lower concentration
hotspots in the future. My study ultimately contributes to more attention and awareness on the role
of RV in the diarrhoeal disease. More acknowledgement may lead to increasing measures and policies
to combat RV river contamination. In the end, this hopefully leads to an improvement of water quality
and support of SDG 6: “Ensuring availability and sustainable management of water and sanitation for
all”.
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Appendices
APPENDIX A
SCENARIO A: ROTAVIRUS ANNUAL MEAN RIVER CONCENTRATIONS 2050 FOR FIVE DIFFERENT CLIMATE MODELS.
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APPENDIX B
SCENARIO B: ROTAVIRUS ANNUAL MEAN RIVER CONCENTRATIONS 2050 FOR FIVE DIFFERENT CLIMATE MODELS.

43

