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CHAPTER 1

INTRODUCTION
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1.1 Background
Clean and safe freshwater is critical for the well-being of humans. However,
concerns over water quality have been raised internationally. Water quality
requires urgent attention as, for example, human population increases,
agricultural activities flourish and climate change causes major changes to the
hydrological cycle. Diarrhea is a waterborne disease and the fourth leading cause
of death globally (UN, 2015). This may be due to infectious (bacteria, parasites
and viruses) or non-infectious (food intolerances, contaminated water)
constituents but both are a major public health problem. Diarrhea associated
morbidity is primarily found in children and immunocompromised people and
has less effect on healthy adults. Approximately 2.3 billion people are suffering
from waterborne diseases globally and an estimated 0.7 million deaths are due
to diarrhea annually (Walker et al., 2013). Around 7% of all deaths that occurred
in the Kabul River Basin, which is located in the Southern Afghanistan and NorthWestern Pakistan, were due to waterborne diseases (Azizullah et al., 2011).
The waterborne disease risks are related to the concentration of waterborne
pathogens in water resources. The main sources of water contamination are
human and animal waste and agricultural activities. In Kabul River Basin farmers
either apply raw sewage and manure on agricultural land as organic fertilizer,
burn it as fuel or dump it directly into the water resources when the manure is
not used. Over 80% of raw sewage in developing countries is discharged directly
into the water resources (WHO, 2008b). In Kabul river basin, the majority of the
people is connected to a sewer, but waste water treatment plants have been
destroyed during the extreme 2010 flood (EPA-KP, 2014) and the effluents enter
Kabul river directly. The large inputs from humans and agriculture cause high
concentrations of micro-organisms in the river water and a high burden of
disease in the area.
The microbial concentration in rivers is influenced by climatic factors, such as
surface air temperature, extreme precipitation and floods (Hofstra, 2011).
During floods, large number of micro-organisms are transported and
contaminate water resources. High episodes of waterborne diseases are then
reported (Hashizume et al., 2008). In the future, more floods are expected when
the climate-changes (Molden et al., 2016). The expected increased surface air and
water temperatures likely increase inactivation processes and therefore reduce
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the micro-organism concentrations (Seidu et al., 2013). More frequent heavy
precipitation events may dilute micro-organism concentrations, but can also
facilitate micro-organism transportation from land to surface waters due to
increased surface runoff. Similarly, decreased precipitation can increase microorganism concentrations because the fraction of micro-organisms that comes
from the constant input from point sources will be larger (Atherholt et al., 1998).
Different interacting pathways and processes thus influence the pathogen
concentrations in surface water. However, the pathways that change hydroclimatic variables (i.e. precipitation, surface air temperature, water temperature
and river discharge) are relatively well understood qualitatively, but their net
effect is poorly quantified (Hofstra, 2011).
Future micro-organism concentrations are also related to socioeconomic
developments, such as population growth, agricultural management changes,
land use changes. Thus far no studies linked changes in socioeconomic
development and climate in assessments of their impact on E. coli microorganism concentration in surface water (Vermeulen and Hofstra, 2013). This
thesis studies the joint impacts of hydro-climatic and socioeconomic changes on
micro-organism E. coli concentrations in Kabul River, using statistical and
process-based modelling, and scenario analysis.
A number of pathogens, such as viruses and bacteria are present in water
resources. The detection of these pathogens are hard due to countless range of
these pathogenic microorganism (Ouattara et al., 2013). Thus, to analyse the
microbial contamination of water resources, usually indicators, such as faecal
coliforms and Escherichia coli (E. coli), are used (Coffey et al., 2007; Odonkor and
Ampofo, 2013). Although E. coli strains are mostly not pathogenic, their presence
indicates the possible presence of other pathogenic organisms. Therefore the E.
coli concentration is commonly used as indicator bacteria (Adingra et al., 2012b),
also in the present thesis.

1.2 Study Area
The Kabul River Basin is located in Southern Afghanistan and North-Western
Pakistan. The Kabul River originates from the Sanglakh range of the Hindukush
mountains in Afghanistan,. The river drains into the Indus River system and
sustains the livelihoods of millions of people in Afghanistan and Pakistan (Figure
1.1). The total area of the Kabul basin is approximately 92,600 km 2. The Kabul
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River Basin is vulnerable to frequent floods due to the combined effect of heavy
monsoon precipitation and snow/glacier melt in summer (Wang et al., 2011).
The Kabul River in Pakistan crosses a region with a dry desert climate, with
maximum daily temperatures in early summer that often exceed 45°C and mean
monthly temperatures in winter that measure as low as 10°C (Khalid et al., 2013;
Khan et al., 2014). High temperature in summer causes snow melt on mountain
slopes. With increasing temperature, more snow melts quickly and increased
runoff increases the discharge of Kabul River. Elevation in the basin ranges
between 271m and 7603m above sea level, while its topography comprises high
mountains with steep slopes (up to 10%) in the north and western parts, and low
slopes (up to 2%) and valleys in the lower basin. Land use in the Kabul Basin
consists of agricultural crops, pastures, urban areas, barren areas, water
resources and forests. The predominant soil texture is loam to clay-loam along
with silty clay and clay (Nachtergaele et al., 2012) .

Figure 1.1: Study area Kabul River Basin, including neighboring countries and all
major tributaries of the Kabul River.
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Figure 1.2: Sources, pathways and climatic influences of surface water
contamination. Black arrows indicate the transport of indicator
bacteria from land to surface water including direct disposal of
manure from animal sheds, possible point and non-point of pollution
sources of Kabul River (e.g. application of manure and sewage on
agricultural land as fertilizer). Red boxes and arrows indicate the
impact of temperature, blue boxes and arrows indicate the impact of
extreme precipitation (floods) on the transport of bacteria from land
to the river, brown box and lines indicate the impact of
socioeconomic variables and grey lines show the feedbacks within
the system.

1.3 E. coli Fate and Transport
Water resources are contaminated through different sources and pathways.
Figure 1.2 illustrates possible sources and pathways of E. coli contamination.

1.3.1. Human Source
Approximately 22.6 million rural and urban people live in the Kabul River Basin
(https://tntcat.iiasa.ac.at/SspDb). Due to a lack of wastewater treatment plants
raw sewage is discharged directly into Kabul River through irrigation canals and
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urban drains. This causes serious microbial pollution of Kabul River. Raw sewage
is also used as fertilizer on the agricultural land. Sewage does not contain only
high concentrations of beneficial nutrients and other elements that stimulate soil
fertility, but also high concentrations of pathogenic microorganisms (Gerba and
Smith, 2005).

1.3.2. Livestock Source
Livestock manure is another major source of microbial pollution in water
resources. Livestock density is high in the basin. In the lower Kabul river basin in
Pakistan 0.89, 1.15 and 1.32 million cattle, sheep and goats are kept. In floodprone areas, where manure is applied on agricultural land as fertilizer, manure
may flush into the surface water through sub-surface runoff (Boyer et al., 2009).
Additionally, manure is deposited into the surface water directly from livestock
sheds. Grazing of cattle and other animals also leads to contaminated surface
waters. Wildlife feces may also play a role as a source of E. coli in water resources
but this role is difficult to quantify and likely much lower than the role of
livestock manure, simply because their density is much lower.

1.3.3. Global Environmental Change and Contamination
The impact of climate change on waterborne diseases has been discussed in
many studies and most of them have conducted in developed countries (e.g.
Howard et al., 2016; Levy et al., 2016; Philipsborn et al., 2016; Rose et al., 2001b).
Such studies are, however, difficult to conduct in developing countries due to
under-reporting and non-registration of waterborne diseases in, for example,
hospitals (Hashizume et al., 2007). Table 1.1 summarises a brief literature review
of the impact of surface air temperature and heavy precipitation events on
diarrheal outbreaks. Temperature is usually positively associated with diarrheal
diseases. In summer more diarrheal cases occur than in winter. Moreover, also
extreme precipitation events are strongly related to diarrheal disease, with an
increase in disease outbreaks with high precipitation events. In the future we
expect increases in both surface air temperature and precipitation in the Kabul
river basin (Chapter 3) and we could therefore also expect more disease
outbreaks.
The diarrheal disease risk is related to concentrations of these diseases in surface
water. People are exposed to waterborne diseases by consuming contaminated
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water or eating vegetables irrigated or washed with contaminated water (Lloyd
et al., 2007). The risk of waterborne diseases also depends on several other
factors, such as water usage for recreational activities (e.g. bathing or swimming)
or domestic use (e.g. washing, cleaning and cooking) (Hashizume et al., 2008). A
better understanding of the relationship between hydro-climatic variables and
concentration of waterborne pathogens or indicators of faecal contamination,
such as E. coli, in water resources is essential (Cann et al., 2013c). Table 1.1
summarises the results of a brief literature review. Temperature can be
positively and negatively correlated with pathogen and faecal indicator
organisms, depending on the location. Heavy precipitation events are positively
correlated with concentrations of micro-organisms in surface water. Due to
increased precipitation in the face of anticipated climate-change there are
increased chances flooding. The Kabul River Basin has been strongly affected by
destructive floods during recent decades (Wiltshire, 2014) and this induced
massive infrastructural, socioeconomic and environmental damages, especially
during the flood of 2010. The vulnerability will increase due to climate-change.
Flooding is related to water contamination. During the flood surface water
overflows and carries untreated or ineffectively treated sewage, manure and
other contaminants from the banks into the river. This eventually increases the
concentrations of waterborne pathogens (see Figure 1.2).

1.3.4. Socioeconomic Factors
E. coli concentrations in water resources are influenced by socioeconomic
changes (e.g. population growth, urbanization, livestock numbers, wastewater
treatment and sanitation) For example, an increasing population increases the
pressure on sanitation system. Similarly, with the increase in livestock number
more manure is produced and its application on agricultural lands increases.
This result in a considerable increase of E. coli concentrations in the surface
water resources through the runoff from these lands. Intense agricultural
practices without pre-treated manure can thus increase contamination load to
water resources (Rankinen et al., 2016). The net impact of socioeconomic and
climate change processes on E. coli contamination of surface water is
understudied (Hofstra and Vermeulen, 2016b). Figure 1.2 shows the combined
influence of socioeconomic and climate factors on E. coli sources and
concentrations in Kabul River. Surface water microbial water quality based on
socioeconomic scenario analysis studies are lacking.
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Surface Air Temperature
(Monthly)

Average Temperature
(weekly)

Average Temperature
(weekly)

Average Minimum and
Maximum Temperature

Average Temperature
(Monthly)

Salmonella

Bacterial

Bacterial

Bacterial

Bacterial

Surface Air Temperature
(Weekly)

Minimum Surface Air
Temperature (Monthly)

All Causes

Bacterial

Climate Variable

Pathogens

Matlab,
Bangladesh

Shenyang,
China

Dhaka,
Bangladesh

Dhaka,
Bangladesh

New
Zealand

Adelaide &
Brisbane,
Australia

Matlab,
Bangladesh

Location
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15% increase in reported Salmonella
cases for each 1 degree rise in
temperature.
positive association with an average of
10C increase in temperature caused
5.6% increase in diarrheal cases and E.
coli concentration in water resources.
the positive association between
average temperature and diarrheal
cases along with increased
concentration of Waterborne pathogens.
Both minimum and maximum
temperature are positively correlated
with diarrheal incidences, E. coli
concentrations also increased initially
and then decreased
Mean monthly temperature is positively
associated with diarrheal incidences

Temperature and E. coli are negative
associated in Adelaide while positively
associated in Brisbane.

Temperature is positively associated
with E. coli and diarrhea.

Results / Conclusion

Statistical
Technique
Used

Classification
and Regression

Correlation
Analysis

Regression
Analysis

Regression
Analysis

Correlation
Analysis

Regression
Analysis

Auto-correlation

The relationship between waterborne diseases and waterborne pathogen concentration with surface air temperature.

Islam et al.
(2009)

Huang et al.
(2008)

Hashizume
et al. (2010)

Hashizume
et al .(2007)

Britton et al
.(2010)

Bi et al.
(2008)

Ali et al.
(2013)

Reference

Table 1.1 Relationship of waterborne diseases and waterborne pathogen concentration with surface air temperature and heavy
precipitation events.

Maximum Temperature
(Weekly)

Maximum and Minimum
Temperature (Monthly)

Average Temperature
(Weekly)

Average Temperature
(Weekly)

Maximum Temperature
(Monthly)
Maximum Temperature
(Monthly)

Bacterial

Bacterial

Bacterial

All Causes

All Causes
Jinan, China

Tanzania

Lima, Peru

Cuernavaca,
Mexico

Dhaka,
Bangladesh

Lusaka,
Zambia

Vietnam

Positive correlation between weekly
temperature and reported diarrheal
cases
10C increase in temperature associated
with 29% increase in diarrhea
10C increase in temperature associated
with 11% increase in diarrhea and E.
coli concentration increases in summer
compared to winter times.

Significant positive correlation between
temperature, diarrhea and waterborne
pathogen concentration in water
resources
1 0C increase in temperature causes 5%
increase in diarrhea cases. E. coli
concentration decreases
Diarrhea negative with maximum
temperature but positive with minimum
temperature
Higher incidence of diarrhea and E. coli
in summer than winter

Heavy Precipitation
events

10mm increase or
decrease of precipitation
over 52mm

Bacterial

All Causes

Dhaka,
Bangladesh

Matlab,
Bangladesh
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No observed relationship between
heavy precipitation (monsoon) and
diarrhea cases. Also no substantial
increase in E. coli concentration
Diarrhea increases by 5.1 %, Also
concentration of E. coli increases in
open water resources

Multivariate
Analysis

Linear
Threshold
Model

Linear
Threshold
Model

Correlation
Analysis
Time Series
Analysis

Autoregression
and Correlation
Analysis
Correlation
Analysis

Auto-correlation

Auto-correlation

The relationship between waterborne diseases and waterborne pathogen concentration with heavy precipitation Events.

Bacterial

Average Temperature
(Annual)

All Causes

Tree Analysis
(CRTA)

Hashizume
et al. (2007)

Glass et al.
(1982)

Traerup et
al.(2011)
Zheng et al.
(2008)

ParedesParedes et al.
(2011)
Speelmon et
al. (2000)

Luque
Fernandez et
al. (2009)
Matsuda et
al. (2008)

Kelly-Hope
et al. (2007)

Heavy Precipitation
events
Maximum 5-day rainfall
in a six week period

Air temperature,
precipitation and relative
humidity
Consumption of
Walkerton Municipal
water

All Causes

Diarrheal disease

Contact with freshwater
stream flowing across
seaside beach
Heavy Precipitation
events

Heavy Precipitation
events

Bacterial

All Causes

Bacterial

Consumption of
untreated water

Bacterial

Bacterial

All Causes

Precipitation exceeding
upper limit 95%

All Causes

Delhi, India

Ontario,
Canada

Swaziland,
Southern
Africa
Cornwall,
England

Walkerton,
Canada

Taiwan

Northern
Ghana
Canada

England
and Wales
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Relative humidity and precipitation
events significantly contributed to
diarrhea cases
People living in homes connected to
municipal water supply suffered from
diarrhea, as after precipitation event
water led to ground water saturation
and causes E. coli and fecal
contamination.
High cases of diarrhea reported due to
high contamination levels of E. coli and
other waterborne pathogens in water
High cases of diarrhea reported due
high contamination level of E. coli
(O157:H7)
Heavy snowfall followed by runoff in
summer and heavy rainfall events
increase outbreaks of illness and
waterborne pathogen concentrations in
water resources
Water resources were the probable
cause of illness as during heavy
precipitation events water was
contaminated due to open defecation.

Significant relationship between
cumulative rainfall sum of 7 days and
diarrhea and E. coli concentrations
Maximum precipitation events
association with outbreak of diarrhea
Increased risk of diarrheal outbreaks
following precipitation events

Correlation
Analysis

Regression
Model

Correlation
Analysis

Auto Correlation

Correlation
Analysis

Step-wise
regression
analysis
Regression
analysis

Auto Correlation

Correlation
Analysis

Patil et al.
(2011)

Milson et al.
(1990)

Ihekweazu et
al. (2006)

Effler et al.
(2001)

Auld et al.
(2004)

Chou et al.
(2010)

Seidu et al.
(2013)
Thomas et al.
(2006)

Nichols et al.
(2009)

1.4 Opportunities In Using Process Based Modelling With
Scenario Analysis
Most studies in Table 1.1. are based on statistical analysis. Though statistical analysis
can be useful to better understand the net impact of climate variables on microorganisms, correlation is not the same as causation and this analysis is limited to
enable thorough understanding of the fate and transport of micro-organisms in surface
water Moreover, it is difficult to include all relevant processes in statistical models.
Therefore, in this thesis process-based modelling is used. Process based modeling is an
important and indispensable tool for water and environmental studies (Devia et al.,
2015). Models are classified as lumped or distributed models, static or dynamic
models, conceptual or physical based models. Examples are the MIKE-SHE model
(Refshaard et al., 1995), the HBV model (Bergstrom, 1976), the TOP-MODEL (Beven et
al., 1984; Beven and Kirkby, 1979), and the VIC-model (Cherkauer et al., 2003; Liang et
al., 1994; Park and Markus, 2014).
In this PhD study, the Soil and Water Assessment Tool (SWAT) is used to model the
hydrology and E. coli concentrations in the Kabul River Basin. The SWAT model is a
physically-based semi-distributed hydrologic model (Arnold et al., 1998a; Neitsch et
al., 2011), which routes on a continuous time scale. This model has become an
established and flexible tool used for studies into a variety of hydrologic and water
quality issues at various watershed systems. It is also a tool that is very adaptable for
applications demanding improved hydrologic and other increased simulation needs
(Gassman et al., 2010). The SWAT model uses an ArcGIS interface to define the
watershed hydrological features (Benham et al., 2006; Neitsch et al., 2011). The basic
elements of the SWAT model include: hydrology, bacterial and nutrient loads, sediment
yields, weather, plant growth, pesticides and land-use management.
Water quality models comprise the sources of the micro-organisms, the hydrodynamics or hydrology of water resources and decay rates of the microorganisms in
the water resources (Sokolova et al., 2013). However, process-based modeling to
predict the microbial load in water resources is rare, especially in the developing
countries where waterborne diseases are common (Hofstra, 2011). According to
Pechlivanidis et al. (2011) water quality models can be divided into three categories;
(i) spatially explicit statistically distributed models (e.g. LDS, Arc-Hydro, SELECT and
SPARROW) (ii) Mass balance models, which explains the bacteria concentrations
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considering their input and decay process. In other words, mass balance models
specify the potential loads of biological contaminants from the complete upstream
watershed to the downstream surface water resources and (iii) Complex deterministic
or mechanistic models, which emphasis the land management practice. These models
simulate all interactions between all process that are responsible for the fate and
transport of microorganisms from watershed to downstream surface water.
Mechanistic models are efficient and have been used for long periods in different parts
of the world to model the pollutant sources (Table 1.2). The SWAT bacterial model,
which falls into category …, was developed by Sadeghi and Arnold (2002) to predict
pathogen loads in water resources in watersheds. Sources of bacterial contamination
are included in the model. The SWAT bacterial sub-model has the capacity to simulate
fate and transport of bacteria.
Table 1.2: Various models applied for bacterial modeling (pathogenic and nonpathogenic) considering the point and non-point sources of pollution.
Indicator
Microorganism
E. coli

Pollution
Source

Fecal coliforms
and E. coli

United States
point and
non-point
sources

Cryptosporidium
Fecal coliforms
and E. coli

point and
non-point
sources

E. coli
Fecal coliform
Fecal coliform
E. coli,
Campylobacter
spp.,

Models Applied

France

Fecal coliform
E. coli

Region

point and
non-point
sources
point and
non-point
sources

Ireland

Soil and Water Assessment
Tool (SWAT-model)

Various
watersheds of
the world
Ireland
New Zeeland
Texas, the
United States
Portugal
New York
(USA)

Watershed Assessment
Model (WAM View)

Hydrologic Simulation
Program in FORTRAN
(HSPF)

WATFLOOD/SPL
Canada
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Reference
Bougeard
et al.
(2011)
Cho et
al.(2012)
Coffey et
al. (2010a)
Sadeghi
and Arnold
(2002)
Tang et al.
(2011)
Tian et al.
(2002)
Desai et al.
(2011)
Fonseca et
al. (2014)
Russo et
al.(2011)
Dorner et
al.(2004)

Cryptosporidium
spp. and Giardia
spp.
Cryptosporidium

point and
non-point
sources

Global

based on the nitrogen model
of Bouwman et al. (2009)

Hofstra et
al. (2013)

E. coli

point and
non-point
sources

Belgium

SENEQUE-EC model consists
of the hydro-ecological
SENEQUE/RIVERSTRAHLER
model

Ouattara et
al. (2013)

Fecal coliform

point and
non-point
sources
Point
sources

France

hydro-ecological
SENEQUE/Riverstrahler
model
Water-model National
(WATNAT) and the
emission (from wastewater)
model PROMISE
Spatially Explicit Delivery
Model (SEDMOD)
Simple Hydrology
(SIMHYD),

Servais et
al. (2007)

Cryptosporidium
and
Giardia
Fecal coliform
E. coli
E. coli
Cryptosporidium,
Giardia and E.
coli
Fecal coliform
E. coli
Cryptosporidium,
Giardia, and E.
coli OH157: H7

The
Netherlands

non-point
sources
non-point
sources

United States

point and
non-point
sources
Point
sources

New Zeeland

Watershed Assessment
Model (WAM/GLEAMS)

Australia

point and
non-point
sources
point and
non-point
sources
point and
non-point
sources

Europe

The non-linear loss module
of the IHACRES rainfallrunoff model
World Qual, Part of
WaterGAP3

Australia

Mexico

tRIBS Model

United States

WATFLOOD/SLP9 Model

Medema
and
Schijven
(2001)
Fraser et
al. (1998)
Haydon
and Deletic
(2006a)
Collins and
Rutherford
(2004)
Ferguson
et al.
(2007)
Reder et al.
(2015)
Robles
Morua et
al. (2012)
Wu et al.
(2009)

The SWAT model has been tested on a watershed in Missouri (USA) for E. coli and fecal
coliforms (Baffaut and Benson, 2003). Similarly, Parajuli (2007) has also tested the
SWAT microbial to watershed in Kansas (USA). Although most mechanistic models
require large datasets to run effectively (which lead to high running cost), the SWAT
model requires fewer data to simulate bacterial fate and transport from upstream
watershed systems to the downstream surface water resources. The SWAT model is
also freely available. So we used the SWAT model due to its low running cost and
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possibility to run it with only the sparsely available datasets in the Kabul Basin. A
further detailed description of the SWAT-bacterial modelling is given in Chapters 3 and
4.
Process-based models can be used with future scenarios. Several studies have focussed
on the relationship between climate change and faecal indicators or waterborne
pathogens (Jalliffier-Verne et al., 2016; Liu and Chan, 2015; Rankinen et al., 2016; Sterk
et al., 2016). In these studies, increased combined sewer overflows in Quebec, Canada
were a result of increased precipitation events (Jalliffier-Verne et al., 2016) and future
projected decreased discharge causes increased faecal coliform concentrations in
Taiwan (Liu and Chan, 2015), while limited climate change impacts were observed in
Finland (Rankinen et al., 2016) and the Netherlands (Sterk et al., 2016), These studies
did not simultaneously account for future changes in socioeconomic growth and social
development. For the first time we combine the climate change scenarios with
socioeconomic scenarios and perform a scenario analysis for E. coli concentrations in
surface water resources. The scenarios that have been newly developed for this thesis
are based on joint climate change and socioeconomic development pathways that have
been developed for the IPCC community. Details about new scenario matrix
framework is given in Chapter 5.

1.5 Objective, Research Question
In the previous literature review the main research gaps were identified. This thesis
aims to fill these gaps. The objective is to Quantifying the Impact of Socioeconomic
Development and Climate Change on Escherichia Coli Concentrations in the
Pakistani Kabul River Basin. The following research questions (RQs) are addressed
to achieve the above mentioned objective:
RQ1

What are E. coli concentrations in Kabul river, and how do different climate
variables affect these concentrations in the Kabul River?

RQ2

How does the SWAT model perform when compared with observed discharge
datasets and which RCP and GCM scenarios represent the local conditions in
the basin best to see the flood frequencies changes in the future?

RQ3

How can observed E. coli concentrations adequately be modeled with the
SWAT model?
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RQ4

How would E. coli concentrations in Kabul River change in the future, for two
comprehensive integrated socioeconomic development and climate change
scenarios?

1.6 Thesis Outline
The research questions from Section 1.6 have been answered in four thesis chapters
and a consequent synthesis chapter. Figure 1.3 describes how the different research
questions are answered in each chapter and shows the different input data for each
step. Chapter 2 addresses RQ 1. This chapter provides insight into the E. Coli
concentrations in the basin and the relation between these concentrations and hydroclimatic variables. Water samples have been collected and the microbial concentration
is analysed to indicate fecal contamination. Correlation and regression analysis relate
hydro-climatic variables with the E. coli concentration.

Figure 1.3: Schematic representation of methodological framework with input data
applied in this thesis. Round boxes are data/variables/knowledge inputs
and boxes (yellow color) are major analysis and results in this thesis
(Chapters 2 to 5). Arrows show the data flow.
Chapter 3 addresses RQ 2 and presents the SWAT model to simulate the hydrology of
the Kabul River Basin. This model is an effective tool that in Chapter 4 serves as the
basis for the evaluation of point and nonpoint source of pollution into the river. The
Kabul Basin is vulnerable to frequent annual floods. A flood frequency analysis is
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performed using the HEC-SSP software package to identify the return periods of the
floods. Scenario analysis was performed using model outputs of four General Climate
Models (GCMs) for two RCPs. These future climate data have been downscaled to the
meteorological stations that serve as input for the SWAT model.
Chapter 4 addresses RQ 3 and applies the SWAT bacterial model to simulate the E.
coli concentrations in the Kabul River Basin. Such a bacterial model helps to
distinguish the sources of pollution present in the watershed and the contribution of
different factors involved in the concentrations of waterborne pathogens in Kabul
River.
Chapter 5 addresses RQ 4 by providing detailed insights in the future projections of
E. coli concentrations. This chapter explores the changes in E. coli concentrations for
two scenarios, that have been based on combined SSPs and RCPs and own
assumptions. These new scenarios allow for the determination of future E. coli
concentrations. The what-if scenario approach helps to understand the future
concentrations of E. coli, for instance when floods are prolonged for longer than the
current two to three months. The simulated outcomes quantify the waterborne
pathogens (E. coli) concentrations.
Finally, Chapter 6 delivers a concise synthesis and draws insights with broad practical
implications from key findings presented in the empirical chapters of this thesis. My
thesis improves the understanding of socioeconomic development and climatechange impacts on E. coli concentrations in water resources. This systemic study will
provide vital information and understanding of current and future pathogen
concentrations and could stimulate a new era of managing, planning and developing
water quality in the Kabul River. Outcomes of my study on the current and future E.
coli concentrations could be helpful for health professionals in assessing current and
future microbial water quality. The developed model could also be used to estimate
other harmful pathogen concentrations in water resources. It also helps to develop
an early warning system for the river’s downstream areas to prevent flood hazards
and improve water quality to cope with waterborne diseases. The developed
approach is generic and can serve other regions in the world having similar
climatological conditions and problems.
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CHAPTER 2

THE RELATIONSHIP BETWEEN
HYDRO-CLIMATIC VARIABLES AND E. COLI
CONCENTRATIONS IN SURFACE AND
DRINKING WATER OF THE KABUL RIVER
BASIN IN PAKISTAN

This chapter is based on:
Iqbal M. Shahid, Ahmad M. Nauman and Nynke Hofstra. The Relationship between
hydro-climatic variables and E.coli concentrations in surface and drinking water of
the Kabul River Basin, Pakistan (Submitted)
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Abstract
Water contamination due to microorganisms poses a risk for human health, as it
can cause waterborne diseases, such as diarrhoea. Hydro-climatic variables, such
as temperature, precipitation and discharge influence E. coli concentrations in
surface and drinking water resources. The net impact of these variables is unclear.
Although some recent studies have focused on this topic, these were mostly based
in developed countries. Similar studies in developing countries are lacking. In this
study we assess the impact of hydro-climatic variables on E. coli concentrations of
the Kabul river in Pakistan. This river floods every year. In total 700 biweekly
samples were collected and tested for E. coli. Nine sampling sites were located along
the river and five drinking water sites from Nowshera were sampled for the period
April 2013 – September 2015. Surface water samples exceed bathing water
standards, while drinking water samples exceed drinking water guidelines; the
water is grossly polluted. Water temperature, surface air temperature, discharge
and precipitation correlate positively with E. coli concentrations. Increased runoff
transports microbes from agricultural lands to Kabul river and high temperatures
coincide with high precipitation and discharge. A linear regression model was
developed to assess the net effect of the climate variables on E. coli concentrations.
This model had coefficients of determination (R 2) of 0.61 for surface and 0.55 for
drinking water samples. This suggests that climate variables account for more than
half of the observed variation in E. coli concentrations in surface and drinking
water. This study indicates that increased precipitation together with higher
surface air and water temperature, as is expected in this region with climate
change, likely increases E. coli concentrations. Waterborne pathogens are expected
to respond similarly to these climate changes, indicating that disease outbreaks
could well become more frequent in the future.
Key Words: Kabul river, water quality, climate change, E. coli, regression analysis.
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2.1 Introduction
Diarrhea, including infectious (bacteria, parasites, and viruses) and non-infectious
(food intolerances or intestinal diseases) diarrhea, remains a major public health
problem around the world (Cloete, 2004; Lloyd et al., 2007). People affected mostly
by diarrheal disease are those with limited access to hygienic facilities. Children
below the age of five, primarily in Asian and African countries are the most affected
by waterborne diseases (Seas et al., 2000). About 2.3 billion people are suffering
from waterborne diseases worldwide (Cloete and Cloete, 2004) and annually an
estimated 0.7 million deaths are due to diarrhea (Walker et al., 2013). In the Kabul
River Basin in the North-West of Pakistan, where this study is conducted,
approximately 7% of deaths, including children and adults, is attributable to
waterborne diseases, such as diarrhea (Azizullah et al., 2011). In this basin people
suffer from various waterborne diseases. The most common diseases include
cholera, typhoid, bacterial diarrhoea and dysentery (Nabeela et al., 2014).
The prevalence of diarrheal disease may be affected by climate change and its
associated factors. For instance, more diarrheal cases were recorded after floods
due to the contamination of food and drinking water (Hashizume et al., 2008) and
more floods are expected with climate change in the future (Lutz et al., 2014;
Molden et al., 2016). Several studies have focused on the impact of climate-change
on diarrhea (Moors et al., 2014). Such studies are, however, difficult due to underreporting and non-registration in hospitals of these cases and the many
confounding variables (Bagchi, 2007; Hashizume et al., 2007). The disease risk due
to waterborne pathogens is related to the concentration of waterborne pathogens
in surface and drinking water (Azizullah et al., 2011; Saeed and Attaullah, 2014).
People are exposed to pathogens by drinking contaminated water, using it for
recreation or eating vegetables irrigated or washed with contaminated water
(Lloyd et al., 2007; Zhang et al., 2012).
Pathogen concentration in surface waters and, more indirectly, drinking water are
influenced by changes in hydro-climatic variables, such as water temperature,
surface air temperature, precipitation and discharge. Increased surface air and
water temperature, as expected in the future, may increase the inactivation and
therefore reduce the concentration of pathogens in the surface water (An et al.,
2002a; Vermeulen and Hofstra, 2013). Increased precipitation may decrease the
surface water concentration due to dilution (Delpla et al., 2011), while decreased
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precipitation may increase the surface water concentration, because a larger
percentage of the discharge originates from the more constant input from point
sources (Senhorst and Zwolsman, 2005). Extreme precipitation events are
expected to increase the concentration of pathogens in the surface water, as
manure and sewage applied to the agricultural land are taken into the river with
the overland flow (Atherholt et al., 1998), and because of sewer overflows (Gibson
et al., 1998) and resuspension from sediments (Wu et al., 2009). The pathways
through which changes in hydro-climatic variables influence waterborne pathogen
concentrations in surface water are relatively well understood, but the net effect is
poorly quantified. (Hofstra, 2011).
The main objective of this study is to evaluate E. coli concentrations and analyse the
influence of the hydro-climatic variables water temperature, surface air
temperature, precipitation and discharge on surface and drinking water
Escherichia coli concentrations in the Kabul River Basin in Khyber Pakhtunkhwa
Province, Pakistan. We focus on E. coli rather than pathogens, because sampling of
pathogens and their analysis are expensive. Although, pathogens and E. coli are not
necessarily correlated, presence of E. coli indicates faecal pollution. E. coli has been
extensively used as an indicator bacterium for faecal pollution of water sources
(Odonkor and Ampofo, 2013). We hypothesise that pathogens and E. coli have a
similar response to changes in hydro-climatic variables.
This study seizes the opportunity to assess the impacts of flooding and other hydroclimatic variables on E. coli concentrations in a region that floods every year. The
resulting empirical correlation and general linear model will help to assess
potential future threats due to climate change in this region and other developing
regions that are prone to flooding. We have described the study area, sampling
procedure and the statistical analysis (Section 2) and then statistically relate the
measured E. coli concentrations to the hydro-climatic variables (Section 3).

2.2 Material and Methods
2.2.1

Study Area Description and Sampling Locations

The study area is the Kabul River Basin in the Khyber Pakhtunkhwa Province (KPK
in Pakistan) situated east of Warsak dam. Nine sampling sites in the river and five
sampling sites of drinking water sources from Nowshera city were selected (Figure
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2.1). These sites were generally selected near, in between, and after the river passes
through big cities to allow for different point and non-point pollution inputs. After
one year of sampling, four river sampling points were excluded, because the E. coli
concentrations among the points were highly correlated and time and money were
better spent otherwise (Table 2.1).
Kabul river is a 700 kilometre long river that starts in the Sanglakh Range of the
Hindu-Kush mountains of
Afghanistan
and ends in the
Indus
river near Attock, Pakistan (Khan; et al., 2014; Sayama et al., 2012). The
main tributaries of Kabul River are the Logar, Panjshir, Kunar, Gharband,
Bara and Swat rivers. After the Afghanistan-Pakistan border, Warsak dam is
situated (site 1 in Figure 2.1). From the Warsak reservoir irrigation canals run
through the heavily cultivated areas towards Peshawar and return to the river at
Shah Alam (site 4 in Figure 2.1). After Warsak dam, Kabul river is divided into three
tributaries: Sardaryab (site 2 in Figure 2.1), Shabqadar (site 3 in Figure 2.1) and
Shah Alam (site 4 in Figure 2.1). The Swat river (called Khyali (site 5 in Figure 2.1)
near Charsadda)) runs from the mountains in the north of the study area into Kabul
river at MT Pull (site 6 in Figure 2.1). All these river branches join again near
Amangarh (site 7 in Figure 2.1), the river crosses farming areas and small towns
before it reaches Nowshera (site 8 in Figure 2.1). Nowshera is divided in two parts
by the river and suffers the most from floods. After Nowshera, Kabul river passes
Hakeem Abad (site 9 in Figure 2.1) before entering into the Indus river at Attock.
Kabul river water is used for drinking, irrigation, power generation and
recreational purposes at different points (see Table 2.1).
Kabul river crosses two major climatic belts. Its upper stream has a continental
warm-summer climate with a mean summer temperature of approximately 25°C
and a mean winter temperature below 0°C (Lashkaripour and Hussaini, 2008). In
the down-stream area in Pakistan, Kabul river crosses a region with a dry desert
climate, with maximum daily temperatures in early summer that often exceed 42°C
and mean monthly temperatures in winter that measure 10°C (Khalid; et al., 2013;
Khan; et al., 2014; Shaikh; et al., 2010). High temperature in summer causes snow
melt on the mountain slopes. With increasing temperatures, more and more snow
melts quickly and the increased runoff increases the discharge of Kabul river and
thus causes floods in May and June. Annual precipitation in the full basin is less than
500mm, although precipitation is higher on the mountain slopes around its
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headwaters. Extreme precipitation in the monsoon season causes flooding in late
July or early August every year.
Peshawar, Charsadda, and Nowshera are the main cities in this basin. The
population in the two latter cities (in total 3.14 million) is at high risk of frequent
flooding and waterborne diseases associated with the floods (Arshad Ali, 2012). E.
coli enters the surface water with the sewer effluent, with manure from the animal
sheds and with precipitation that has run off the agricultural lands. Upstream from
Warsak dam, sewage from the main cities Jalalabad, Qandahar and smaller
settlements like Torkham, Landi Kotal, Jamroad, and Sparesung entered into Kabul
river. Manure and sometimes raw sewage are applied to the agricultural lands
along the river as source of fertilizer (Thurston-Enriquez et al., 2005a). In the
current study area, downstream of Warsak dam, sewage from Charsadda,
Nowshera and from the big city of Peshawar (3.13 million inhabitants) and from
smaller settlements is collected in sewers and directly enters Kabul river without
treatment. Peshawar used to have a waste water treatment plant, but this has been
broken since the 2010 floods. Agriculture (crops like wheat, corn, sugarcane, barley
and vegetables like tomato, spinach, okra) is practiced on the banks of the river
outside the cities and more inland, and manure and sometimes untreated sewage
are applied to these lands as fertilizers. Additionally, near Amangarh raw manure
from animal sheds is entered into the river directly.
Kabul river recharges the groundwater. Due to extensive pumping of groundwater
and low river flow, the water table in the basin declines very rapidly. Therefore,
groundwater may be recharged with contaminated river water and this is a
problem for drinking water supplies (Khan et al., 2012). The drinking water
sampling locations are all located in the city of Nowshera, as Nowshera is expected
to be mostly influenced by the flood. The selected sampling points are a tube well
(NCT), hand pump (NSB), the Hakeem Abad tube well (HKTW), a dug well (AGO)
and a dug well at the Boys College. Both HKTW and Boys College are quite close
(100 meters) to the river banks, while the others are located further away from the
river. During flooding the HKTW and Boys College are submerged in the Kabul river
water. Water from these sources is mainly used for drinking, bathing and other
domestic use. People usually consume water from the wells and pump directly
without any treatment, such as water boiling, chlorination or filtration. AGO is an
exception, as during the sampling period, in June 2015, water filters have been
installed.
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Table 2.1. Overview of the surface and drinking water sampling sites selected for
this study, their location, data availability, water use and main contamination
source.
No

Location

Data
availability
(years)

Predominant
water use

Main contamination
source

Non-point

Surface water samples
1

Warsak
(Reservoir)

2

2

Shabqadar
(North branch)
Sardaryab
(Middle branch)
Shah Alam
(South branch)

1

2

Water storage,
drinking, power
generation, and
irrigation.
Irrigation and
recreation
Irrigation and
recreation
Irrigation

River Khyali
(Swat river near
Charsadda)
M T Pull
(Junction
Swat
and Kabul rivers)
Amangarh
(Junction three
branches)
Nowshera
(Inside city)

2

Irrigation

2

Irrigation

1

Irrigation

Point
(Animal sheds)

2

Recreation

Hakeem Abad
(East
of
Nowshera)
Drinking water samples

1

Irrigation and
recreation

Point
(Untreated sewage
from Nowshera)
Non-point

10

NCT (Tube Well)

2

n.a.

11

NSB
Pump)
HKTW
Well)

(Hand

2

Drinking and
other domestic
use
Drinking

(Tube

2

Drinking and
other domestic
use
Drinking and
other domestic
use
Drinking and
other domestic
use

n.a.

3
4
5
6
7
8
9

12

1

13

AGO ( Dug Well)

2

14

Boys College
(Dug Well)

2
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Non-point
Non-point
Point
(Untreated sewage
from Peshawar)
Point
(Untreated sewage
from Charsadda)
Non-point

n.a.

n.a.
n.a.

Figure 2.1. Study area map of the lower Kabul River Basin: a) shows the full basin
along with neighbouring countries. b) Kabul basin indicating the main
branches (indicating names) and meteorological stations, c) shows the
downstream area of Kabul basin with urban areas of Peshawar,
Charsadda, and Nowshera (highlighted). Green points correspond to the
sampling points in Table 2.1 while the red and black triangles are the
gauge station where discharge is measured. At black triangle Kabul river
discharges into the Indus river.
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2.2.2

Water Sampling

Water samples were collected biweekly for 30 months (April 2013 – September
2015) from the nine sampling locations along Kabul river and the five drinking
water sources from the city of Nowshera. Surface water samples were collected in
sterilized plastic containers from three points in the river; both banks and the
middle of the river. All three samples were then mixed to take one composite
sample, which is seen as a good representation of the full width of the river at each
location. Water temperature was measured on the spot. For microbial analysis the
samples were transferred to clean plastic bottles that were pre-sterilized and had
no air bubbles. Drinking water samples were collected in separate clean sterilized
plastic bottles. Water collection from tube wells and hand pumps was allowed to
run for a 5 minutes before filling the bottles and then the water flow was reduced
to enable filling of the bottle without splashing. Gases from the bottles were
expelled by filling up, then emptying over the source, and refilling in the same
manner. Water collection from the open well is different form the water collection
of tap sources. From the open well we fill the bucket and dip the pre-sterilized
bottle at 7 to 9 cm depth for 5 minutes to fill and expel out all the air bubbles. Upon
completion of samples collection, surface and drinking water samples were kept in
a cold box and transferred to the laboratory for microbial analysis within 8 hours
of sampling.

2.2.3

Microbial Analysis (E. coli)

All samples were analysed for E. coli at the Nuclear Institute of Food and
Agriculture, Peshawar. The Most Probable Number (MPN) technique was used to
determine the E. coli concentration of the water samples in cfu 1/100ml (van
Lieverloo et al., 2007). To prepare, all the glass wares were sterilized in a hot air
sterilizer at 1600C for 2 hours. After cooling at room temperature these were used
for the analysis. For total coliform counts a series of five fermentation tubes of
Mackonky broth (Merck) were inoculated with appropriate volumes of ten-fold
dilutions of water samples, and incubated at 37 °C for 24 h. Gas-positive tubes were
considered positive for the presence of total coliform (Franson, 1995). Gas-positive
Mackonky broth tubes were subjected to further analysis for the confirmation of E.
coli. The tubes were incubated at 44.5 °C for 24 hours . Each positive test-tube was

1

colony forming unit (cfu)
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also exposed to a hand-held long-wavelength (366 nm) ultraviolet light lamp
(Merck). Fluorescence in the tube denoted the presence of E. coli (Brenner et al.,
1993). Concentrations of E. coli in water samples were recorded using an MPN table
(WHO, 1985).

2.2.4

Hydrological and Metrological Data

Figure 2.1 shows the sampling locations, discharge gauge and meteorological
stations. Water temperature was measured at the sampling site when the water
samples were collected. Daily maximum, and minimum surface air temperature,
and precipitation were obtained from the metrological stations situated in the
studied area. Daily discharge (Kabul river) at Warsak dam and Attock stations were
obtained from Water and Power Development Authority Pakistan. Discharge and
precipitation were both used as variables in this study. Although precipitation
influences discharge, in this case precipitation is seen as an indicator of runoff
nearby, while the discharge also takes account of upstream areas. Such approach is
commonly described in the literature (Cann et al., 2013b; Vermeulen and Hofstra,
2014). We also include both water temperature and mean surface air temperature
(minimum + maximum / 2) to get an understanding of their relation with E. coli
concentration.

2.2.5

Statistical Analysis

All the data were statistically analysed using the SPSS 22.0 computer package. E.
coli and discharge data were log-normally distributed, so we always use the 10log
transformed data for both variables. Average surface air temperature was used for
all the measurement sites normally distributed, while water temperature followed
a bimodal distribution and this is also seen in other studies (Shrestha and Kazama,
2007; Wunderlin et al., 2001). Precipitation was gamma distributed. Descriptive
statistics of the data were studied. Then standard Pearson correlations between E.
coli concentration, water temperature, surface air temperature, and Kabul river
discharge were calculated. Spearman’s rank correlation analysis between E. coli
concentration and precipitation was performed. We studied whether precipitation
summed over between two and seven days obtained better correlation than daily
precipitation. A longer time span could be expected to have a better correlation as
precipitation may take a while before it runs off into the river, but after some time
the water is out of the system and correlation may decrease. Summation of
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precipitation with comparative means was done in other studies as well (Bush et
al., 2014; Carlton et al., 2014; Hata et al., 2014; Martinez et al., 2014; Vermeulen and
Hofstra, 2014). We found different optimum summation times (including the
sampling day) for the different sampling sites to have the highest correlation with
the concentration of E. coli (see Table 4). We use the optimum for each sampling
site.
We studied the observed difference in E. coli concentration in surface and drinking
water by fitting the data to a general linear model to evaluate the comparative
contributions of hydro-climatic variables (independent variables) to the observed
variations in E. coli concentrations (dependent variable). The model is explained in
detail in the results section. All hydro-climatic variables are added to the model one
by one and the significance of their contribution to the results is evaluated. The
variables that were added to the best fitted models, were selected based on the
significance of the variable’s contribution or strong improvement in the model’s
coefficient of determination (R2). We also test whether or not interaction effects
should be included in the model and we test the independent variables for
collinearity. The R2, determines how well the model explains the observed variation
in E. coli concentrations. All statistical tests were analysed for significance at the 95
% confidence level (p< 0.05).

2.3 Results
2.3.1

Correlations

All samples were positive for E. coli, with very high concentrations compared to
guidelines (<1 cfu/100 ml for low risk drinking water (WHO 2011) and (235
cfu/100ml) for bathing water (USEPA, 2001)( see Figure 2.2). The surface water
samples showed higher E. coli concentration than the drinking water samples (Table
2.3 and Figure 2); this water is grossly polluted (Medema et al., 2009a). E. coli
concentrations in surface water range from 820 to 160,000 cfu/100ml and in
drinking water from 11 to 540 cfu/100ml. The mean E. coli concentrations per
sampling site ranged from 119 – 8.4 x 104 cfu/100 ml subjected to different sampling
sites, and the median values were 40 – 92,000 cfu/100 ml, including both surface
and drinking water samples. Differences in E. coli concentrations between sampling
sites are minor. Warsak and Khyali seem to have the comparatively lowest
concentrations. Afterwards sewage from Peshawar and Charsadda is added to the
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river. However, concentrations at Warsak are already very high. Concentrations are
highest at Shah Alam, which is located just after the sewage of Peshawar has entered
the river, and Nowshera, where the sampling site was located just after the sewage
from Nowshera enters Kabul river. AGO has the lowest values among the drinking
water sources. The concentrations at this location did not change after the filter was
installed and are still very high. The biweekly water temperature ranged from 9.9 to
29.1oC. Surface air temperature ranged from 5.5 to 47 oC and total precipitation over
the full 30 months from 2109 to 3333mm. Peshawar is the hottest and the driest,
while Malakand is the coldest and the wettest of the meteorological stations.
Discharge ranges from 2.2 to 3.8 10log m3/s and discharge at Warsak is lower than
discharge at Attock (Table 2.2), which is understandable as river SWAT and the
irrigation canal enter Kabul river within the study area. The seasonal pattern is
comparable for all variables, with high concentrations, temperature, precipitation
and discharge in the months June to August.
Correlation analysis showed that E. coli concentrations in surface water correlate
significantly positively with the hydro-climatic variables water temperature, surface
air temperature, precipitation and discharge for most of the sampling sites (Table
2.4). The mean of the correlations over the 9 sampling sites are equal for water
temperature, surface air temperature and discharge (0.64), although differences
between the sites exist. Shah Alam often has the lowest correlation. This sampling
site is strongly influenced by direct inputs from Peshawar and this may influence the
relation with hydro-climate variables. For precipitation only significant correlations
were found for sites that have 2.5 years of data (n=60). The average correlation over
the significant sites (0.33) is much lower than for the other hydro-climatic variables.
The correlations between the average E. coli concentrations over the sampling sites
and average water temperature, surface air temperature, discharge and total
precipitation are similar to the average correlations over the sampling sites, except
for the correlation with discharge that is higher (0.728). For average E. coli
concentrations discharge is the most important variable.
The E. coli concentration of drinking water samples were also significantly positively
correlated with hydro-climatic variables. The mean of the correlation coefficients
over the drinking water sites were lower than the mean of the correlation
coefficients over the surface water sites. However, correlations between average E.
coli concentrations in drinking water and hydro-climatic variables were only
marginally different from the correlations between average E. coli concentrations in
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surface water and hydro-climatic variables. The correlation between average E. coli
concentrations in drinking water and average discharge is the highest at 0.723.
Although correlation does, of course, not imply causation, such a high correlation
would indicate that discharge strongly influences the E. coli concentrations in
drinking water. In particular during floods that makes sense, as some of the drinking
water sources can be submerged in the flood water. Together with high
temperatures that could cause growth in standing water in the tropics, these high
correlations could be explained.
Figure 2.3 graphically presents the correlation between E. coli concentration of
surface water samples with water temperature (both averaged over all sampling
sites), surface air temperature averaged over the meteorological stations, total
precipitation on the sampling day summed over the meteorological stations, and
Kabul river discharge, averaged over the two discharge measurement locations.
Correlations are high, in particular for discharge (R 2 is 0.53 for surface and 0.52 for
drinking water samples). The correlation with precipitation is lower than expected
(R2 equals 0.046 for surface and 0.083 for drinking water samples). The low R 2 is due
to high concentrations at days without precipitation.
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Figure 2.2. E. coli concentration of both drinking water and surface water sampling
sites (bullet is mean, whiskers represent the spread in concentrations
over the sampling sites), mean surface air temperature and total
precipitation over the three meteorological stations, and mean discharge
over the two discharge measurement points.
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Figure 2.3. Correlations between the E. coli concentration (log cfu/100ml) averaged over all (Nine in the first year and five in
the second year) Surface water (A-D) and five drinking water (E-H) sampling locations and the hydro-climatic
variables water temperature (0C) (averaged over all corresponding sampling locations) (A & E) surface air
temperature (0C) averaged over the meteorological station (B) and measured at Risalpur (F) total precipitation
(mm) summed over the meteorological stations (C) and measured at Risalpur (G) Kabul river discharge ( 10log m3/s)
averaged over Warsak and Attock (D) and at Attock (H).

71.33
71.69
71.64
71.70
71.74
71.92
71.97
72.04
71.59
71.59
71.56
71.55
71.59

34.10

34.13

34.08

34.14

34.09

34.08

34.00

34.01

34.00

33.59

34.00

34.00

34.00

Shabqadar

Sardaryab

ShahAlam

Khyali

MT Pull

Amangarh

Nowshera

Hakeem Abad

NCT

NSB

AGO

HKTW

Boys College

Warsak

Longitude
71.35

Latitude
34.16

Measurement
site

24.0

22.7

23.6

24.1

23.9

19.4

19.9

18.8

18.6

17.3

18.8

18.7

18.4

Mean
18.1

12.5

12.1

12.3

11.3

10.9

11.2

10.5

10.7

10.3

9.9

10.5

10.4

10.2

Min
9.9

32

28.5

28.1

28.6

29.1

28.4

27.8

27.1

26.9

26.0

25.8

26.6

27.1

26.8

Max
26.0

Water temperature

2.1

2.1

2.1

2.2

2.2

4.8

4.9

4.7

4.9

4.7

4.9

4.7

4.7

Mean
4.7

1.7

1.8

1.6

2.1

2.0

4.7

5.0

4.7

4.9

4.5

5.0

4.5

4.5

Median
4.7

1.1

1.3

1.2

1.4

1.0

4.0

3.7

3.7

3.7

3.7

3.7

3.7

3.7

Min
2.9

E. coli concentration

2.7

2.7

2.5

2.7

2.7

5.2

5.2

5.2

5.2

5.2

5.2

5.2

5.2

Max
5.2

60

60

60

60

60

25

60

25

60

60

60

25

25

60

N

Table 2.2. Summary of biweekly E. coli concentrations and water temperature data. The Sampling period is March 2013 –
September 2015.

Table 2.3. Summary of daily surface air temperature, total and maximum daily
precipitation, Days with precipitation, and discharge of Kabul river over the
period April 2013 – September 2015.
Mean surface air temperature
(oC)
Meteorological
stations

Mean

Min

Max

Precipitation
(April 2013 – September 2015)
Total
Days with
(mm
Daily max
precipitat
)
(mm)
ion

Peshawar

30.5

11.3

47.0

2422

110

252

Malakand

26.6

5.5

41.5

3333

137

296

Risalpur

45.9

2109

80

226

Discharge stations

29.6
8.5
Discharge
(10log m3/sec)
Mean
Min

Warsak

3.0

2.2

3.7

Attock

3.1

2.3

3.8

Max

Table 2.4. Correlations for each Sampling site and for Average E. coli and
corresponding hydro-climatic variables as in Figure 3. For precipitation the sum
of days that had the highest correlation was chosen (see footnote). Correlations
are statistically significant (p<0.01) unless otherwise indicated. For the average
surface water correlation averages over the meteorological and discharge
measurement stations were used. Precipitation was summed over 2 days, unless
indicated otherwise.

Sampling site

Water
temperature

Surface air
temperature

Precipitation

Discharge

Warsak♦∆

.675

.607

.332

.727

Shabqadar♦∆

.672

.730

-.085**

.553

Sardaryab♦∆

.625

.677

-.133**

.533

ShahAlam♦∆

.538

.548

.283*

.683

Khyali●∆

.580

.595

.371

.691

MT Pull●∆

.678

.578

.344

.695
.596

Amangarh▲∞

.644

.713

-.043**&

Nowshera▲∞

.634

.582

.306*

.719

.695

.003**&

.569

Hakeem Abad▲∞

.666
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Average
water

surface

NCT▲∞

.637
.462

.620

.348

.728

.438

.228**&

.468
.508

NSB▲∞

.541

.380

.432&

AGO▲∞

.325*

.508

.202**&&

.615

.391

.291*&

.612

.366

.406

.299*&&&

.607

.580

.544

.309*

.723

HKTW▲∞

.427

Boys College▲∞
Average drinking
water ▲∞

**. Correlation is not significant.
*. Correlation is significant at the 0.05 level.
♦. Precipitation and surface air temperature measured at meteorological station
Peshawar.
●. Precipitation and surface air temperature measured at meteorological station
Malakand
▲. Precipitation and surface air temperature measured at meteorological station
Risalpur
∆. Discharge measured at Warsak dam station
∞.Discharge measured at Attock station
&. Precipitation on the sampling day is used, &&. Precipitation sum of 5 days is used, &&&.
Precipitation sum of 6 days is used

2.3.2

Model

A general linear model was applied to assess the impact of the hydro-climatic
variables on E. coli concentrations. The multi-variable general linear model has
the following form:
log(𝑌) = 𝛽0 + 𝛽1 𝑇 + 𝛽2 𝑝 + 𝛽3 log (𝐷) + 𝛽4 𝑇 ∗ log (𝐷) + 𝜀

Equation 1

Where Y represents the dependent variable (E. coli concentration), 𝛽𝑖 are
constants, T is the temperature in oC; this could be either water or surface air
temperature, p is the total precipitation summed over a variable number of days
(see Table 2.4) before and including the sampling day in mm, D is the Kabul river
discharge in m3/s, T*log (D) represents the interaction effect of water or surface
air temperature and Kabul river discharge, while 𝜀 is the residual error. Not all
variables have been included (see Table 2.5) for all sampling sites. Water
temperature and surface-air temperature have not been added to the model
together, because they are highly correlated (R 2 = 0.65 for average surface air
temperature and water temperature averaged over the surface water sampling
sites). Discharge and water temperature are also correlated (R 2 = 0.42 for
average discharge and water temperature averaged over the surface water
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sampling sites), but no collinearity existed for these variables and they add
conceptually different processes to the regression model. For averaged surface
and drinking water samples the model fitted explained a large proportion of the
variation in E. coli concentration in Kabul river. The resulting model had a
coefficient of determination (R2), adjusted for degrees of freedom, of 0.61 for
average surface water and 0.55 for average drinking water sources.
-estimates of all independent variables and their coefficient of determination
(R2) for all the sampling sites and have been listed in Table 2.5. For the surface
water sites that had 60 biweekly samples, the best-fit models included the
variables water temperature, precipitation (except Shah Alam), discharge and
the interaction effect of water temperature and discharge. Not all variables had a
significant contribution, but inclusion did improve the model fit. For the sites that
had only 25 biweekly samples, surface air temperature significantly contributed
to the model and in some cases also precipitation was included. The sign of all
beta values is positive, except for the interaction effect. The sign for that is
negative in all cases. The intercept is sometimes positive and in other cases
negative. In all cases, the beta value for precipitation is very low. One mm
increase in precipitation, while the other variables stay the same, increases the
E. coli concentration by 0.001 – 0.008 10log cfu/100ml. Surface air temperature
has a more or less equal influence for the four sites with 25 biweekly samples.
There, one degree increase in temperature increases the E. coli concentration by
0.035 – 0.038 10log cfu/100ml. For the other sites, the influence of water
temperature is a factor 10 higher, from 0.215 – 0.465 10log cfu/100ml for each
degree increase in water temperature. Also the impact of discharge is large. An
increase of one 10log m3/s increases the E. coli concentration by 1.56 – 3.37 10log
cfu/100ml. We can put this into perspective for MT Pull, for example, a site with
average beta values for water temperature and discharge. Here a difference of
15.7 degrees in water temperature between minimum and maximum (see Table
2.1) would result in a change of 4.1 10log cfu/100ml, while a difference of 1.5 10log
m3/s in discharge between minimum and maximum would also result in an
change of 4.1 10log cfu/100ml. The adjusted R2 ranges from 0.43 to 0.66.
The models are much more variable for drinking water. The adjusted R 2 is lower
than for surface water sites. It ranges from 0.26 to 0.42. For all sites, except boys
college, precipitation significantly influences the E. coli concentrations. For some
sites temperature (water or surface air) contributes significantly, while for
others temperature is not included in the model. For some sites discharge
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contributes significantly, while for others discharge is not included in the model.
The interaction effect is never included in the model, except for the average
model. The beta value for precipitation is similar, if not slightly higher, than for
surface water samples, while the beta value for temperature and discharge are a
factor 10 lower than for the surface water samples. The two sites that are
submerged in water when the river floods, HKTW and Boy’s college, have a very
similar model. The model includes precipitation and discharge, and discharge has
an understandable much higher impact on these two drinking water sites than
on the other drinking water sites.
Table 2.5: β estimates and R2 for the models based on Equation 1 for all sampling
locations in Kabul River Basin. Shaded boxes indicate statistically significant
(p<0.05) contribution of the variables. Each sampling site is linked to the same
meteorological and discharge station as explained in Table 2.4. Water
temperature is used in the model unless indicated otherwise. Precipitation is
summed over 2 days (sampling day and day preceding the sampling day), unless
indicated otherwise.
Sampling site

β0

β1

β2

β3

β4

R2

Warsak

-6.093

0.465

0.005

3.373

-0.145

0.66

Shabqadar

3.351

0.038*

0.51

Sardaryab

3.376

0.038*

0.43

ShahAlam

-1.995

0.256

2.288

-0.085

0.50

Khyali

-0.560

0.205

0.004

1.562

-0.059

0.55

MT Pull

-1.800

0.274

0.002

2.023

-0.082

0.58

Amangarh

3.379

0.038*

0.008

Nowshera

-1.333

0.215

0.004

Hakeem Abad

3.496

0.035*

0.007♦

Average surface water

-1.888

0.259

0.001

NCT

1.181

0.025*

0.008

NSB

-0.006

0.050

0.010

0.254

0.41

AGO

0.207

0.016*

0.005∆

0.371

0.42

HKTW

-0.351

0.007

0.708

0.40

Boys College

-0.352

0.006

0.713

0.38

Average drinking water

-2.174

0.005

1.288

♦

0.52
1.909

-0.065

0.49
2.076

-0.079

♦

0.100

*

0.61
0.26

Surface air temperature is used instead of water temperature
♦ Precipitation is summed over 3 days
∆ Precipitation is summed over 5 days
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0.59

-0.030

0.55

2.4 Discussion
We measured E. coli concentrations in surface water of Kabul river and drinking
water in the city of Nowshera through which Kabul river runs. Concentrations in
surface water are very high (2.9 – 5.2 10log cfu/100ml); the river is grossly
polluted. Concentrations in Kabul river are higher than found in earlier studies
in Bangladesh (2.9 – 3.4, Islam et al. 2017a), China (1.8 – 3.4, Liu et al. (2009),
Southeast Asia (2.8–4.3,Widmer et al. (2013), the Mekong river basin (2.0 – 3.1
Boithias et al. (2016), and Côte d'Ivoire (2.55–3.47, Adingra et al. (2012a). The
reason for that is that the river basin is densely populated by people, who nearly
all are connected to a sewer, but where the waste water treatment systems have
been broken by a large flood in 2010. In addition to people, the basin is also
densely populated by livestock, including cattle, buffaloes, sheep and goats. The
concentrations in Kabul river do compare to other studies, such as for Ghana (0
– 9.0 Amisah and Nuamah (2014), for the Santa Cruz watershed in Arizona (5.155.73 (Sanders et al., 2013)) and for Indiana lakes and streams (5.20-5.90
Frankenberger (1995). Concentrations in drinking waters are also very high (1
– 2.7 10log cfu/100ml). The water found at all of the drinking water sites is
unsuitable for drinking and should at least be boiled before consumption. The
concentrations found compare to concentrations found in other studies (e.g. 2.30
– 2.9110log cfu/100ml Warner et al. (2008).
E. coli concentrations in surface water were highly correlated with discharge, and
in most cases also with precipitation. The reasons for higher E. coli
concentrations in wet weather are increased runoff of agricultural lands and
urban areas, leakage from manure storage (diffuse sources) and resuspension of
sediments in the river (Hofstra, 2011). Precipitation is linked to runoff in the
study area, while discharge is linked to runoff upstream. Precipitation is in most
cases summed over several days, which mimics the time it takes for runoff to
reach the river. Positive correlations between E. coli concentrations and
precipitation and discharge were also observed in other studies (Abia et al.,
2015; Aragonés et al., 2016; Dastager et al., 2015; Ibekwe et al., 2011; Schilling et
al., 2009b; Walters et al., 2011). The positive correlations indicate that during
wet weather diffuse sources are relatively more important than in dry weather
situations.
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Also for drinking water sites E. coli concentrations were positively correlated
with discharge and precipitation. In Kabul River Basin the groundwater is quickly
replenished by river water (Tunnermeier and Houben, 2005). This means that
the same mechanism could be in place for drinking water as for surface water.
During flooding the drinking water sites could also be directly influenced by flood
water. That is in particular the case for the sites that are submerged in the river
during floods (HKTW and Boy’s College). High correlation between E. coli
concentrations and drinking water from bore holes and tube wells and
precipitation and discharge were also found in other studies (Herrador et al.,
2015; Warner et al., 2008). The reason they gave improper wall construction and
well coverage, and close-by toilets that cause higher leaching with higher
precipitation.
E. coli concentrations in surface and drinking water were also positively
correlated with average water and surface air temperature. These positive
correlations can be explained by coinciding high temperature with high
precipitation and discharge (see Figure 2). The observed positive correlation
with water temperature does, therefore, not mean that increased temperature
leads to the increased E. coli concentrations through bacterial growth. Positive
correlation of the E. coli concentration with average water and surface air
temperature was in line with other studies (Chu et al., 2013; Medema et al., 1997;
Wang and Doyle, 1998). Several authors also provide the coinciding high
temperature, precipitation and discharge as main reason for the positive
correlation (Koirala et al., 2008; Schilling et al., 2009b) while others link it to
bacterial growth (Byappanahalli et al., 2003; Hong et al., 2010; Tiefenthaler et al.,
2009). We have not found evidence in the literature of bacterial growth in
flowing water. Kabul river is a reasonably large river (mean discharge 1000
m3/s) with a short residence time (less than half a day in the study area) (FFC,
2016). Growth in such a river is unlikely. A positive correlation between E. coli
concentration and drinking water could be related to bacterial growth in wells.
However, discharge and precipitation also influence the drinking water sites in a
similar way as the surface water sites, which could indicate that the coinciding
high temperature, precipitation and discharge are also the main reason for a high
correlation with temperature for the drinking water sites.
Our general linear model explains a large part of the variation in E. coli
concentration. The R2s for the models for average surface and drinking water E.
coli concentrations were 0.61 and 0.55 respectively. This means that hydro-
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climatic variables are very important determiners of the microbial water quality
of Kabul river and the drinking water sites near this river. Of course, also other
variables will be important, such as sewage inputs, livestock numbers, manure
management, land use, and the mechanisms that determine the transfer of water
from Kabul river to the drinking water sites. The R2 found in our study for surface
water sources is high compared to other studies. In other studies R2 often ranges
between 0.1 and 0.5 (Islam et al., 2017a (Submitted); Vermeulen and Hofstra,
2013; Walters et al., 2011; Whitman and Nevers, 2008). Kay et al. (2005) do find
similar values (R2 = 0.49-0.68) for the river Ribble drainage basin in the UK by
including similar climatic and environmental variables. For drinking water
sources Long et al. (2016) conducted a study in South China and found R 2 equal
to 0.29 for E. coli, which is lower than the value we find. .
E. coli is an indicator faecal contamination of surface or drinking water. Although
the presence of high concentrations of E. coli indicate the likely presence of more
harmful pathogens, E. coli is mostly not directly correlated to pathogens
(Teklehaimanot et al., 2014). Moreover, water use is also an important factor to
include in health risk assessments. Bathing and irrigations are important uses of
the Kabul river water that could pose health risk to the population. The sampled
drinking water is used for drinking, but its treatment afterwards (possibly
boiling) will influence the risk. This makes it difficult to directly conclude on the
importance of the observed concentrations and relation with hydro-climatic
variables for the health risk in Kabul River Basin. For that, pathogen data for the
basin would be required, although this is expensive (Bruhn and Wolfson, 2007).
However, as the E. coli concentrations, also in the drinking water sources, are
very high, it is safe to say that the population in the basin will be at risk of
waterborne pathogens and resulting faecal-oral diseases. The hydro-climatic
variables, to which the E. coli concentrations in the Kabul River Basin are strongly
related, are expected to change in the future for the basin, with increased
temperature, precipitation and discharge (Iqbal et al 2017). Such changes will
further increase the E. coli and pathogen concentrations in the surface and
drinking water sites and also likely increases the health risk for the population
in the basin.
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2.5 Conclusions
We performed an analysis of biweekly E. coli samples for nine surface and five
drinking water sources over a period of 30 months (April 2013 – September
2015) and statistically quantified the relation between E. coli concentrations and
the hydro-climatic variables water and surface air temperature, precipitation
and discharge of Kabul river in the North West of Pakistan, we conclude the
following:


All of the E. coli surface water samples exceeded USEPA bathing water
quality standards (235 cfu/100ml) (USEPA, 2001). Therefore, the Kabul
river is not suitable for swimming or bathing. Similarly, all of the E. coli
drinking water samples exceeded the WHO standards for drinking water
quality (<1/100ml). Therefore , drinking water of Nowshera is not
suitable for drinking without additional treatment.



Temperature, precipitation and river discharge were found to correlate
positively with E. coli concentrations at most of the sampling sites.



Our linear regression models for average surface and drinking water
explain 61% and 55% of the variability in the observations respectively.
The variables water temperature, precipitation, discharge and an
interaction factor for temperature and discharge were included in the
model.

Although E. coli concentrations are not necessarily correlated to waterborne
pathogen concentrations, the high concentrations do indicate likely presence of
waterborne pathogens and a resulting health risk for the population. Based on
our analysis, we can conclude that expected increases in temperature,
precipitation and discharge likely increase the E. coli concentrations further. This
is also expected to increases the health risk for the population in the Kabul River
Basin.
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Abstract
Devastating floods adversely affect human life and infrastructure in the Kabul
river basin in Pakistan. We analyse flood frequency and intensity for a
contemporary period (1981-2000) and two future periods (i.e. 2031-2050 and
2081-2100) using the RCP4.5 and RCP8.5 scenarios based on four bias-corrected
downscaled climate models (INM-CM4, IPSL-CM5A, EC-EARTH and MIROC5).
Future floods are modelled with the SWAT hydrological model coupled to HECSSP. The model results suggest an increasing trend due to increasing
precipitation and higher temperatures (based on all climate models except INMCM4), which accelerates snow and glacier-melt. All scenario results show that the
current flow with a 1 in 50 year return period is likely to occur more frequently
(1 in every 3 – 24 years) during the near and far future periods. Such increases
in intensity and frequency are likely to adversely affect downstream population
and infrastructures and urges for appropriate early precautionary mitigation
measures.
Keywords: Kabul basin, Climate-change, GCMs, SWAT model, HEC-SSP, Floods
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3.1 Introduction
Recurring floods often pose devastating effects in terms of human sufferings and
material losses. The Indus basin, originating from the Hindukush-KarakorumHimalayan (HKH) region, is prone to such extreme flood hazards. The basin has
been strongly hit by destructive floods during recent decades and this induced
massive infrastructural, socioeconomic and environmental damages (see Figure
S1). The cumulative estimated economic losses of more than US$ 45.607 billion
are reported. Around 12655 people lost their lives and nearly 200,000 villages
were damaged or destroyed due to these floods in the past 80 years. The most
devastating flood in 2010 spread over an area of about 160,000 km -2 across 82
districts affected over 20 million people, while including about 2000 deaths and
3000 injuries.
Kabul river, the largest tributary of the Indus river on its right side, originates in
Afghanistan and brings frequent intensive flash floods in its low-land
downstream areas, particularly when heavy monsoon rains are joined by
snowmelt runoff during the summer months (Wang et al., 2011). The most
severely affected areas by the 2010 flood include the Peshawar, Charsadda,
Mardan, Nowshera, Swabi and Swat districts located in lower reaches of the
Kabul river. All these districts suffered from massive damages (see Table S1).
A warming climate and changes in precipitation patterns are expected to
substantially influence river flows in the HKH region including the Kabul basin
(Lutz et al., 2014). The mean surface temperature increase in the HKH region
towards 2100 is expected to be higher than the global mean surface temperature
increase (IPCC, 2007a). This temperature increase will probably cause
considerable changes in the region’s weather patterns hydrological cycle.
Relative to the 1961-1990 baseline period, the mean temperature during the
near future (i.e. 2021-2050) period is projected to rise 2oC, and an average
change of 8 to 12% in annual precipitation is projected under the RCP4.5
(Mukhopadhyay and Khan, 2014). The change in mean temperature and
precipitation will probably become larger in the far future (i.e. 2081-2100) due
to the increasing greenhouse gas concentrations (Immerzeel et al., 2013; Lutz et
al., 2014). Western low pressure weather systems, which generate most of the
winter precipitation in the Hindukush and Karakorum regions, are expected to
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be accelerated by the changing climate (Ridley et al., 2013; Wiltshire, 2014). This
can maintain a positive snow/glacier mass balance. This positive mass balance
coupled with the increasing summer temperatures and monsoon precipitation
will not only intensify the snow/glacier melt but also bring in extreme floods.
To better prepare for the recurring natural flood hazards and prevent financial
losses and casualties, the possible future changes in flood frequency and intensity
in the Kabul river basin should be analysed. However, such analysis for this
important river basin is still lacking. This study therefore determines the
projected future climate change and assesses its impacts on river flows in the
Kabul river basin. The study provides quantitative estimates of the projected
changes in flood frequency and intensity for both the near future (i.e. 2031-2050)
and far future (i.e. 2081-2100) periods relative to the contemporary period
(i.e.1981-2000). The results of this study will be useful in flood management in
the region to design safeguarded hydraulic infrastructures along the Kabul river.
This paper is structured as follows. In section 2, we describe the study area in
more detail. Section 3 describes the data used and prepared for the analysis.
Section 4 explains the approach used in the hydrological model, flood frequency
analysis and selection of climate models. Section 5 described the results followed
by the discussion. Finally, the major findings are presented in conclusion.

3.2 The Study Area
The Kabul river originates from the Sanglakh range of the Hindukush mountains
in Afghanistan and sustains the livelihoods of millions of people in Afghanistan
and Pakistan (Figure 3.1(a)). It contributes around 10 to 12% of the annual flows
to the main Indus river system (Inam et al., 2007). The total area of the Kabul
basin is approximately 92,600 km2. Its main tributaries are the Salang, Panjshir,
Nerkh, Maidan, Duranie, Kunar, Swat, Jindi, Barra, and Kalpani Rivers. The Kabul
basin can be divided into three major sub-basins on the basis of flow generation:
the upper Kabul, Panjshir and lower Kabul. The upper Kabul basin generates
2.6% of the average annual flow of the basin, because this part of the basin
receives less rainfall and there is no snowmelt contribution in its annual flow,
Panjshir generates almost 15% of the annual flow while the rest of the flow is
generated by the lower parts of the Kabul river including Chitral, Swat, Jindi and
Barra tributaries (Frischmann, 2011).
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Figure 3.1: Study map of Kabul basin Afghanistan and Pakistan (a) geography of
the basin (b) Kabul basin including all major tributaries of the main
river as this river is the part of upper Indus basin (c) flood prone
urban areas in the lower part of Kabul basin in Pakistan. The green
triangle is the gauge station from where the discharge data is
collected and model is calibrated and validated.
The basin’s average monthly temperature reaches its maximum in July, when
snow and glacier-melt considerably contribute to river flows. Mean monthly
precipitation encounters two peaks throughout a year: in April and August. The
August peak precipitation predominantly stems from the Indian summer
monsoon and is mainly experienced in the Chitral, Swat and extreme lower
reaches of the Kabul river. The upper Kabul and Panjshir basins are mainly
influenced by western disturbances (WDs) that originate from the
Mediterranean Sea and receive peak precipitation during April. Chitral and Swat
basins are also complemented with snow- and glacier-melt. These factors
together cause the major floods along the Kabul river particularly in low-land
areas in the lower Kabul basin (Figure 1 (c)). Mean monthly river flows observed
at the Attock rim station indicates that about 80% of the annual flows occur
during the April-September months with a peak in August (Figure 3.2).
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Figure 3.2: Mean monthly flow of the Kabul basin at Attock, monthly average
temperature and precipitation variation based on climate stations
(see details in Section 3) in the Kabul basin, for the period 19812000.
Elevation of the basin ranges between 271m and 7603m, while its topography
comprises high mountains with steep slopes (up to 10%) in the north and
western part, and low slopes (up to 2%) and valleys in the lower basin (Figure
S2(a)). Land use of the Kabul basin consists of agriculture (29.4%), pasture land
(26.1%), urban area (19.7%), barren area (9.4%), water bodies (14.6%), and
forest (0.6%) (Figure S2 (b)). The predominant soil texture is loam to clay-loam
textured (85%) and additionally 12% of the area’s soil is silty-clay while only 3%
is clay (IIASA. et al., 2012)(Figure S2 (c)).

3.3 Data
3.3.1

Topographic, Soil and Land-cover Data

Delineation of the Kabul basin was carried out using a 90m resolution Digital
Elevation Model from the Shuttle Radar Topography Mission, acquired in January
2016 from the website (http://srtm.csi.cgiar.org). The Harmonized World Soil
Database
(available
from
http://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-database)
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and European Space Agency’s land cover data for 2009 (Arino et al., 2010)
(available from http://due.esrin.esa.int/page_globcover.php) were employed.

3.3.2

Historic Hydro-climatic Data

The Pakistan climatic data includes, daily precipitation, daily min, max
temperature, wind speed, relative humidity and solar radiation for twenty-five
years (1981-2015) was acquired from the Pakistan Meteorological Department,
while the Afghanistan data was synthesized from the country’s meteorological
reports by the Afghanistan Meteorological Department (available at
http://afghanag.ucdavis.edu/natural-resource-management/weather).
Meteorological stations (either at the periphery or within the Kabul basin) in
both countries were selected and used (see Figure 3.1(b)). Data from the selected
meteorological stations were used to prepare the necessary weather input files
for the SWAT model. Daily measured discharge data at the Attock rim station
from January 1981 to December 2015 were acquired from the Water and Power
Development Authority of Pakistan. These observed flow data are used to
analyse flood frequency and calibration and validation of SWAT model.

3.3.3
3.3.3.1

Future climatic Data
GCM and Scenario Selection

General Circulation Models (GCMs) are used to simulate the global climate at
different spatial resolutions (100-250km) and provide future climate change
projections till 2100. The present-day cutting edge GCMs were prepared by the
Fifth Coupled Model Intercomparison Project CMIP5 (Taylor et al., 2012). The
CMIP5’s data were the basis of the Fifth Assessment Report by the
Intergovernmental Panel On Climate Change (IPCC). Over 61 publically available
GCMs provide future climate data. However, most of these GCMs underestimate
the monsoon precipitation in the HKH region and are not truly representative of
this region (Sperber et al., 2013). Therefore, they cannot be directly used for the
projection of extreme events (floods) (Lee and Wang, 2014). A recent study by
Lutz et al. (2016b) evaluated 94 GCMs runs for RCP4.5 and 69 GCM runs for RCP
8.5 for the HKH region using an advanced envelop-based selection approach
integrated with the past performance of the GCMs. They shortlisted a climate
model based on the projected average annual changes in the mean temperature
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and precipitation sum for the 2071-2100 period over the 1971-2000 period. The
shortlisted GCM runs are further refined based on the changes in extremes of
precipitation and temperature. Finally, the remaining GCM runs are validated by
comparing their performance to reproduce the historical climate from a
reference product. Based on this approach, Lutz et al. (2016a) applied the
advance-envelop based approach and used it to select the four most suitable
GCMs for the Upper Indus basin, which includes the area under this study. We
relied on Lutz et al. (2016a) and used the GCM runs that they selected for the
Upper Indus River Basin. We selected three GCMs that best represent the
extremes of floods and droughts. The extreme of drought is represented by two
possible dry-cold and dry-warm scenarios, while extreme floods are best
represented by a wet-warm scenario. The fourth GCM is selected on the basis of
average conditions. The selected four GCMs are INM_CM4_r1i1p1 (Institute for
Numerical Mathematics) for the dry-cold scenario, IPSL-CM5A-LR_r3i1p1
(Institute Pierre-Simon Laplace) for the dry-warm scenario, MIROC5_r3i1p1
(Japanese Atmosphere and Ocean Research Institute, National Institute for
Environmental Studies and Japan Agency for marine-earth Science and
Technology) for the wet-warm scenario and EC-EARTH_r12ip1 (EC-EARTH
consortium) for the average scenario.
Climate change is expected to substantially alter the hydrological cycle, although
projections of flow variations probably contain large uncertainties (Hagemann et
al., 2013). Due to such future climate uncertainties, researchers generally use
different scenarios that indicate how future climate may change under specific
assumptions. IPCC’s Fifth Assessment Report provides four Representative
Concentration Pathways (RCPs) for climate-change projections and modelling.
However, in our current study climatic data for two representative concentration
pathways (RCPs) were selected and used: RCP4.5 represents a medium
concentration stabilization scenario in which greenhouse gas emissions peak
around 2040 and then decline and RCP8.5 depicts a very high baseline scenario
where emissions continue to rise throughout this century (Van Vuuren et al.,
2011a). The CMIP5 daily climatic data for the four GCMs both RCP scenarios were
downloaded from the Earth System Grid Federation Portal (http://cmippcmdi.llnl.gov/cmip5/; https://esgf-data.dkrz.de/search/cmip5/) to be used in
our analysis.
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3.3.3.2

Bias Correction, Downscaling and Grid Cell Selection

The evident inconsistencies in the spatial resolutions of GCMs can be corrected
by different downscaling methods. This is necessary when climate models are
used to drive hydrological and other models. Many downscaling methods are
available to produce climatic data for climate impact models (Hawkins et al.,
2013). Downscaling can be divided in two main categories: dynamic (Wood et al.,
2004) and statistical downscaling (Wilby and Wigley, 1997). There are many
downscaling methods available to produce climate data for impact models
(Hawkins et al., 2013). We used the statistical downscaling method explained by
Liu et al.(2015). They used the “delta or change factor” method in their study by
overlaying the GCM’s data with the observed climate data (Arnell et al., 2003;
Diaz-Nieto and Wilby, 2005). This method confirms that the current climate is in
reality the observed climate and not the simulated GCM-based climate.
Temperature change can be added to the observed temperature. Additions for
precipitation, however, result in negative precipitation values. To overcome this
problem the multiplicative (relative change) approach is usually used (Hawkins
et al., 2013). Liu et al. (2015) also used quantile-quantile correction to ensure
that the future data are distributed similarly to the observational data. It’s
advantage is that it produces the data for a point rather than a grid and this point
can then be used directly in a hydrological model such as SWAT, that relies on
point data. This downscaling method requires selection of a grid cell for
downscaling. The grid cell on top of the local meteorological station can be used
or the grid cells surrounding different stations can be interpolated so that the
meteorological station is centred in the grid (Leemans and Cramer, 1991). The
difference between these two selection methods is small at the local scale
(Leemans et al., 1992). So, we apply the single grid cell on top of the local
meteorological station in the current study.

3.4 Methods
Flood frequencies are studied with historic annual flood data and with coupled
hydrology (SWAT model) and flood frequency (HEC-SSP statistical software) for
a reference period (1981-2000) and two future time periods (2031-2050 and
2081-2100). The methodology is summarised in Figure 3.3.
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Figure 3.3: Schematic diagram of the hydrological modelling and flood frequency
analysis (reference and future projected peak flows).

3.4.1

SWAT Model

The Soil and Water Assessment Tool (SWAT) is a river basin or watershed-scale
model. It has been widely used for modelling watershed hydrology at continuous
timescale. SWAT was developed to project the effects of water use, sediments and
agricultural yields (Neitsch et al., 2011). It is a physically-based semi-distributed
hydrologic model (Arnold et al., 1998a; Neitsch et al., 2011), which routes
continuously on an hourly or daily time step. The SWAT model uses an ArcGIS
interface for the definition of watershed hydrological features (Benham et al.,
2006; Neitsch et al., 2011). There are nine basic elements in the SWAT model:
hydrology, weather, soil types, sediment yields, plant growth, nutrients loss,
pesticides, bacterial load and land-use management. The model subdivides the
watershed into sub-basins based on a 90-m resolution digital elevation model .
These sub-basins are further split up into hydrological response units (HRUs)
that constitute land-use, soil and slope features.
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SWAT calculates potential evapotranspiration by applying the Penman-Monteith
(Monteith, 1965), Priestley-Taylor (Priestley and Taylor, 1972) or Hargreaves
(Hargreaves and Samani, 1985) parameterization depending on data availability.
The Penman-Monteith method has been adopted in this study. The surface runoff
from daily precipitation is computed with an altered curve- number method
(Service, 1972), which calculates the quantity of runoff based on data for the local
land use and soil types. The land component ensures that the quantity of water,
nutrients, sediments, bacteria etc. are delivered to a primary channel in every
individual sub-basin. All sub-basins are then directed through the main outlet of
the basin.
The SWAT model requires hourly surface air temperature, while usually only
daily maximum and minimum temperature are provided. Hourly surface air
temperature is calculated as follows, assuming that daily maximum temperature
occurs at 15.00 o’clock and daily minimum temperature occurs at 03.00 o’clock
(Campbell, 1985):
𝑻𝒉𝒓 = 𝑻′𝒂𝒗
where T

hr

(𝑻𝒎𝒙 −𝑻𝒎𝒏 )
𝟐

. 𝐜𝐨𝐬(𝟎. 𝟐𝟏𝟔. (𝒉𝒓 𝟏𝟓)) Equation 1

is the hourly surface air temperature (0C), hr is the hour, T’av is the

average temperature on that day (𝑇′𝑎𝑣 = (

𝑇𝑚𝑥 +𝑇𝑚𝑛
2

)) Tmx is the maximum

temperature (0C) and Tmn is the daily minimum temperature (0C).
High altitudes of the upper part of the Kabul basin receive and store significant
amounts of snowfall during winter and releases snow-melt during summer
months. Therefore, the snowmelt factor has been included in the model
calibration and validation. Equation-2 explains the snowmelt process in the
model:
𝑺𝑵𝑶𝒎𝒍𝒕 = 𝒃𝒎𝒍𝒕 . 𝒔𝒏𝒐𝒄𝒐𝒗 .

(𝑻𝒔𝒏𝒐𝒘 +𝑻𝒎𝒔 )
𝟐

− 𝑻𝒎𝒍𝒕 Equation 2

where SNOmlt is the amount of snow melt per day (mm water equivalent (w.e)),
bmlt is the melt factor (mm day-1 0C-1 w.e), snocov is the fraction of the hydrological
response unit’s area covered by snow, Tsnow is the temperature below which
precipitation is considered as snow fall (0C), Tmx is the maximum temperature on
a given day (0C) and Tmlt is the base temperature above which snow melt is
allowed. The factor bmlt can be estimated with the following equation:
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𝒃𝒎𝒍𝒕 =

(𝒃𝒎𝒍𝒕𝟔 + 𝒃𝒎𝒍𝒕𝟏𝟐 )
𝟐

+

(𝒃𝒎𝒍𝒕𝟔 −𝒃𝒃𝒍𝒕𝟏𝟐 )
𝟐!

. 𝐬𝐢𝐧[

𝟐𝝅

𝟑𝟓𝟔

. (𝒅𝒏 − 𝟖𝟏)] Equation 3

where bmlt is the melt factor (mm day-1 0C-1 w.e), bmlt16 is the melt factor for June
21(mm day-1 0C-1 w.e), bmlt12 is the melt factor for December 21 (mm day -1 0C-1
w.e), and dn is the day number of the year, where 1 is for 1 st January and 365 is
for 31st December (Bengston, 1981).

3.4.2

Sensitivity analysis, Calibration and Validation

Calibration is a crucial step in any hydrological modelling study to reduce the
uncertainty in the modelled discharge (Engel et al., 2007) and validation is
essential to trust the model’s performance (Refsgaard, 1997). For validation four
years (2012 – 2015) of observed and simulated discharge data have been used.
The calibration process is generally informed by a sensitivity analysis, followed
by a manual or automatic calibration (Hamby, 1994). Our sensitivity analysis was
conducted to identify the most sensitive hydrological variable before calibration.
The aim of sensitivity analysis was to evaluate the rate of change in model output
with respect to change in model inputs by using the one-factor-at-a-time (OAT)
sampling method proposed by Morris (1991). This method was applied in the
Sequential Uncertainty Fitting SUFI-2 algorithm SWAT-CUP automatic sensitivity
analysis tool (Abbaspour, 2012) to see that changes in the model output
represent the variables value changed. This method is robust and has been
extensively used in modelling, but it demands long calculation times (Van
Griensven et al., 2002). This sensitivity analysis also helped to evaluate how
certain input variables influenced the model’s output. The analysis was done by
changing individual variables by 10% of the initial value (keeping all other input
variables constant) and examining the resulting effect on the predicted flow by
the model.
Calibration and validation were carried out by comparing simulated and
observed daily discharge records using common hydrological modeling
statistical parameters: the coefficient of determination (R2), Nash-Sutcliffe
Efficiency Index (NSE) and the percent bias (PBIAS). Generally, model
simulations are called satisfactory if NSE> 0.50, R 2> 0.60 and PBIAS is
approximately 25%. Negative values of PBIAS indicate that the model
overestimates flow while positive values of PBIAS indicate underestimated flow
(Gupta et al., 1999). Similarly, Moriasi et al. (2007) and Parajuli (2007)
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categorized the model performance as excellent if (NSE >0.90), very good (NSE
>0.75-0.89), good (NSE >0.50-0.74), fair (NSE >0.25-0.49), Poor (NSE >0.000.24) and unsatisfactory if (NSE =0.00).

3.4.3

The HEC-SSP Framework

Flood frequency Analysis (FFA) shows the characteristics of a basin and possible
extreme flood events. In the present study the FFA was executed using HEC-SSP
for the Kabul basin to identify the return period of extreme flood events in the
Kabul river. Annual maximum (AM) discharges are the basis for the analysis, as
is common practice (Madsen et al., 1997). HEC-SSP is a statistical software
package,
developed
by
the
US
Army
Corps
of
Engineers
(http://www.hec.usace.army.mil/software/hec-ssp). The most recent
HEC-SSP version has built-in FFA-Bulletin-17B procedures that have been
adopted for flow frequency analysis. The FFA-Bulletin-17B procedure produces
a probability plot based on the following equation:
(𝒎−𝑨)

𝑷 = (𝒏+𝟏−𝑨−𝑩) Equation 4
where m is the rank of annual maximum flows values with the largest flood equal
to 1, n is the number of flood peaks in the data set, while A and B are the constants
dependent on which equation is used during the flood frequency analysis
procedure. In case of Weibull A and B equal 0, for Median A and B equal 0.3 and
for the Hazen method A and B equal 0.5. To provide a conservative recurrence
period, in the current study the Median probability plotting position factors (A
and B equal 0.3) have been adopted (USACE, 2016).

3.5 Results and Discussion
3.5.1

Present Day Hydrological Modelling and Flood Frequency
Analysis

The sensitivity analysis was carried out for 14 different SWAT variables for daily
flow using the model sensitivity tool (Table S2). These variables were selected,
because they influenced the model’s output. Figure S3 shows the influence of the
five most sensitive variables t. The most sensitive variable is the curve number
(CN2). A 10% increase in CN2 increased the flow by 20%. Other sensitive
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variables have less influence on the model’s outputs. The SWAT model was
calibrated for these 14 sensitive variables. Other studies (Abbaspour et al., 2015;
Choi et al., 2005; Saleh and Du, 2004; Santhi et al., 2001a) adjusted the same
model variables.
The model has been calibrated and validated for 2007-2011 and 2012-2015
respectively. The model performance was good as measured and simulated flows
correlated well with R2 ranging between 0.84 and 0.77 for calibration and
validation respectively. The NSE was 0.77 for calibration and 0.72 for validation
periods. Percent bias (PBIAS) values were 22.2 and 17.7 for calibration and
validation respectively (see Figure 3.4). Underestimates can be found for peaks,
particularly during the calibration period. Such underestimates are common in
hydrological modelling and could be due to flow recording-errors, biases in
precipitation data and hydrological modelling uncertainties. However, the timing
of the peaks is accurate for the calibration and validation periods and PBIAS is
still within the appropriate range. This suggests that the current SWAT model
calibration variables can be rightfully used for future flow modelling and flood
frequency analyses.
Observed and simulated flows are usually high during June to September every
year. This is evident from both calibration and validation time periods. The
magnitude of peaks varies from year to year. In the calibration graph (see Figure
3.4 top), for example the peak starts in March and lasts till the end of July.
Similarly a similar peak is also observed in validation graph (see Figure 3.4
bottom). This peak occurs from March till August but the intensity of flow differs
much.
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Figure 3.4: Daily observed versus simulated Kabul river discharge for calibration
period (2007-2011, top Figure) and validation period (2012-2015,
bottom Figure). X-axis shows the time period (years) of observed and
simulated discharge, while the Y-axis presents the daily discharge
measured in cubic meter per second (m3 s-1). The blue line showed
daily observed flow and dotted red line showed modelled
(simulated) discharge for Kabul River.
The HEC-SSP model was used to analyse flood return periods for the study area.
In Kabul river especially in its low-land areas, flows that exceeds 2800 m3 s-1 are
declared as floods (FFC, 2016). The highest annual maximum peak flow was
recorded in August 2010 (see Figure 3.5). This event has a probability of 0.02%,
which equals a 1 in 50 year event.
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Figure 3.5: Trends of flooding events in Kabul river. The blue dots are the
observed flow recorded over the period of 1981-2015. The red box
shows higher outlier during this analysis, which was actually the
2010 flood in this region. Y-axis represents the discharge of Kabul
River in m3 s-1 while the primary X-axis shows the probability while
the secondary X-axis shows the return period of the flooding in years.
The red line shows the medium level flood (2800 m3s-1) as described
by the Federal Flood Commission of Pakistan.

3.5.2

Future Discharge and Flood Frequency

Summer monsoon precipitation, snow and glacier melt contribute to the peak
flows of the Kabul river (Lutz et al., 2014). In this study temperature and
precipitation changes that are based on the four GCMs and two RCPs (RCP4.5 and
RCP8.5) scenarios have been used to project changes in the Kabul river flows for
the near future (2031-2050) and far future (2081-2100) periods. Mean monthly
temperature is expected to rise towards the near and far future periods
compared to the contemporary reference period for both RCPs and all GCMs,
except INM-CM4, which represents the cold-dry corner of our selected GCMs (see
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Figure 3.6 (a-d)). Increased temperatures agree well with other studies (IPCC,
2013; Ridley et al., 2013; Wiltshire, 2014). Mean monthly precipitation also
increases towards the near and far future periods for EC-EARTH and MIROC5
GCMs for both RCPs. However, precipitation declines in those periods for INMCM4 GCM for both RCPs and a mixed response occurs for IPSL-CM5A (see Figure
3.6 (e-h)). Variability is higher for precipitation than for temperature. Ahmad et
al. (2015) already observed that winter and autumn precipitation increased in
the Swat river (a sub-basin of the Kabul river basin), based on their trend analysis
of fifteen climate stations for the period 1961 to 2011. Ridley (2013) and
Wiltshire (2014) also project increases in precipitation in the HKH region,
including the Kabul river basin, in the mid to end of the 21st century.
Mean monthly modelled flows increases in the near and far future periods
compared to the historic flows for most GCMs and both scenarios. Only the IPSLCM5A climate model shows a slight decline for both future periods and scenarios
(see Figure 3.6 (i-l)). In addition, seasonal flow variability could be expected in
both future periods compared to the reference period, although flows continue
to peak in August for all GCMs and scenarios (see Figure 3.6 (i-l)). Variation in
flows could be driven by the following major factors. These are temperature
driven variations in (i) precipitation, (ii) snow/glacier melt, (iii) clean ice
exposure,( iv) debris-cover thickness and (v) preceding winter snow-fall.
Therefore, to determine the main causes of the rise or decline in the Kabul basin’s
river flows, all these factors are evaluated and discussed below.
Our results suggest an increase in the near and far future flows compared to the
contemporary flows for both RCPs and all GCMs except INM-CM4 (see Figure 3.6
(i-l)), where flow temporal variations probably caused by temporal variations in
precipitation (see Figure 3.6 (e-h)). Ali et al. (2015) and Rajbhandari et al. (2015)
concluded that flows in the nearby Upper Indus Basin indeed depend on the past
precipitation variability. Thus, our results agree well with other studies.
In addition to precipitation, temperature variability also agrees well with the
flows (see Figure 3.6 a-d and i-l). Dey et al. (1989) showed a strong relation
between temperature and snow-melt in the Kabul basin and Archer (2003)
argued that summer river flows are mainly derived from the snow-melt of
preceding winter snowfall in the Kunhar and Swat basins (sub-basins of the
Kabul river basin). Archer's (2003) argument is also complemented by other,
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more recent studies (see e.g. Lutz et al., 2014; Yu et al., 2013). Therefore, an
increase/decrease in temperature drives the increase/decrease in snow-melt
during summer months. These arguments and results also agree well with the
our study's result for the near and far future, where the rise/decline in
temperature and flows are comparable.
The increased flows that we simulate, are also supported by the literature. An
increase in winter to early summer temperature probably reduce snowfall and
accelerates snow-melt during the early summer months. Additionally, early
seasonal snow-melt may also expose clean glacier ice, which can produce more
melt during the summer months than the more airy snow. A decline in snowcover has been observed by Savoskul and Smakhtin (2013) in the Kabul basin
between the periods 1960-1990 and 2000-2010. This decline in snow-cover
expedited glacier-melt and resulted in a shrinking glacier length. Other studies
(see e.g. Bolch et al., 2012; Rankl et al., 2014; Sarıkaya et al., 2013; Sarikaya et al.,
2012) observed shrinkage in glacier length in the Hindukush region (including
the Kabul basin). Early seasonal snow-melt and exposure of glacier ice, which
resulted in a negative glacier mass balance (about -0.3 ± 0.1 m water equivalent
per year based on 2003-2008 data analysis by Kääb et al. (2012) and Kääb et al.
(2015), likely have supported part of the rising flows during peak summer
months in the recent decades (Savoskul and Smakhtin, 2013; Savoskul et al.,
2013). However, since the glacier length in the Kabul basin declined as per
Randolph Glacier Inventory 5.0 data (Arendt et al., 2015) to only 2.2% of the total
basin area (approximately 2,100 km2), its contribution to rising flows are
probably small.
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Figure 3.6: Variation in average monthly temperature (a-d), average monthly precipitation (e-h) and average monthly flow (il), all based on 20 years data for the Kabul river basin. Comparing reference period (1981-2000) and downscaled
scenario data from four selected GCMs under two RCPs 4.5 and 8.5 in near (2031-2050, a, b, e, f, i and j) and far
future (2081-2100, c, d, g, h, k and l).

In contrast, Lutz et al. (2014) projected declines in Kabul river flows by the end
of 21st century. The main reasons for this contradiction with our results could be
the use of different GCMs data, sub-optimal bias correction of GCM data, use of
different hydrological models and data from different time periods. The result by
Lutz et al. (2014) are part of study for much larger region, while for Kabul basin
their results are not supported by literature. Therefore, based on the above
results and discussion, an increase (decrease) in flows for the near and far future
are caused by an increase (decrease) in precipitation coupled to an increase
(decrease) temperature. This enhances (suppresses) snow- and glacier-melt in
the Kabul basin.
Increases in extreme precipitation events and a rise in temperature are the major
sources of floods in the HKH region (e.g. Din et al., 2014; Hartmann and
Buchanan, 2014; Wang et al., 2011). In our study, FFA has been carried out for
the near future and far future peak flows. FFA results show an increase in
recurrence of peak flows for the near and far future and both RCP scenarios for
all GCMs except INM-CM4, which show slight declines in the recurrence periods
for both periods and RCPs. The result for MIROC5 provides the most extreme
peak flow projection. For this model the recurrence of the historic peak flow (i.e.
the 2010 flood) is reduced from 1 in 50 years to 1 in less than 3 years for the near
and far future periods and both RCPs. Projections for the other GCMs also suggest
an intensification of future peak flows with a substantial reduction in the
recurrence intervals during the near and far future periods.
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Figure 3.7: Return periods of peak flow in Kabul river (years). Results for four
different GCMs for the RCPs 4.5 and 8.5 for the near future (20312050, a and c) and far future (2081-2100, b and d) are presented. The
horizontal dark blue line shows the magnitude of the most
devastating flood in 2010.
FFA estimation is commonly used in hydrology and is usually performed to plan
and design various hydraulic structures (Du et al., 2015). Dams and reservoirs
could be built to protect the population and infrastructure from floods. In
general, small dams are built to be strong enough to withstand a peak flood of a
100 year return period, while agricultural area protection infrastructure is
designed for a 15-25 year return period flood (Ali, 2013). When such structures
are planned and built, impacts of future climate change should be incorporated.
Afghanistan plans to construct 13 dams for irrigation and energy production in
the Kabul basin, upstream of the current study's gauging station (FAO Aquastat,
2011). This new infrastructure should consider the changing return periods
estimated in this study (see Table S3). That means that small dams should
withstand flow up to approximately 15000 m3/s. Our analysis thus provides
insight into the boundary conditions of current and new infrastructure.
Our results can be used to prepare flood inundation plans and to study
vulnerability of various infrastructures and land and population at risk (see for
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example the inundation mapping by Tariq and van de Giessen (2012)). The
population in the most affected districts by the 2010 flood (shown in Figure
3.1(c)) is expected to become more vulnerable because of more frequent extreme
flows and larger future population (Kc and Lutz, 2014) in the flood plans. Our
quantification of vulnerabilities assessment (e.g., Table S3) helps to prepare flood
inundation maps, flood mitigation plans and risk assessments.

3.6 Conclusions
Lower Kabul basin in Pakistan is often hit by intensive floods that cause
devastating effects in terms of human suffering, economic losses and
infrastructural damages. The basin usually receives severe floods when high
monsoon rainfall is joined by snow and glacier melt. The basin’s average monthly
temperature reaches its maximum in July, while precipitation is bimodal with
peaks in April and August. April peaks result from the strong influence of western
disturbances and August peaks predominantly stem from the Indian summer
monsoon. The threshold level of floods is when river flows at Nowshera cross
2800 m3 s-1. The historical (1981-2015) flows reveal that this threshold level is
attained more often than every second year except INM-CM GCM that shows
lower flood hazards in future. The exceptionally high and most devastating flood
of 2010 was a one in 50 years event.
This study revealed substantial changes in hydro-climatology of the basin for
both near and far futures. The GCMs MIROC5 and EC-EARTH project consistent
increases in mean monthly temperature, precipitation and river flows, while the
INM-CM4 projects a slight decline for all three variables. IPSL-CM5A shows a
slight increase in temperature and river flows, while for precipitation the
response is mixed for RCP4.5 and increases for RCP8.5. These changes in river
flow influence the flood frequency. The return periods are in most cases reduced.
Depending on the scenario, GCM and period in the future, present day 1 in 50
year events could in the future occur from once in every 3 years to once in every
24 years.
Kabul river is an important part of the Indus river system. The low-altitude and
densely populated areas in its downstream reaches are seriously threatened by
frequent high-levels of floods. The biggest flood on record, in 2010, influenced a
large area and killed over 2000 people. The results and analyses presented in our
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study indicate the hydrological implications of the projected climate changes in
the basin until 2100. These changes have great practical implications for river
discharge variation and occurrence of extreme events of floods and droughts. As
the flow that caused the 2010 flood is expected to occur much more often in the
future, climate proof flood protection measures are essential for the current and
future water development and management plans in the Kabul river basin.
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CHAPTER 4

ESCHERICHIA COLI FATE AND TRANSPORT
MODELLING IN THE KABUL RIVER BASIN
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Abstract
Access to safe water is the primary goal of all development plans, yet population
increase coupled with industrialization, urbanization and infrastructural
limitations lead to contamination of water resources. This paper focuses on
microbial contamination and aims to analyse the fate and transport of Escherichia
coli in the Kabul River Basin in Pakistan and evaluate the contribution of different
sources to these concentrations. The fate and transport of E. coli in lower Kabul
River are simulated using the Soil and Water Assessment Tool (SWAT) hydrological
model coupled with its bacterial sub-model. SWAT is calibrated and validated for
the monthly time step using observed E. coli concentrations for April 2013 -July
2015. The model results respond well to the observed E. coli concentrations in the
lower Kabul River; coefficients of determination (R2) equal 0.72 and 0.70, NashSutcliffe efficiencies (NSE) equal 0.69 and 0.66, and percentages bias (PBIAS) equal
3.7 and 1.9 for calibration and validation respectively. Regional measured and
modelled concentrations are very high with peaks of up to 5.2 10log cfu/100ml in
the wet season. Overall, point sources that are comprised of human faeces from the
big cities and livestock manure from animal sheds, contribute most (44%) to the E.
coli concentrations. Also upstream contamination (34%) and non-point sources
(22%) contribute substantially. During peak discharge the non-point sources
become the most important contributors due to wash-off from the land and diluted
point sources. The developed model is capable to assess the fate and transport of E.
coli concentrations and the main contamination sources in such rivers. Allthoughs
such studies are lacking in developing countries, they can be helpful for sanitation
management by developing and accessing regional sanitation scenarios.
Keywords: SWAT model, E. coli contamination, Fate and transport, Water quality
modelling, Kabul River.
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4.1 Introduction
Clean and safe water is indispensable for the sustenance of life. Access to safe
water is the primary goal of all development plans; yet population increase
coupled with industrialization, urbanization and infrastructural limitations lead
to contamination of water resources. Among various sources of water
contamination, microbial contamination is by far the largest and probably the
most serious issue in developing countries (Montgomery and Elimelech, 2007).
With recent improvements in living standards, water-quality aspects require
more scientific support and public attention. Although waterborne diseases are
an international issue, many people in the developing countries are extremely
vulnerable due to their increased exposures and poor sanitation facilities (Cann
et al., 2013a; WHO, 2009). The World Health Organization estimates that
approximately 10% of all diseases worldwide is due to microbiologically
contaminated water (Prüss-Üstün et al., 2008). In developing countries, like
Pakistan, where the sanitation facilities are poor, the situation of waterborne
diseases is alarming. 7% of all deaths in Pakistan are linked to waterborne issues
(Azizullah et al., 2011).
Risk of waterborne diseases depends on the concentrations of waterborne
pathogens in water resources (Azizullah et al., 2011). The Kabul River Basin in
Pakistan is exposed to microbial contamination due to direct disposal of raw
sewage from both urban and rural areas and discharge of contaminated effluents
from agricultural fields. The situation is worsened by the absence of wastewater
treatment plants (WWTP) in this basin. The contaminated surface water is used
for irrigation, recreational activities and other domestic purposes. This makes
the population prone to the outbreaks of waterborne diseases (Carr and Neary,
2008).
Faecal contamination in the Kabul river is not monitored and little knowledge
exists on the distribution of microbes in water resources. To better understand
the bacterial contamination in water resources, usually indicator organisms,
such as faecal coliform and E. coli, are used to estimate the concentration of
pathogenic and non-pathogenic microorganisms. Although E. coli is not directly
correlated to waterborne pathogens, they have been used worldwide to indicate
fecal contamination (Wu et al., 2011a). This is because measuring E. coli is less
expensive and time-consuming compared to other pathogenic microorganisms,
such as Cryptosporidium and Rotavirus. Iqbal et al. (2017a), for example,
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conducted large-scale sampling in the lower Kabul River Basin and observed very
high concentrations of E. coli in Kabul river.
To better understand the fate and transport of microbes (pathogenic and nonpathogenic) in water resources, process-based modeling provides a low-cost and
effective alternative to sampling (Shirmohammadi et al., 2006). In developing
countries where waterborne diseases are endemic, process-based modeling of
water quality is rare (Hofstra, 2011). Hydrological models coupled with
microbial modules describe the conditions in water resources considering the
sources, pathways and decay of waterborne pathogens (Sokolova et al., 2013).
Therefore, in this study, we implement a microbial water quality model in the
highly contaminated Pakistani Kabul River Basin.
The objective of the current study is to analyse the fate and transport of E. coli in
the lower Kabul River. The Soil and Water Assessment Tool (SWAT) was
calibrated for this river basin using river discharge data from a previous study
(Iqbal et al. 2017b). The bacterial transport module available in SWAT (Neitsch
et al., 2011; Sadeghi and Arnold, 2002) is then used to simulate the fate and
transport of E. coli in the catchment and to determine the main contamination
sources.

4.2 Data and Methods
4.2.1

Study Site

The basic characteristics of the Kabul River Basin are described in detail by Iqbal
et al. (2017b). This study focusses the lower reaches of the basin, which are
densely populated and prone to destructive floods. The large cities of Peshawar
(2800 people per km2), Charsadda (900 people per km2) and Nowshera (1500
people per km2) are located in this area (Figure 4.1c). The lower Kabul River
Basin covers total area of 22,000 km2. A large number of livestock sheds are
present in the area. Manure from these sheds is either used as fertilizer on
agricultural fields or disposed directly or indirectly into the river network. The
river network also carry untreated sewage effluents from urban and rural
settlements to Kabul River. Microbial contamination from agricultural activities,
livestock sheds and sewage disposals often result in
high microbial
concentrations of river. Due to such conditions and disposal practices, the
number of E. coli detected in the Kabul river are 5.20 log colony forming units
(cfu) per 100ml (Iqbal et al., 2017a). The land-use characteristics and soil types
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of the study area are presented in Table 4.1. The study area is in the sub-tropical
zone with a mean annual precipitation of 285 mm (over the period of 2013-2015)
and a mean annual surface air temperature of 22.9 0C.
Table 4.1: Land-use and Soil types used in the SWAT model. Land-use types are
from the European space Agency (Arino et al., 2010) and soil types are from the
Harmonized World Soil Database (Nachtergaele et al., 2012).
Classification
Lower Kabul Basin
Land-use
Crop Land
Pasture / Range land
Urban Area
Wetland / Water Bodies
Barren land
Soil Types
Leptosol
Rock Outcrop
Fluvisol
Cambisol
Calcisol
Glaciers

Area (1000 km-2)
22

Total area %
100.0

8.3
5.9
4.5
2.2
0.8

34.1
24.8
21.3
13.4
6.4

7.5
5.0
4.3
2.5
1.4
1.1

30.1
20.6
18.4
15.8
8.5
6.6
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Figure 4.1. Study-area map of the lower Kabul River Basin: a) shows the full basin
along with neighboring countries. b) Kabul basin indicating the main
branches and meteorological stations, c) shows the downstream area
of Kabul basin with urban areas of Peshawar, Charsadda and
Nowshera (highlighted). Green points indicate the sampling sites
from where water samples were collected, while the black triangle is
the rim station where discharge is measured. At this point Kabul
river discharges into the Indus river. Sampling points Sardaryab,
Shah Alam and Amangarh are not located on the main Kabul river,
but on smaller, still important, branches.
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4.2.2
4.2.2.1

Data
Water Sampling and Microbiological Data

Water samples were collected from nine locations in Kabul river (see Figure
4.1c), The samples were analysed for microbial concentrations through
laboratory tests using the Most Probably Number approach. The sampling
strategy, procedures and data are detailed in Iqbal et al. (2017a). Water samples
were collected between April 2013 and August 2015. The frequency of sampling
during times of flooding (i.e. April to August) was daily and fortnightly samples
were taken outside the flooding season. In short, samples were collected in presterilized plastic bottles and transported to the laboratory of the Nuclear
Institute for Food and Agriculture for bacterial analysis. For total coliform counts
a series of five fermentation tubes of Mackonky broth (Merck) were inoculated
with appropriate volumes of ten-fold dilutions of water samples, and incubated
at 37 °C for 24 h. Gas-positive tubes were considered positive for the presence of
total coliform (Franson, 1995). Gas-positive Mackonky broth tubes were
subjected to further analysis for the confirmation of E. coli. The tubes were
incubated at 44.5°C for 24 hours. Each positive test tube was also exposed to an
ultraviolet light lamp. Fluorescence in the tube denoted the presence of E. coli
(Brenner et al., 1993). E. coli concentrations in water samples were recorded
with the MPN table (WHO, 1985). During flooding the E. coli concentrations
ranged from 4.87 to 5.20 log cfu/100ml and outside the flooding season the
concentrations ranged from 3.61 to 4.91 log cfu/100ml (Iqbal et al. 2017a). The
data were collected from sampling locations (as shown in Figure 1c) and
averaged over months to calibrate the model.
4.2.2.2

Topographic, Soil, Land-use and Climatic Data

Watershed boundaries were delineated from the 90m Digital Elevation Model
data from the Shuttle Radar Topography Mission (SRTM, available through
http://srtm.csi.cgiar.org). Soil data are acquired from the Harmonized World Soil
Database
(http://webarchive.iiasa.ac.at/Research/LUC/External-World-soildatabase; (Nachtergaele et al., 2012), while land use data developed by the
European
Space
Agency
for
the
year
2009
are
used
(http://due.esrin.esa.int/page_globcover.php; Arino et al. (2010) are used. The
climatic data, including precipitation, minimum and maximum surface air
temperature, relative humidity, solar radiation and wind speed, at a daily time
step for twenty-five years (1981-2015) are acquired from the Pakistan
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Meteorological Department (PMD). Discharge data of Kabul River at Attock for
the same period and time resolution were acquired from the Water and Power
Development Authority (WAPDA).
4.2.2.3

Hydro-Bacteriological Modelling

The SWAT model is used to estimate E. coli concentrations in the Kabul river. The
concentrations calculated represent the situation at Attock, which is indicated by
the triangle in Figure 1c. This is the point where the Kabul river enters the Indus
river. E. coli concentrations are modelled with a monthly temporal resolution.
4.2.2.4

Hydrological Model

SWAT is semi-distibuted process based model that was developed to quantify the
impact of management and climate on water resources, sediment and pollutant
load in catchment on a continuous time scale (Abbaspour et al., 2007). Its
conceptual basis operates by distributing a watershed into sub-basins. Each subbasin is linked via stream network and further splits up into hydrological units.
The model structure was built with the help of ArcGIS software, which provides
graphical information of the watershed and allows for the definition of
watershed hydrology.
The SWAT model was calibrated for daily discharge for 2007-2011 and validated
for 2012-2015 respectively (Iqbal et al. 2017b). The model evaluation statistics
or skill score showed good agreement between measured and simulated results.
The coefficient of determination (R2) was 0.84 and 0.77, Nash-Sutcliffe Efficiency
Index (NSE) outcome was 0.77 and 0.72 and percent bias (PBIAS) values were
22.2 and 17.7 for calibration and validation time periods respectively. Based on
the model efficiency (Moriasi et al., 2007), overall the model describes the
hydrological process of the watershed systems as good (Iqbal et al., 2017b
submitted). The model calibrated at a daily time step has been used at the
monthly resolution here. Such upscaling in time has been done before and the
models perform well at both resolutions (Heathman and Larose, 2007; Thampi
et al., 2010a).
4.2.2.5

Bacterial Module

The SWAT bacterial module developed by Sadeghi and Arnold (2002) was used
to predict bacterial (i.e. pathogenic and non-pathogenic) loads and
concentrations in rivers. The comprehensive bacterial model considers parallel
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risk evaluation of bacteria loading linked with diverse land-use practices in the
basin. Bacteria from each hydrological unit are collected at the sub-basin level
and then moved to the watershed main outlet (Benham et al., 2006). The SWAT
bacterial model simulates the fate and transport as two different bacteria
populations: persistent bacteria (E. coli and other pathogens, such as
Cryptosporidium) and less-persistent bacteria (fecal coliform). The persistent
pathogens are considered to have lower decay rates in the natural conditions
compared to less-persistent bacteria (Coffey et al., 2007; Jamieson et al., 2004).
We focus solely on the persistent bacteria. To account for microbial loads in the
catchment, different possible sources of bacterial pollution were included in the
model, the point and non-point sources. We model monthly mean E. coli
concentrations.
Human Sources
The lower Kabul River Basin has over 6.2 million inhabitants living in major
cities: Peshawar (2800 people per km2), Charsadda (900 people per km2) and
Nowshera (1500 people per km2)) and surrounding villages (Bureau of Statistics,
2016). E. coli from raw sewage and domestic wastewater is discharged directly
via drains, small streams, irrigation canals and other tributaries to the river, due
to the absence of a wastewater treatment plants (WWTP).
The input flows from the sewage were estimated based on the number of people
connected to the sewer network and water consumption per person of 95 L/day
(WATSAN, 2014). Each household was assumed to be occupied by four persons.
We applied an effluent rate of 0.38 m3/day from each household and an effluent
concentration of approximately 1.7 x 106 cfu/100ml as reported by Mara and
Horan (2003), Payment et al. (2001) and Baker (1980).
Moreover, surface water resources can be polluted with microorganisms through
flood water runoff from the urban settlements of Peshawar, Charsadda and
Nowshera (see Figure 4.1c). This flood water can contain faeces from animals
that roam around freely or are held in small livestock sheds, such as dogs, asses,
horses and camels.
The runoff volume was simulated using the curve number method available in
the SWAT model. The runoff curve number was developed by the US Department
of Agriculture (USDA, 1986) that is a hydrological variable to predict
approximate amount of direct runoff from a precipitation event (Balvanshi and
Tiwari, 2014; King et al., 1999). The curve number is based on the soil type, land-
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use, slope and hydrologic condition. The E. coli concentrations in storm water
range from 103 to 104 cfu 100ml-1 (Marsalek and Rochfort, 2004). In the current
study the E. coli concentration of 6.5 x103 cfu 100ml-1 was used and included as
non-point sources in the model.
Livestock Sources
Livestock manure is another important source of microbial contamination in the
Kabul River Basin. Total livestock (cattle/buffalo) in the lower Kabul basin was
estimated to be 0.89 million animal units (AU). The total number of sheep and
goats present in the area was 1.32 million and 1.15 million respectively (Bureau
of Statistics, 2016). Poultry (i.e. chicken) are not included, because these are not
kept in the area. The livestock is mostly housed in animal sheds. From the animal
sheds the manure is used on the land, for fuel, or is dumped into the river.
The inputs of manure to water resources can be divided into indirect (via surface
runoff) and direct (deposited to river) inputs. According to the American Society
of Agricultural Engineer (ASAE) (2005) standards, each day the manure
production of cows and buffalo’s is estimated to be 27 kg of wet manure per day
per 650-kg AU, which approximate equals the weight of one animal). The actual
manure production by each AU may vary depending on the dietary habit of the
animal. An E. coli concentration in cow/buffalo manure of 4.2*105 cfu/g is used
(Coffey et al., 2010a) (see Table 4.2). That means that each cow or buffalo
produces approximately 1.1 x 1010 cfu per day.
Approximately 35 kg/ha of manure is applied monthly on the fields (crop lands)
(Parmar and Sharma, 2002). The remaining quarter of the manure is used as fuel,
while the rest is dumped directly into the river
Table 4.2: E. coli concentration in fresh manure and waste.
Type
Sheep/Goat
(Collins and Rutherford, 2004;
Hutchison et al., 2004; Mara and Horan,
2003; Thurston-Enriquez et al., 2005b)
Buffalo/Cow
(Collins and Rutherford, 2004; Fegan et al.,
2004; Hutchison et al., 2004; Mara and
Horan, 2003; Meals and Braun, 2006)

Animal
Manure
Min
Max
Weight production (cfu/g) (cfu/g)
(kg)
(kg day-1)
30 / 50
1.3 / 2.5
7.8 • 102 1.6 • 107

650
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27

2.3 • 105 7.5 • 105

Geometric
Mean
(cfu/g)
6.6 • 104

4.2 • 105

Manure application
The fate and transport of the non-point source bacteria is calculated by applying
manure from livestock sheds to crop land as fertilizer, adsorption to soil,
extraction by runoff, decay and, finally, stream flow. The inputs and outputs of
bacteria in the top soil layer can be calculated with the help of the following
equation:
∆𝑩𝒂𝒄𝒕 = 𝑺𝒖𝒓𝒇𝒂𝒄𝒆𝑳𝒐𝒂𝒅𝒊𝒏𝒈 − 𝑫𝒆𝒄𝒂𝒚𝑺𝒐𝒍𝒖𝒕𝒊𝒐𝒏 − 𝑫𝒆𝒄𝒂𝒚𝑨𝒅𝒔𝒐𝒓𝒃𝒆𝒅 −
𝑴𝒊𝒙𝒆𝒅𝑩𝒂𝒄𝒕 − 𝑩𝒂𝒄𝒕𝑺𝒖𝒓𝒇 − 𝑩𝒂𝒄𝒕𝑷𝒆𝒓𝒄 − 𝑩𝒂𝒄𝒕𝑺𝒆𝒅

(Eq. i)

where ∆𝑩𝒂𝒄𝒕 is the change of bacterial loading in the top 10mm surface soil;
𝑺𝒖𝒓𝒇𝒂𝒄𝒆𝑳𝒐𝒂𝒅𝒊𝒏𝒈 is the total bacterial loading deposited on the soil surface in one
day; 𝑫𝒆𝒄𝒂𝒚𝑺𝒐𝒍𝒖𝒕𝒊𝒐𝒏 and 𝑫𝒆𝒄𝒂𝒚𝑨𝒅𝒔𝒐𝒓𝒃𝒆𝒅 are the amount of bacteria in the soil
solution and adsorbed to soil particles that decayed in one day; 𝑴𝒊𝒙𝒆𝒅𝑩𝒂𝒄𝒕 is the
amount of bacteria redistributed to deep soil layer by tillage; and
𝑩𝒂𝒄𝒕𝑺𝒖𝒓𝒇 , 𝑩𝒂𝒄𝒕𝑷𝒆𝒓𝒄 and 𝑩𝒂𝒄𝒕𝑺𝒆𝒅 are the loadings of bacteria transported by
surface runoff, runoff percolating through the soil and moving sediments.
Tillage
During the tillage operation bacteria from the top 10mm are mixed with the soil
and can be lost to the lower soil layer. When bacteria reach to second layer of the
soil, they become unavailable for transport via surface runoff.
Surface Runoff
The movement of bacteria from the soil layer (top 10mm) to the river with
sediment is calculated as a function of the amount of bacteria attached to the
sediment, the sediment yield based on runoff and the enrichment ratio for
bacteria. The SWAT user manual (Neitsch et al., 2002) describes all these
equations. SWAT considered direct inputs of bacteria from watershed system as
point sources. Per sub-basin one point source is assigned by default. Hence,
integrating all the point source from the sub-basin in the watershed by a single
discharge outlet and the associated bacterial concentration is important. This is
usually done at the main outlet of the watershed.
The movement of bacteria from the soil solution of the soil layer (top 10mm) to
the river due to surface runoff is a function of runoff amount and soil bacteria
contact. The SWAT model simulates the bacterial transport during surface runoff
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similar to the soluble phosphorus movement and is based on pesticide equations
suggested by Leonard and Wauchope (Knisel, 1980; Pierson et al., 2001). The
strength of this association is embedded in the bacteria-soil partitioning
coefficient (BACTKDQ):

𝑩𝒂𝒄𝒕𝑺𝒖𝒓𝒇 =

𝑩𝒂𝒄𝒕𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 ∗ 𝑸𝒔𝒖𝒓𝒇
𝑷 ∗ 𝒅𝒆𝒑𝒕𝒉 ∗ 𝑩𝑨𝑪𝑻𝑲𝑫𝑸

(Eq. ii)

where 𝑩𝒂𝒄𝒕𝑺𝒖𝒓𝒇 is the bacterial amount transported through runoff [cfu/m2],
𝑩𝒂𝒄𝒕𝒆𝒓𝒊𝒂𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 is a number of bacteria in the top 10mm of soil layer [cfu/m2],
𝑸𝒔𝒖𝒓𝒇 is the volume of surface runoff [mm], 𝑷 is the bulk density [Mg/m3], and
𝑩𝑨𝑪𝑻𝑲𝑫𝑸 is the bacterial-soil partitioning coefficient [m3/Mg]. 𝑩𝑨𝑪𝑻𝑲𝑫𝑸 is
expected to be independent from the type of bacteria simulated by the SWAT
model, land-use and soil type. There is no range of values given for this variable.
The SWAT model took 175 for phosphorus as default (Neitsch et al., 2002),
however, the value is 100 in the Agricultural Policy Extender (APEX) model
(Williams et al., 2008) . Therefore the value between 100-200 is a rational start
for the calibration of bacterial movement.
Upstream inputs
Another important source of bacterial contamination in the lower part of the
Kabul River Basin is the input bacterial load from upstream part (above Warsak
Dam, see Figure 1c) of the river. The observed concentrations at the Warsak
sampling point have been used as input into the model.
River concentrations
In the river the bacteria mass balance is presented by the following equation:
∆𝑺𝒕𝒓𝒆𝒂𝒎−𝒃𝒂𝒄𝒕 = 𝑩𝒂𝒄𝒕𝑺𝒖𝒓𝒇 − 𝑩𝒂𝒄𝒕𝑺𝒆𝒅 + 𝑫𝒊𝒓𝒆𝒄𝒕𝑰𝒏𝒑𝒖𝒕𝒔 − 𝑫𝒆𝒄𝒂𝒚𝑺𝒕𝒓𝒆𝒂𝒎 −
𝑩𝒂𝒄𝒕𝑭𝒍𝒐𝒘

(Eq. iii)

where ∆𝑺𝒕𝒓𝒆𝒂𝒎−𝒃𝒂𝒄𝒕 is the change of bacteria loading in stream in one day;
𝑩𝒂𝒄𝒕𝑺𝒖𝒓𝒇 and 𝑩𝒂𝒄𝒕𝑺𝒆𝒅 are the loadings of bacteria in solution and adsorbed to
soil particles transported by surface runoff. 𝑫𝒊𝒓𝒆𝒄𝒕𝑰𝒏𝒑𝒖𝒕𝒔 are the bacteria loading
directly discharged in to river by wastewater treatment plant (if any);
𝑫𝒆𝒄𝒂𝒚𝑺𝒕𝒓𝒆𝒂𝒎 is the number of bacteria decayed during one day, and 𝑩𝒂𝒄𝒕𝑭𝒍𝒐𝒘 is
the number of bacteria transported out of reach by stream flow.
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Decay
Bacteria are considered to be dissolved pollutants and changes in the river
concentration can be calculated with the first-order decay equation (chick’s law)
proposed by Mancini (1978) and revised by Moore et al. (1989) to model fecal
bacteria decay. Decay rates can be determined with the following equation.
(𝑻−𝟐𝟎)

𝑪𝒕 = 𝑪𝟎 ∗ 𝒆−𝒌𝟐𝟎 𝒕𝜽 ∗

(Eq. iv)

where Ct is the bacterial concentration in the river at time t, [count per 100ml] C0
is the initial bacterial concentration [count per 100ml] K20 is the first order die
off rate at 200C [per day] t is the exposure time in [days] 𝑡θ is temperature
adjustment factor (THBACT in SWAT model), T is expressing ambient
temperature [0C]. Both 𝑡θ and 𝐾20 are user specified. In SWAT K20 is specified to
be 200C per day for E. coli. Reddy et al.(1981) described the decay rates for fecal
coliforms and fecal streptococci (i.e. the average die-off rates were 1.14 per day
and 0.41 per day respectively). They also described that microbial die-off
increased with decrease in soil moisture, pH (range of 6-7) and with 100C rise in
temperature the die-off rates increased approximately two times.

4.2.3

Model Calibration Procedures

The SWAT bacterial module was calibrated (April 2013 to June 2014) and
validated (August 2014 to July 2015) for monthly mean E. coli concentration. The
SWAT bacterial model was calibrated with the SWAT Calibration Uncertainties
Program (SWAT-CUP)

(Abbaspour,

2015)

while

using

the

Sequential

Uncertainty Fitting version 2 (SUFI-2) algorithm (Abbaspour et al., 2004;
Abbaspour et al., 2007). To determine the variables that need to be calibrated,
the variables to which the E. coli concentrations are most sensitive were included
in a sensitivity analysis. A one-factor-at-a-time (OAT) sampling method Morris,
(1991), was applied in the Sequential Uncertainty Fitting SUFI-2 algorithm
SWAT-CUP automatic sensitivity analysis tool (Abbaspour, 2012). This robust
method has been extensively used in modelling, despite its long calculation times
(Van Griensven et al., 2002). The sensitivity analysis was also performed to
evaluate how the simulated output was influenced by the input variables. To that
extent, individual variables were changed by 10% of the initial value (keeping all
other input variables constant), and the effect on the E. coli concentration was
examined. For the calibration of the model, the values of the most sensitive
variableswere adjusted between ranges that were preset in the SWAT model and
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are based on earlier worldwide studies. The optimum values were set and
subsequently used in the model. For validation, the simulated output was
compared with measured E. coli data. Model evaluation statistics were calculated
during both calibration and validation.

4.2.4

Model Evaluation Statistics

The model evaluation statistics or skill score were carefully chosen so that they
were 1) robust to several models and climatic conditions and 2) established and
recommended in available literature (Moriasi et al., 2007). Model evaluation
statistics used to evaluate the measured vs predicted data includes the coefficient
of determination (R2), Nash-Sutcliffe Efficiency (NSE) and percent bias (PBIAS).
The coefficient of determination (R2) values shows how measured vs predicted
values track a best-fit line. This R2 can range from zero (no correlation) to one
(perfect correlation) (Maidment, 1993). The Nash-Sutcliffe Efficiency Index
(NSE) indicates how reliably measured values matched with predicted values
(Nash and Sutcliffe, 1970). This index ranges from negative infinite (poor) to 1.0
(perfect model). The NSE values have been widely used for the assessment of
hydrological models (Wilcox et al., 1990). Generally, model simulations are called
satisfactory when NSE> 0.50, R2> 0.60 and -25%<PBIAS<25%. Negative values
of PBIAS indicate that the model overestimates flow while positive values of
PBIAS indicate underestimated flow (Gupta et al., 1999). Moriasi et al (2007)
categorized the model capabilities as excellent (NSE ≥ 0.90), very good (NSE=
0.75-0.89), good (NSE= 0.50-0.74), fair (NSE= 0.25-0.49), poor (NSE = 0.0-0.24)
and unsatisfactory if (NSE < 0.0).

4.3 Results
4.3.1

Bacterial Calibration and Validation

The bacterial model was sensitive to 12 variables. These have been calibrated
according to the values in Table 4.2. The outcome of sensitivity analysis shows
that the precise value of these variables can considerably affect model outcome.
For example, the bacteria-soil partitioning coefficient (BACTKDQ), the bacterial
percolation coefficient (BACTMIX) and the temperature adjustment factor for
die-off (THBACT) are the most sensitive variables that affect E. coli
concentrations. The result of sensitive analysis are shown in Figure S4. When the
value of THBACT is increased or decreased by 10%, the overall model output was
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changed by +17% and -15% respectively. The other two variables were similarly
sensitive.
The coefficients of determination (R2) are 0.72 and 0.70, Nash-Sutcliffe Efficiency
Index (NSE) are 0.69 and 0.66 and the percent bias (PBIAS) for the bacterial
model are 3.7 and 1.9 for calibration and validation respectively. This means that
the performance of the model can be classified as good. The outcome of the
simulated monthly values were compared with averaged monthly observed
values for E. coli (Figure 4.2). The SWAT model overall produces results with
slightly too low variability. This is a standard artefact seen in microbiological
modelling. In general, the trend in model predictions follows the observed
patterns and the values showed good agreement between simulated and
measured E. coli concentrations.

Figure 4.2: E. coli concentration calibration and validation results for Kabul river
basin.
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4.3.2

E. coli Source Estimation

Figure 2 shows that the monthly mean E. coli concentrations in Kabul river are
high. They range from 6.5*104 cfu/100ml to 1.1*105 cfu/100ml. This water is
certainly unsuitable for bathing. The concentrations strongly exceed the US-EPA
daily (single sample) bathing water quality standards of 235 cfu/100ml.
Concentration peaks were observed during the flooding months of April to
August 2013, 2014 and 2015.
To estimate the contributions of contamination sources to the overall E. coli
concentrations, point and non-point sources of contaminations were simulated
separately and their share in the total load was calculated for the total simulation
period (April 2013 to September 2015). 44% of total E. coli concentration
originates from the point source in the watershed.
Non-point sources contribution accounts for 22% and E. coli loads from above
Warsak account for 34% of the total loads in the watershed system (Figure 4.3).
The point sources include untreated sewage and direct deposition of manure.
The major point source of pollution is sewage from Peshawar (14%) followed by
sewage from Nowshera (12%) and manure from Amangarh (11%). Also the
contribution from Charsadda is substantial (7%). Crops and pasture are the most
important non-point sources at 10% and 7% respectively. Flood water runoff
was included in the model as non-point source and contributes 5%.
Table 4.3: Selected variables and their final calibrated values for the SWATModel to simulate E. coli concentrations.
Variables
Bacterial Percolation Coefficient (BACTMIX)
Bacteria Soil Partition Coefficient ( BACTKDQ)
Bacterial partition coefficient in manure (BACTKDDB)
Die-off factor for persistent bacteria in soil Solution (per day;
WDPQ)
Die-off factor for persistent bacteria adsorbed to soil particles
(per day; WDPS)
Fraction of manure applied to land areas that have active colony
forming units (BACT_SWF)
Growth factor for persistent bacteria in soil solution (per day;
WGPQ)
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Range of
values

Fitted
Value

7-20

16.42

150-200

177.17

0-1

0.79

0-1

0.41

0-1

0.74

0-1

0.89

0-1

0.47

Growth factor for persistent bacteria absorbed to soil particles
(per day; WGPS)
Groundwater delay (GW_DELAY)

0-1

0.33

30-100

41.93

Minimum daily bacteria loss for persistent bacteria (BACTMINP)

0-5

3.15

Saturated hydraulic conductivity (SOL_K)
Temperature adjustment factor for bacteria Die-off/growth (
THBACT)

0-4

1.37

1-1.18

1.08

The concentration and also the contribution from the sources varies over the
study period (Figure 4.4). The relative contribution of non-point sources is
higher in flooding months (April – August). The reason for that is high
precipitation increases the runoff of manure from the fields. In these cases this
effect weighs up to the dilution that could also occur with increased precipitation
and flow. At times of non-flooding, the chances of surface runoff from agricultural
land are reduced due to low precipitation, that increases the contribution from
point sources due to constant input load to the river.

Figure 4.3: The share of E.coli sources from upstream and downstream areas of
Kabul River Basin in the E.coli load. The blue colour shows the E.coli
concentrations from point sources including animal sheds and
human settlements. The green colours shows the E.coli
concentrations from non-point sources and the grey area represents
the load from above Warsak (upstream settlements that contribute
point and non-point sources).
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Figure 4.4: The overall E. coli concentration in Kabul river along with the river
discharge specified for above Warsak, point source and non-point
source contributions.

4.4 Discussion
In this paper we modelled the E. coli concentrations in Kabul River water and
analyzed the contribution of contamination sources. The SWAT model was used
in this study. The most sensitive variables in this study were the bacteria-soil
partitioning coefficient (BACTKDQ), the bacterial percolation coefficient
(BACTMIX), and the temperature adjustment factor for die-off (THBACT). These
variables were calibrated together with nine other variables.
Model validation showed that the model performs well. The NSE values for
monthly E. coli concentrations were 0.69 and 0.66 for calibration and validation
respectively. Other studies using the SWAT model find similar NSE values,
although these are not always fully comparable due to different temporal
resolutions and the use of a more generic faecal coliform bacteria. Benham et al
(2006), for example, find NSE values of 0.63 and 0.61 for their calibration and
validation period for monthly faecal coliform bacteria for the Shoal Creek
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Watershed in Missouri; US. Chin et al. (2009) find an NSE of 0.73 for daily E. coli
concentrations in an experimental watershed in Georgia, US; and Parajuli et al.
(2009) find NSE values from -2.92 – 0.71 for daily source-specific faecal coliform
bacteria concentrations in the Upper Wakarusa watershed in Kansas, US. Coffey
et al. (2010a) applied the SWAT model to predict the transport of E. coli and
found NSE values from 0.78 – 0.59 at Fergus catchment in Ireland. Similarly,
Coffey et al. (2013) also applied the SWAT model and find NSE values from -0.42
- 0.29 for daily E. coli concentrations at Kilshanvey catchment at Ireland.
Bougeard et al. (2011) coupled the SWAT model with hydrodynamic model
MARS 2D to predict the E. coli concentrations at the Daoulas catchment in France.
They found R2 of 0.99 for river water quality and 0.89 for shellfish quality. Kim
et al. (2010) also applied the SWAT model to predict streambed E. coli
concentrations released and deposited on sediment resuspension at Little Cove
Creek watershed in Pennsylvania. They found that surface runoff carried large
numbers of E. coli to the river. Our study is, as far as we are aware, the first one
on microbial modelling with the SWAT model in a developing subtropical
country. The comparison above shows that our calibration and validation results
are satisfactory and the modelling outcomes are reliable.
The Kabul river contains very high E. coli concentrations. It can be classified as
‘grossly polluted’ (Medema et al., 2009a) with all observed and simulated values
larger than 10000 cfu/100ml. US-EPA’s (2001) single sample bathing water
quality standard (235 cfu/100 ml for E. coli) is strongly violated year around. The
simulated and observed results presented considerable spatiotemporal
variations. The highest concentrations peaks were observed at times of monsoon
(June to August) with associated high surface-air temperature that causes
snow/glacier melt and flooding. While the concentration in January and February
is around 3.8 10log cfu/100ml, the peak concentrations reach up to 5.2 10log
cfu/100ml in August. This suggests that peak concentrations of E. coli appear
during substantially high flow due to increased surface runoff from land to water
resources in the lower Kabul River basin. Modelling thus enables us to better
understand the source of these higher concentrations. In some months with high
concentrations (e.g. June – August 2013, 2014 and 2015), the non-point sources
contributed relatively more to the total loads as during these months monsoon
precipitation coincides with snow and glacier melt that causes floods. While, in
other months point sources appear to contribute more because of constant load
to river. Higher microbiological concentrations during monsoon periods (i.e. high
precipitation events) and high river flow (due to snow/glacier melt) were also
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observed in other studies (Ouattara et al., 2013; Schilling et al., 2009a). The
reason for this is that high precipitation increases the runoff of manure from the
fields. In these cases this effect weighs up to the dilution that could also occur
with increased precipitation and flow. An important mechanism t in these
regions is that flooding of agricultural land will wash large amounts of manure
into the river. Our modeled peaks could thus be a slight underestimate. At times
of non-flooding, the chances of surface runoff from agricultural land are reduced
because of low precipitation. Meanwhile, a constant input of bacterial loads from
cities and livestock sheds occurs and this increases the contribution from point
sources to the river.
These outcomes showed that, overall, total loads from direct sewage and manure
discharges and upstream concentrations (i.e. above Warsak) contributed most to
the total concentrations (34% and 44% respectively; Figure 3). Chin et al. (2009)
also found high concentrations of faecal coliforms in a river in Georgia, US, due to
direct inputs of pollutants. Diffuse emissions were less important, although they
still contributed around 22%. Comparatively lower contribution from non-point
sources was also observed by others (Ouattara et al., 2013; Sokolova et al., 2012).
The loads from Peshawar contribute most out of the point sources. The
population of Peshawar is large (3.13 million people) and nearly everyone is
connected to the sewer. Unfortunately, the wastewater treatment plant has been
broken since the extreme 2010 flood. Also Nowshera and Charsadda (1.77 and
1.37 million people respectively) are large cities without functioning wastewater
treatment systems. The animal sheds in the basin, which are mostly located in
Amangarh (see Figure 4.1c), also strongly contribute to the total concentrations.
Livestock numbers in the basin are large (0.89 million) and especially cows emit
relatively large amounts of E. coli in their manure. Approximately 20% of total
manure collected from livestock sheds is used on the land and 25% is sold as fuel,
about 55% of this manure is deposited on the river side and enters the river
quickly (Nisar et al., 2003).
Modelling studies have inherent uncertainties. For instance, some processes
could be omitted, calibrations may not provide as satisfying results as hoped for,
or input data are lacking. The SWAT model performs fine for the Kabul River
Basin. However, Figure 2 shows that the model slightly overestimates low
concentrations and underestimates high concentrations. The lower estimates of
peak concentrations are directly related to the too low estimate of peak
discharge, as explained in Iqbal et al (2017b). Such low estimate is standard in
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hydrological modelling (Döll et al., 2003). The low underestimates of peak
concentrations could also be partly related to the free moving animals in the
basin, such as dogs, asses, camels and horses. These animals are present, but
limited in numbers and precise data are not available. During extreme
precipitation events more of their excreta may reach the river. In urban areas
these animals have been included in an urban runoff fraction. However, these are
ignored in rural areas. As the numbers of these animals are generally low in the
basin, excluding them in the current study should not affect our outcomes
substantially. The too high estimates of the low flow could cause by a too high
overestimate of the direct inputs of sewage. Although the sewage is not treated,
it does have a long residence time in the drains and the irrigation canals and
during this period decay can occur. Similarly, the manure from the animal sheds
will stay on the river banks for a while before it enters the river. Also then decay
can occur. The assumptions that we have used in this model, are based on
available data and insights. The model quality can be classified as good and
therefore the results are likely robust.
The microbial water quality in Kabul river is very poor. While the population
does like to bathe in the river or use the water for other purposes, the water is
not safe to do so. Together with E. coli, other pathogens will be present and these
can cause disease. Thorough sewage and manure management is thus required
to improve this situation. The provincial government of Khyber Pukhtunkhwa,
Pakistan (EPA-KP, 2014) has already started to reconstruct and establish new
wastewater treatment plants for cities. Treatment will also become compulsory
for other urban settlements and industries. To better understand the sources of
the poor water quality and its high health risks, and to assess the impact of
interventions, modelling provides opportunities. The SWAT bacterial model
developed in this study could be a dependable assessment tool that can be used
by water and public health managers to obtain information in controlling the
widespread microbiological contamination of Kabul River.

4.5 Conclusions
The objective of this study was to analyse the fate and transport of E. coli in the
lower Kabul River Basin and to provide improved understanding of the influence
of different processes involved in E. coli’s transport to water resources. The
highly sensitive variables for pathogen modelling, BACTKDQ, BACTMIX and
THBACT, show that the presence of E. coli likely lead to higher E. coli
concentrations at the watershed outlet. The model performance was good. High
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and low concentrations were slightly underestimated. Mean monthly E. coli
concentrations were high and range from 6.5*104 cfu/100ml to 1.1*105
cfu/100ml. Point source of contamination contributed to 44%. Non point souces
contribution accounted for approximately 22% while E. coli from above Warsak
accounted for 34% of the total conentration in the watershed system. E. coli
concentration peaks were observed during the flooding months of July-August
2013, 2014 and 2015. To improve the surface water quality in Kabul River, the
focus should thus be on wastewater treatment and prevention of the direct
manure loads from livestock sheds.
Based on the outcomes of this modelling study, the upstream concentrations and
point source of microbial pollution were found to be the major contributor in
contaminating the surface-water resources in the Kabul River Basin. The
developed model could be useful in future studies on assessing the impacts of
socioeconomic developments and climate change on E. coli concentrations. Such
modelling study can provide useful information to water managers to improve
the surface-water quality and to protect humans from waterborne diseases,
which still are the leading cause of death in developing countries like Pakistan.
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ON E. COLI CONCENTRATIONS IN KABUL
RIVER, PAKISTAN
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Abstract
Microbial pollution is a major problem worldwide. High concentrations of
Escherichia coli have also been found in the mainstream and tributaries of the
Kabul river in Pakistan. Such E. coli concentrations vary with varying
socioeconomic variables, such as population and livestock densities,
urbanization, sanitation and treatment of wastewater and manure, and climatechange aspects, such as floods and droughts. In this paper, we assess future E. coli
concentrations in the Kabul river using the Soil and Water Assessment Tool
(SWAT) with newly developed scenarios that are based on the most recent
shared socioeconomic and representative concentration pathways (RCPs and
SSPs) developed for the Intergovernmental Panel on Climate Change (IPCC).
Scenario_1 has moderate population and livestock density growth, planned
urbanization and strongly improved wastewater and manure treatment, and
moderate climate change. Scenario_2 has strong population and livestock
density growth, moderate urbanization, slightly improved wastewater
treatment, no manure treatment and strong climate change. In Scenario_2 E.
coli concentrations are strongly increased to 158% and 201% of the baseline
concentrations by the 2050s and 2100s respectively. In Scenario_1, E. coli
concentrations are reduced to 70% and 81% of the baseline concentrations by
the 2050s and 2100s. When additional treatment is added to Scenario_1, the E.
coli concentrations are reduced even further to 5%, 7% and 0.6% of the baseline
concentrations when additional tertiary treatment, manure treatment or both
have been applied respectively. This study is the first to apply combined
socioeconomic and climate change scenario analysis with an E. coli
concentration model to better understand how these concentrations may
change in the future. The scenario analysis shows that reducing E. coli and
other pathogen concentrations in Pakistan’s rivers is possible, but requires
stringent waste water treatment and manure management measures.
Keywords: Global change, Scenario analysis, Escherichia coli, Hydrological
modelling, Bacterial modelling.
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5.1

Introduction

Safe and clean water is essential for healthy life. However, due to the increasing
pressure of population growth, urbanisation and lack of sanitation it is difficult
to sustain. Water contamination due to microbiological contaminants (e.g.
bacteria, viruses or parasites) impairs the water quality in water systems.
Waterborne pathogens causes waterborne diseases like diarrhoea, which is the
fourth leading cause fo dealth in children under five years of age (UN, 2015).
Waterborne diseases are linked to waterborne pathogen concentrations in water
systems (Azizullah et al., 2011; Saeed and Attaullah, 2014). To analyse the
microbial contamination in water systems, usually indicators, such as fecal
coliforms and Escherichia coli (E. coli), are used in water systems (Coffey et al.,
2007; Odonkor and Ampofo, 2013). Although E. coli is not usually pathogenic, its
presence indicates faecal contamination, possible presence of pathogenic
microorganisms and therefore health risk (Wu et al., 2011b). High
concentrations of E. coli are found in the main stream and tributaries of Kabul
river in Pakistan (Iqbal et al., 2017a). Bathing water criteria are violated year
round and floods strongly increase concentrations. This indicates a high health
risk for the population, who use the contaminated water for bathing, cleaning
and other domestic activities. This study focuses on E. coli concentrations in
Kabul river in Pakistan.
Concentrations of E. coli in surface water systems vary with varying
socioeconomic variables, such as population growth, urbanization and
sanitation, and climate change, which includes variations in surface air
temperature and precipitation patterns. Examples of the mechanisms that
influence E. coli concentrations in surface water are ubiquitous. While, for
instance, a properly constructed pit latrine leaches minimal micro-organisms to
the water system, a sewer without treatment emits large amounts (Ahmed et al.,
2002; Graham and Polizzotto, 2013). An increasing population increases the
pressure on sanitation systems. Moreover, climate change induced extreme
precipitation may increase emissions to surface water through an increased
amount of sewer overflows and manure runoff from the land. Increased
precipitation may also increase the dilution and therefore reduce the surface
water concentrations (Boxall et al., 2009; Rose et al., 2001a; Whitehead et al.,
2009). The net impact of the different socioeconomic and climate processes on

91

microbial contamination of surface water is understudied (Hofstra and
Vermeulen, 2016a).
To assess the impact of socioeconomic and climate change on E. coli
concentrations in surface water systems, models together with scenario analysis
can be applied (Hofstra, 2011). Scenario analysis explores future developments
in complex systems. Scenario analysis is a standard practice in other climate
impact fields. Relevant examples of such scenario analyses include Ridley et al.
(2013) and Wiltshire (2014), who explained the projected increases in
precipitation in the Hindukush Karakorum Himalayan (HKH) region, including
the Kabul River Basin, in the mid to end of the 21 st century. Vörösmarty et al.
(2010), highlighted the importance of freshwater stress in the face of climate
change and found that approximately 80% of the world population is at risk of
water security. Climate change impacts on water quality have been discussed by
Jalliffier-Verne et al. (2016), who applied a hydrodynamic model to simulate the
transport of fecal contaminants from combined sewer system overflows affecting
drinking water quality at Quebec, Canada. They used climate change scenarios
and found up to 87% increase in E. coli concentrations, depending on future
climate and socioeconomic changes in the worst case scenario. Rankinen et al.
(2016) used the INCA-Pathogen model in the agricultural Lominijoki River Basin
in Finland and concluded that pathogen concentrations in the surface water is
expected to be diluted due to increased precipitation in the future and that the
water quality will not be deteriorated due to future agricultural expansion when
the animal density remains relatively low and manure used as fertilizer is pretreated. They also concluded that the water quality in the basin can be improved
substantially if wastewater treatment would be improved. Similarly, Sterk et al.
(2016) found that overall climate change has limited impact on runoff of
waterborne pathogens from land to surface water. In most of these scenario
analyses, climate change scenario were used. Also Whitehead et al. (2015) and
Jin et al. (2015) study impacts of climate and socioeconomic development on
water quantity and quality separately. Only few studies highlight the importance
of combined socioeconomic and climate change impacts on water quality. For
instance, Borris et al. (2016) perform a scenario analysis for storm water quality
(suspended solids and heavy metals) in Sweden and Zhuo et al. (2016) studied
the impact of socioeconomic and climate changes on the water availability for
agricultural activities. Thus far no studies other than the present study and Islam
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et al (2017) have assessed the impacts of combined socioeconomic development
and climate change on microbial water quality.
Our study therefore aims to assess future changes in the E. coli concentrations in
the surface water of Kabul river in Pakistan. Such a study is particularly
important for this river, because very high E. coli concentrations of were found
in one of our previous studies (Iqbal et al., 2017a).We developed scenarios
(Section 2.3) based on the state-of-the-art scenarios used for the most recent
Intergovernmental Panel on Climate Change (IPCC) assessment and created
specific assumptions for the Kabul River Basin that are in line with the storylines.
We apply these scenarios with the Soil and Water Assessment Tool (SWAT)
model (Section 2.2) that has been calibrated and validated for hydrology and
monthly E. coli concentrations before (Iqbal et al., 2017b; Iqbal and Hofstra,
2017c). This scenario approach helps to understand what possible futures could
emerge and to identify alternative pathways to improve the Kabul river’s
impaired water quality contaminated with microbial pollutants.

5.2 Data and Methods
5.2.1

Study Area

Our study was conducted in the Kabul River Basin (Figure 5.1). The
characteristics of this watershed have been described in detail by Iqbal et al.
(2017b)The river basin covers 92600 km2 and frequently floods due to monsoon
precipitation (from July to September) and snow and glacier melt in summers
(from April to September). With increasing temperatures, more and more snow
melts quickly and precipitation patterns change. The resulting increased runoff
increases the discharge of the Kabul river and this causes floods. At times of
flooding, many microorganisms are carried from the land and contaminate the
river. Mean monthly river flows observed at the Attock rim station indicate that
four fifths of the annual flows occur during the April-September months with a
peak in August (Iqbal et al., 2017b). Most people in the river basin are connected
to a sewer but wastewater treatment is lacking. Many livestock sheds are present
in this area. Manure from these sheds is applied as fertilizer on agricultural fields,
used for fuel or dumped directly into the river. The Kabul River therefore carries
many untreated sewage effluents and manure from urban and rural settlements.
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Figure 5.1: Study map of the Kabul River Basin, the geography of the basin in
Afghanistan and Pakistan, and the major tributaries of Kabul river.
The triangles are the RIM stations where discharge is measured. At
the green triangle Kabul river discharges into the Indus river.

5.2.2

Water Quality Modelling

The SWAT hydrological model together with its bacterial sub-model (Sadeghi
and Arnold, 2002) was used to analyse the fate and transport of E. coli in the
lower Kabul River Basin. The model was previously calibrated and validated for
hydrology (Iqbal et al. 2017b) and E. coli (Iqbal and Hofstra, 2017c). The
modelling results correspond well to measured concentrations in the Kabul
River. The coefficients of determination (R 2) were 0.72 and 0.70, Nash-Sutcliffe
efficiencies (NSE) were 0.69 and 0.66 and percentages bias were 3.7 and 1.9 for
E. coli concentration calibration and validation respectively. Humans connected
to sewers and livestock in animal sheds are point sources of contamination, while
runoff from urban and agricultural land is the diffuse (i.e. non-point) source of
contamination in the Kabul River Basin.
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5.2.3

Scenario Analysis

To analyse the joint impacts of changes in socioeconomic development and
climate on the E. coli concentrations, two scenarios have been developed. These
scenarios are based on existing scenarios developed for the IPCC and include
specific assumptions for the Kabul River Basin that are in line with the storylines.
The scenarios were developed for the periods 2040-2060 (i.e. the 2050s) and
2080-2100 (i.e. the 2100s).
Since 2006, the climate change research community has established a new
scenario framework (Ebi et al., 2014; Moss et al., 2010; O’Neill et al., 2014; Van
Vuuren et al., 2014). The new scenarios comprise two basic elements: i) Shared
Socioeconomic Pathways (SSPs) and (ii) Representative Concentration Pathways
(RCPs). The SSPs comprise narratives and quantifications of possible
socioeconomic developments. They have been structured around challenges to
climate change mitigation and adaptation (O’Neill et al., 2014). The
socioeconomic variables that have been quantified include, for example,
population, livestock production, urbanisation and GDP. The RCPs explore
trajectories for the development of emissions and concentrations disturbing the
radiative forcing of the climate system over time (Van Vuuren et al., 2011b). Such
disturbance in radiative forcing leads to changes in, among others, temperature
and precipitation. In this paper we use combined SSP and RCP scenarios. Specific
SSPs produce greenhouse gas emissions that can lead to one or more RCP. This
results in a scenario matrix. Every cell in the scenario matrix portrays a
reasonable course of emission and concentration and is compatible with
socioeconomic development pathways (Kok, 2016; Van Vuuren et al., 2014).
In this study, we only use two SSP-RCP combinations for the Kabul River Basin:
SSP1 with RCP4.5 as the basis for Scenario_1 and SSP3 with RCP8.5 as the basis
for Scenario_2. The SSP-RCP combinations chosen are plausible for this region.
The combination SSP1 with RCP4.5 is often used. Scenario_1 is a scenario with a
sustainability focus leading to limited climate change (i.e. adheres to the wellbelow 20C target). Strong socioeconomic improvements are required for the
Kabul River Basin and when the rest of the world also limits its greenhouse gas
emissions, limited climate change is reasonable. Scenario_2 portrays large
changes in climate by combining SSP3 with RCP8.5, which is globally not a
common combination. In SSP3 society is so destructive that greenhouse gas
emissions are not high enough to reach the radiative forcing of 8.5 w/m2 (Riahi
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et al., 2011). However, while the world overall could be on a socioeconomic
pathway that has very strong greenhouse gas emissions (e.g. SSP5), the Kabul
River Basin could well be in a situation with war and poverty. So, combining SSP3
with RCP8.5 is a plausible combination for this region. While several SWAT
model variables have been collated for the 2050s and 2100s from the SSPs and
RCPs, also specific assumptions were made. These assumptions were made in
line with the SSP narratives for Scenario_1 and Scenario_2. Table 5.1 summarises
the data and the assumptions made for these scenarios that are detailed in
Sections 2.3.1 and 2.3.2.
5.2.3.1

Socioeconomic Changes

E. coli concentrations are influenced by socioeconomic changes. Scenario_1 is
based on SSP1, which is called: “Sustainability – taking the green road” and
emphasises human well-being, sanitation, education and improved water quality
at the cost of long-term economic growth. In SSP1, population growth is
moderate and urbanization is well planned (Jiang and O’Neill, 2015). This
scenario, with its dominant assurance characteristics to accomplish growth and
steady movement towards less resource-intensive lifestyles, leads to relatively
low challenges for climate-change mitigation. Advances in human well-being
alongside robust and flexible international and regional institutions also suggest
low challenges to climate change adaptation.
Scenario_2 is based on SSP3. SSP3 is called: “Regional rivalry – a rocky road” and
in the scenario the focus is on regional progress. Policy gradually shifts towards
national security concerns, along with limited investment in education and other
developments, such as slow economic growth, elevated poverty, health care, safe
water, improved sanitation and interest on environmental issues declines
(O’Neill et al., 2015). Economic development is low and inequalities persist,
especially in developing countries. The population growth is high in developing
countries with unplanned urbanization. The partial development on overall
population growth and less income growth leads to high challenges to climate
change adaptation for many groups in all regions (O’Neill et al., 2015). Regional
rivalries cut down the support for international organizations and progress
associated towards development goals.
To perform the scenario analysis, model input variables should be adjusted for
these two future narratives. The population numbers, urbanisation rate and
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change in livestock production have been taken from the SSP database (available
at
https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=welcome;
accessed 23rd November 2016). These data are country data that we have
downscaled. For population, the numbers for Pakistan and Afghanistan have
been distributed over a 30 arc-second grid, using current and future country
population, current and future urbanisation rates and the Land scan population
database for 2010 (Bright et al., 2011). We assume that urban areas become more
densely populated, but do not expand. Current livestock numbers in the study
area obtained from the Bureau of Statists, Khyber Pukhtunkhwa (BSKP, 2016)
have been adjusted with the percentage change in livestock production obtained
from the SSP database. We assume that all livestock species increase by the same
percentage, even though that is not necessarily realistic. At present there are no
SSP data available for the different livestock species. We assume changes in
population and livestock numbers, but we do not assume changes to the amount
of E. coli they emit in their faeces.
Other input variables for the model have been quantified in line with the story
lines for the SSPs. We make our own assumptions for sanitation, wastewater and
manure treatment for our own scenarios. At present, most of the population
living in urban and rural settlements in Kabul River Basin are connected to the
sewage system (WATSAN, 2014). For both scenarios the assumption is that the
percentages connected will increase from 90 to 99%. At present, there is no
wastewater treatment, because the 2010 floods destroyed the systems (EPA-KP,
2014). Primary treatment systems are currently developed. For Scenario_2 we
therefore assume some degree of primary treatment. As Scenario_1 is much more
focussed on sustainable development, we assume that nearly all wastewater will
be treated, with some degree of two level wastewater treatment (primary and
secondary) by the 2050s and three level treatment (primary, secondary and
tertiary) by the end of the century (see Table 5.1). Manure treatment will also
reduce E. coli concentrations. We assume that in Scenario_1 most of the manure
collected from livestock sheds is treated with an anaerobic digester prior to its
use as fertilizer. In Scenario_2 the situation remains the same as today and no
manure is treated. We assume changes to the sewage and manure treatment
overall, using present removal rates in the treatment systems. We do not account
for possible technological advancements in E. coli removal in the treatment
systems that could occur for Scenario_1. Land-use change could also influence
the E. coli concentrations in Kabul river. These should have been taken from the
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SSP database. Unfortunately, SSP land use change data was thus far unavailable.
We therefore used RCP land use data, as explained below.
5.2.3.2

Climate Change

E. coli concentrations will also be influenced by future climate change. Future
climate projections for a given level of radiative forcing are uncertain due to
numerous factors, such as climatic variations and regional climate-response
patterns (Christensen et al., 2007; Meehl et al., 2007). We therefore use
temperature and precipitation data from an ensemble of four different climate
models. These climate models are INM-CM4, IPSL-CM5A, EC-EARTH, MIROC5
and they have been chosen for their earlier proven performance in the region as
explained by Iqbal et al (2017b). The scenario data have been collected from the
Earth System Grid Federation Portal (http://cmip-pcmdi.llnl.gov/cmip5/;
https://esgf-data.dkrz.de/search/cmip5/) and have been downscaled using a
delta change approach with quantile to quantile correction (Liu et al., 2015), as
explained in more detail in Iqbal et al (2017b).
For Scenario_1 RCP4.5 is used, with a moderate increase and later stabilisation
of greenhouse gas concentrations. RCP4.5 leads to a worldwide 0.9 – 2 ºC
increase in surface air temperature by the 2050s compared to the 2000s and 1.1
– 2.6 ºC increase by the late 21st century (Thomson et al., 2011). In the Kabul
River Basin mean surface air temperature increases by 3.1 ºC by the late 21 st
century, until 26 ºC. Total annual precipitation is expected to increase by 20% by
the late 21st century, until 341 mm/year (See Table 5.1). More extreme
precipitation will occur.
For Scenario_2 RCP8.5 is used. This scenario shows a strong increase in
greenhouse gas concentrations, and therefore temperature. RCP8.5 leads to a
worldwide 1.4 – 2.6 ºC increase by the 2050s and 2.6 – 4.8 ºC increase by the
2100s (Riahi et al., 2011). In the Kabul River Basin the temperature increases are
also much stronger than for Scenario_1. The mean surface air temperature is
expected to increase by 5.2 ºC to 28.1 ºC by the late 21st century. Precipitation is
expected to increase by 25% until 356 mm/year (see Table 5.1). Precipitation is
expected to become much more extreme in the future.
RCP land use change data have been used, as these were, as far as the authors
were aware, the only land use change data available. Land use data for scenario
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analysis
were
acquired
from
RCP
database
(available
on
https://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=welcome#intro)
for the 2050s and 2100s. For RCP4.5 the landuse data developed by the MiniCAM
modeling team was selected. For RCP8.5 the landuse data developed by the
MESSAGE modeling team was utilized to create the projected landuse data for
the Kabul River Basin. In Scenario_1 agricultural areas (crop land and pasture),
forest area and barren lands have been converted to urban settlements, while in
Scenario_2 the agricultural land and urban settlement expand and forest area
and barren land are reduced. Details are available in Table 5.1.
Table 5.1: Population growth, urbanization, sanitation, wastewater treatment,
land-use, livestock numbers and projected climate variables for Scenarios_1 and
2 for the 2050s and 2100s for the Kabul River Basin.

2050s

2100s

2050s

2100s

Population (million)

Base
year
19902010
21.17

33.33

31.9

46.05

79.36

Urban population (%)

35.9

70.1

90.5

41.9

50.0

Connected to sewer (%)

90

99

99

99

99

Scenario features

Scenario_1

Scenario_2

Sewage treatment (%) based on connected to sewage system
Primary (removal rate: 90%)

0

65

60

50

65

Secondary (removal rate: 99%)

0

20

20

0

0

Tertiary (removal rate: 99.9%)

0

0

10

0

0

No treatment (no removal)

100

15

10

50

35

Cattle (cow + buffalo)

0.89

1.17

1.06

1.46

1.88

Goats

1.15

2.91

2.54

3.01

4.41

Sheep

1.32

3.61

3.01

3.98

5.01

0

45

80

25

35

100

55

20

75

65

Total annual precipitation (mm)

285

328

370

341

356

Mean annual surface air temperature
(0C)

22.9

24.8

26.0

25.9

28.1

Projected Livestock number (million)

Manure treatment (%)
Anaerobic digester (removal rate:
90%)
No treatment
Climate Variables (Ensemble mean)
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Projected Land use change (%)
Agricultural Land

33.1

29.8

25.8

36.4

37.6

Forest area

20.8

17.9

15.8

14.6

11.8

Urban / Built-up area

21.3

29.4

36.4

27.9

30.2

Water / Snow or Ice

13.4

14.2

14.6

13.9

13.6

Barren / Sparsely vegetation

11.4

8.7

7.4

7.2

6.8

5.3 Results
Figure 2 shows the E. coli concentrations at Attock (near the inlet to the Indus
River) for Scenarios_1 & 2 for the 2050s and 2100s along with baseline E. coli
concentrations. Baseline monthly mean concentrations are high and vary
between 4.62 and 4.93 (log cfu /100ml) Human point sources account for 29%,
livestock point sources for 15% and total non-point sources for 22% of the total
concentration, and the remaining 34% of the concentrations are coming from
upstream of Warsak. Scenario_1, with moderate population growth, planned
urbanization, strong sanitation and wastewater and manure treatment
improvements, shows substantial reduction in E. coli concentration by the 2050s
and 2100s of 70% and 83% respectively. Overall, the point sources account for
19.7% and 16.3%, while non-point sources account for 46.8% and 44.3% and
concentrations from above Warsak for 33.5% and 38.4% by the 2050s and 2100s
respectively (Figure 2). E. coli concentrations are reduced in Scenario_1 to well
below the USEPA bathing water quality standards. On average the concentration
of E. coli is 95 cfu/100ml, which is low compared to the USPEA daily, single
sample bathing water standards for E. coli in water samples (235 cfu/100ml
(Kinzelman et al., 2003; USEPA, 2001).
Figure 5.2 also shows that with strong sanitation improvements in Scenario_1
concentrations of E. coli from point sources (human settlements and livestock
sheds) are reduced, but non-point sources (livestock grazing and other
agricultural activities) still strongly contribute to E. coli concentrations, despite
some manure treatment in an anaerobic digester. Livestock are important as they
act as both point and non-point source of contamination. To control the E. coli
concentrations from livestock sources all the manure collected from livestock
sheds should be treated (see Figure 5.3, Scenario_1b). In that case, the
concentrations are 46% of those of Scenario_1 or 7% of the baseline
concentrations. Also human emissions could be reduced further when tertiary
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treatment is applied in the full basin. Then the total concentrations are then 35%
of Scenario_1 (see Figure 5.3, Scenario_1a). When both human and livestock
emissions are reduced throughout the basin (see Figure 5.3, Scenario_1c), E. coli
concentrations are 4% of Scenario_1 and 0.6% of the baseline concentrations.
The E. coli concentrations are expected to increase for Scenario_2 (Figure 5.2) by
the 2050s and 2100s and are expected to be 158 % and 201% of baseline E. coli
concentrations respectively. The point sources of contamination increase to
138% and 189%, non-point sources of contamination increase the
concentrations to 112% and 167%, and above Warsak concentration increase to
125% and 177% of baseline E. coli concentrations by the 2050s and 2100s
respectively in Scenario_2. In the future, major contributors to E. coli
concentrations are expected to be point sources due to increased population
growth, unplanned urbanization and limited wastewater treatment facilities,
followed by expanded agricultural activities where untreated manure is used as
organic fertilizer in the Kabul River Basin or dumped directly into the river.
Figure 5.4 presents the projected E. coli concentrations and variability among the
outputs from the different General Circulation Models (GCMs). Projections of
surface air temperature, precipitation and river discharge were different for all
GCMs for the 2050s and 2100s. The GCMs were chosen for their characteristics
and show a spread in climate responses. While the GCM INM-CM4 projects a
relatively cold and dry future, IPSL-CM5A projects a cold and wet future. The
GCMs EC-EARTH and MIROC5 project relatively warm futures. EC-EARTH
projects a dryer future than MIROC5 Iqbal et al. (2017b). Together these models
provide a spread in future E. coli concentrations. Under colder conditions the
concentrations are expected to be lower than under warmer conditions and
under dryer conditions they are expected to be lower than under wetter
conditions. While the spread over the four GCMs is in the order of 0.5 – 1 log-unit,
the changes in E. coli concentrations all have the same sign, so we see decreases
for Scenario_1 and increases for Scenario_2.
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Figure 5.2: Total E. coli concentration in Kabul river averaged over the basin for
a) near future 2050s, b) far future 2100s, Concentrations are
averaged over the four runs using the different GCM climate data.
Point sources are depicted in blue, non-point sources in green and
contribution of above Warsak concentrations in grey. The patterns
indicate the contributions of various sub-sources of point and nonpoint contamination.

Figure 5.3: Three variants of Scenario_1 compared with Scenario_1
concentrations for 2100.
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Figure 5.4: Variability in total E. coli concentration in surface water of the Kabul river while applying GCMs (INM-CM4, IPSL-CM5A,
EC-EARTH, and MIROC5) for Scenario_1 and Scenario_2.

5.4 Discussion
In this paper we used comprehensive socioeconomic and climate change
scenario analysis to assess future concentrations of E. coli in Kabul river. We find
that E. coli concentrations are reduced in Scenario_1 and non-point livestock
sources are relatively important for contamination of Kabul river, whereas in
Scenario_2 E. coli concentrations are higher than baseline concentrations, due to
point sources. In the future we expect that if the sanitation situation is improved
via installation of highly advanced wastewater and manure treatment plants the
contamination to water sources would be reduced and the quality of water in the
Kabul river would be much improved. When wastewater and manure treatment
are combined for the full basin (Scenario_1c), the total concentrations will be
strongly reduced. These results are in line with our expectations. Currently,
partly due to broken wastewater treatment systems, the E. coli concentrations
are very high and strongly related to human inputs. When stringent measures
are put in place, the concentrations could be reduced significantly.
Hydrological models coupled with bacterial modules are the best available tools
to better understand the fate and transport of microbes from land to the river, as
they take into account all the possible routs of contamination (Benham et al.,
2006). The Soil and Water Assessment Tool (SWAT) is a watershed-scale model.
It has been widely used for modelling watershed hydrology at a continuous
timescale. The SWAT bacterial model has also been used before for various
watersheds worldwide to better understand the fate and transport of different
pathogenic and non-pathogenic micro-organisms (Coffey et al., 2010a; Coffey et
al., 2012; Sadeghi and Arnold, 2002; Tang et al., 2011). The model has been tested
on a watershed in Missouri (USA) for E. coli and fecal coliforms (Baffaut and
Benson, 2003). Likewise, Parajuli (2007) has tested the SWAT microbial for a
watershed in Kansas (USA). The model performed well in all of these studies (R2
and NSE equal 0.5 – 0.74). In addition to the SWAT model several other bacterial
model have been used to better understand the fate and transport of different
bacterial species globally, such as Watershed Assessment Model (WAM View)
(Tian et al., 2002), Hydrologic Simulation Program in FORTRAN (HSPF) (Desai et
al., 2011; Fonseca et al., 2014), WATFLOOD/SPL (Dorner et al., 2006), SENEQUEEC model consists of the hydro-ecological SENEQUE/RIVERSTRAHLER model
(Ouattara et al., 2013) and World Qual, Part of WaterGAP3 (Reder et al., 2015).
Most of these models require many computing resources, which is an issue for
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modelling studies in data sparse developing countries like Pakistan. In such
conditions the SWAT model is a good choice as it can be run with minimum
datasets for accurate modelling studies in those part of the world and the results
are comparable with other models (Devia et al., 2015).
Although SWAT is capable of simulating the influence of future socioeconomic
and climate change scenarios on E. coli concentrations, so far no studies have
done that. Few studies have focused on scenario analysis. For instance Coffey et
al. (2010b) explored the influence of improvement of wastewater treatment and
direct deposition reduction and found a 91% reduction of E. coli concentration
to water sources from direct deposition and an 82% reduction from improved
wastewater treatment system in the area. We found even slightly stronger
reductions, with a 95% reduction for concentrations caused by direct deposition
and a 93% reduction for concentrations caused by improved wastewater
treatment and when both direct deposition and wastewater treatment were
improved even a 99% reduction in E. coli concentration was observed in this
study (see Figure 3). We most likely find much stronger reductions, because our
river is more polluted at present, compared to the Irish catchment modelled by
Coffey et al. (2010a).
To assess the E. coli concentrations in the future, we performed a scenario
analysis. For Scenario_1 and 2 the most recent socioeconomic and climate change
scenarios have been used that have been developed for the IPCC. Most other case
studies used RCP4.5 and RCP8.5 as the two emission scenarios. RCP6.0 is barely
used as RCP4.5 and RCP8.5 overlap and cover the range of RCP6.0. The RCP
selection is strongly limited by the availability of GCMs runs. For instance, most
of the GCMs have data for RCP4.5 and RCP8.5 (Kok, 2016). The GCMs selected by
Iqbal et al. 2017b did not have data available for RCP2.6. This was one of reasons
that RCP2.6 was not selected in the current study. Using the two reasonably
extreme scenarios enables exploration of the spread of the E. coli concentrations
in the future. Simultaneously, the spread should not be seen as the full spread of
plausible futures. To get a better understanding of the full spread, a full SSP-RCP
matrix with the full GCM ensemble should be run. However, as the sign of the
change in E. coli concentrations are the same for the different GCMs and as the
two most extreme SSPs have been used, the added value of such an intensive
model exercise is questionable.
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We analysed changes in E. coli concentrations in the surface water of Kabul river
using scenario data. For the Kabul River Basin population growth, urbanization,
livestock numbers and future land use data were acquired from SSP and RCP
databases (explained in Section 2.3.2). The data were acquired for Pakistan and
downscaled to the Kabul River Basin. No data were available for sanitation,
wastewater and manure treatment. Assumptions for these variables were made
in line with the SSP storylines. In future studies, these variables could possibly
be linked to other indicators, such as the GDP in the region that is also available
through the SSP community. In addition, at present communities responsible for
the SSP data using integrated assessment models are still finalising their model
outputs. While we did use the most recently released data of October 2016, more
and newer data may become available in the near future.
Until now, no combined socioeconomic and climate change scenario analysis was
performed for E. coli concentrations in surface water. This study proves that such
scenario analyses are valuable to anticipate future changes and get a better
understanding of what is required to improve the current poor quality. This
study can be used as an example for others to apply similar tools to their own
basin.
This paper focuses on E. coli rather than waterborne pathogens. This has the
limitation that we cannot simply use the results to estimate health risk for the
population and changes in this health risk due to socioeconomic development
and climate change. The method applied here, could, though, also be applied for
pathogens. Using the modelling approach described here for pathogens, together
with risk assessment in the future would improve our understanding of the
future changes to human health risk. Such knowledge has already been requested
for years (Campbell-Lendrum et al., 2009; Checkley et al., 2000; Hofstra, 2011;
Semenza and Menne, 2009). Such papers would strongly contribute to the health
risk chapter in IPCC’s assessment report, which has thus far been very limited for
waterborne disease. Overall, we could make the crude assumption that lower
(higher) E. coli concentrations also means lower (higher) pathogen
concentrations and thus lower (higher) health risk for the population.
Scenario_1c should be the way forward to deal with the plausible changes and
reduce the health risk for the population. Reaching concentrations as estimated
by Scenario_1c is very important to achieve the sustainable development goals
that aim to improve the water quality.
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5.5 Conclusions
In this paper, we assess future E. coli concentrations in surface water using two
scenarios based on the new IPCC scenario matrix approach with the SWAT
model. Socioeconomic variables together with climate change impacts will alter
the E. coli concentrations in the basin. We found changes in mean monthly E. coli
concentrations in surface water for the 2050s and 2100s for Scenario_1, its three
variants Scenario_1a,1b,1c, and Scenario_2. In Scenario_2, with strong human
and livestock population growth and limited wastewater and manure treatment
improvements, E. coli concentrations increase by the 2050s and 2100s and are
expected to be 158% and 201% of baseline concentrations respectively. In
Scenario_2 the point source contribution increases by 38% and 89% and nonpoint source contribution increases by 12% and 67% for the 2050s and 2100s
respectively. Point sources were already the most important source and are
expected to become relatively more important for this scenario. For Scenario_1,
with moderate population growth, planned urbanization and strong wastewater
and manure treatment improvements, total E. coli concentrations by the 2050s
and 2100s are expected to reduce to 30% and 19% of the baseline
concentrations. E. coli concentrations are further reduced with three variants
Scenario_1a (maximum wastewater treatment), Scenario_1b (maximum manure
treatment) and Scenario_1c (both) to 35%, 46% and 4% of the Scenario_1
concentrations by the 2100s respectively, or 5%, 7% and 0.6% of the baseline
concentrations. This shows that strong improvements in treatment will help to
reduce the concentrations of E. coli in the Kabul River Basin.
Our scenario analysis demonstrates that in addition to anticipated climate
change, socioeconomic variables play a substantial role in microbiological
contamination of water sources and they need to be considered in the future
whenever water quality and related health risks are evaluated by water
managers. This study is the first to combine socioeconomic and climate scenarios
to study the microbial water quality. The study provides an understanding of
possible future changes and shows that stringent measures for human sewage
and livestock manure are required to improve the water quality in the Kabul
River Basin.
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CHAPTER 6

SYNTHESIS

109

6.1 Introduction
This PhD thesis quantifies the impact of socioeconomic development and climate
change on Escherichia coli concentrations in surface water resources in the Kabul
River Basin, which is part of the Hindukush-Karakoram-Himalayas (HKH). Safe
and clear water has always been important for healthy human societies. Yet the
water resources on which they rely, are becoming progressively contaminated
with microorganisms. Over one billion people worldwide were using
contaminated drinking water in 2007 (WHO, 2007). By 2012, this number was
reduced by a quarter (UNICEF and WHO, 2012) and this trend continued.
Although the Millennium Development Goal for safe drinking water was achieved
in 2015 (Rose, 2015), too many people still suffer from contaminated drinking
water.
The deteriorating water quality is mainly caused by insufficient sanitation and
wastewater treatment facilities, particularly in regions where access to safe and
clean water is limited. Microbial contaminants, like bacteria, protozoa and
viruses, pose human health hazards. Waterborne pathogens cause waterborne
diseases, such as diarrhea. Diarrhea is worldwide the second leading mortality
cause in children under the age of five (WHO, 2013). Substantial reductions in
diarrhea were reported for improved water quality (Arnold and Colford, 2007;
Clasen et al., 2007; Cutler and Miller, 2005; Fewtrell et al., 2005). In 2015, 90%
of the global population had access to an improved drinking-water resources,
compared to 75% in 1990 (WHO, 2016).
Improved water quality alone, however, is not enough to always guarantee safe
drinking water. Increased concentrations of waterborne pathogens in water
resources can occur during heavy precipitation events, by increased
contaminated surface runoff and resuspension of pathogens in sediments
(Funari et al., 2012; Hofstra, 2011). The pathways through which changes in
hydro-climatic variables influence waterborne pathogen concentrations in
surface water, are relatively well understood, but their net effects are poorly
quantified (Hofstra, 2011). To analyse the microbial contamination in water
resources, indicators, such as faecal coliforms and Escherichia coli (E. coli), are
often used in water resources (Odonkor and Ampofo, 2013).
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Flash floods occur every year in the HKH. The region receives intense monsoon
precipitation that coincides with snow and glacier melt in the Himalayas. The
Kabul River Basin suffers from similar floods and is the regional basin that is
most vulnerable to climate change. Climate change causes more floods to occur
and to become more frequent and intense (Tariq and van de Giesen, 2012).
Usually, during the floods, pathogen concentrations increase as livestock manure
and insufficiently treated sewage flushes into the river. This occurs especially in
developing countries where wastewater treatment and manure controls are
limited (Conn et al., 2012). Consequently, more diarrheal cases are recorded after
floods (Hashizume et al., 2008). Concentrations of pathogen and associated
health risk are also related to the socioeconomic developments. This thesis
explores the relationship between changes in hydro-climatic variables (i.e.
precipitation, surface-air temperature, water temperature and river discharge)
and socioeconomic factors (i.e. population growth, animal numbers,
urbanization, land-use changes and sanitation) with E. coli concentrations in the
Kabul River Basin. My research aimed to Quantifying the Impact of
Socioeconomic Development and Climate Change on Escherichia coli
Concentrations in the Pakistani Kabul River Basin. It combines
measurements, statistics and statistical and process-based modelling with
comprehensive scenarios (assessing socioeconomic development and climatechange pathways). This objective was defined by four research questions (RQs)
in Chapter 1 (Table 6.1) and the questions were addressed (Chapter 2 to 5).
The approach used in this thesis to assess changes in the Kabul River Basin is
summarised in Figure 1.3. To address RQ1, I applied a correlation analysis and a
regression model to better understand the relationship between hydro-climatic
variables and E. coli concentrations in surface and drinking water resources.
Climatic data were acquired from the Pakistan Meteorological Department, while
I collected water temperature and E. coli concentration data from the selected
locations (explained in Chapter 2). To address RQ2, I quantified the climatechange effects on the river flows and the flood return periods. A process-based
hydrological model (Soil and Water Assessment Tool (SWAT)) is coupled with a
flood frequency analysis model (i.e. HEC-SSP) and state of the art
Intergovernmental Panel on Climate Change (IPCC) climate-change scenarios
(i.e. the Representative Concentration Pathways, RCPs) were applied to
determine future flood return periods (Chapter 3). The hydrological model was
calibrated with the discharge data that was acquired from the Water and Power
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Development Authority Pakistan. To answer RQ3, the hydrological SWAT model
was coupled with the bacterial sub-model to determine the fate and transport of
E. coli in surface water (Chapter 4). To address RQ4, the model was used and
scenario analysis was conducted in which the latest Shared Socioeconomic
Pathways (SSPs) were combined with IPCC’s RCPs to project E. coli
concentrations under changing climatic and socioeconomic conditions (Chapter
5). Sections 6.2 to 6.5 summarise the main answers to these four research
questions, reflect on the robustness and innovation of these answers and
discussed them in a broader scientific and societal context.
The thesis’ main findings are summarized in Table 6.1. Each section first
summarizes the answer to each RQ followed by the reflection and discussion.
Additionally, my thesis’ contribution to advance science is presented in Section
6.6 and an outlook for further research in Section 6.7. Finally the thesis’ potential
impact to solve societal issues is presented in Section 6.8.
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 All of the surface water samples exceeded USEPA bathing water standards due to the presence of high concentrations
of E. coli. Similarly, 95% of the drinking water samples were exceeded the WHO standards of drinking water quality.
Hence, water from the Kabul river and drinking water from Nowshera is not fit for drinking or bathing.
 The linear regression model explains 61% of the variation in E. coli concentrations in surface water resources and 55%
in drinking water resources of the Kabul River Basin while considering the hydro-climatic variability. Surface air and
water temperature, precipitation and discharge of Kabul river were positively correlated with the E. coli
concentrations in water resources
 Anticipated climate-change, with projected increased precipitation and surface air temperature, is expected to increase
E. coli concentrations in water resources of the Kabul River Basin. Waterborne pathogens like Cryptosporidium may
respond in the same way to climate-change and this could be a threat to the population living in this region.

RQ.1 What is the impact of hydroclimatic variables on
concentration level, sources
and pathways of E. coli in the
Kabul river at flooding and
non-flooding times?
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RQ2 What would be the impact of  This study revealed substantial changes in the hydro- climatology of the Kabul River Basin. Four climate models were
climate-change on return
selected. MIROC5 and EC-EARTH project consistently increase mean monthly temperature, precipitation, and river
periods of floods in the Kabul
flows, while INM-CM4 projects a slight decline for all three variables. IPSL-CM5A shows a slight increase in
River Basin?
temperature and river flows, while its precipitation response is similar for RCP4.5 and increases for RCP8.5.
 The return periods of floods will be reduced in most cases. Depending on the scenario, climate model and period in the
(Chapter 3)
future, present day 1-in-a-50-year events could in the future occur from once in every 3 years to once in every 24
years.
RQ3 How can the observed E. coli  The SWAT model includes point and non-point contaminant sources of E. coli and compared well with the observed E.
concentrations be adequately
coli concentrations.
modelled with the SWAT
 Humans and livestock are the major contributors to E. coli concentration in water resources followed by agricultural
model?
activities (where livestock manure is used as fertilizer) in the Kabul River Basin. Based on pathogen source estimation
point sources were identified to be the major source of pollution (44%), while nonpoint (diffuse) sources (22%) were
(Chapter 4)
slightly less significant and above Warsak (upstream) Kabul river also contributes (34%) to the concentration.

(Chapter 2)

Main Findings

Research Question

Table 6.1: Summary of the main finding of four research questions to address the main them of PhD study.
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RQ4 What are the future
 We developed two future scenarios based on existing scenarios developed for the IPCC and own assumptions. Future
projections of E. coli
scenarios were found to have a significant impact on E. coli concentrations in the Kabul River Basin. A less sustainable
concentrations in Kabul river,
future resulted in a deterioration of microbial water quality due to socioeconomic changes, such as higher population
when comprehensive
growth, land use change and variations in precipitation patterns. However, microbial water quality was found to
socioeconomic and climateimprove under a sustainable climate and an improved sewage treatment.
change scenario analysis is
 In Scenario_1, E. coli concentrations are reduced to 70% and 81% by respectively the 2050s and 2100s. When
performed?
additional treatment is added to Scenario_1, the E. coli concentrations are reduced even further to 5%, 7% and 0.6% of
the current concentrations when additional tertiary treatment, manure treatment or both have been applied
(Chapter 5)
respectively.
 In Scenario_2 E. coli concentrations are strongly increased to 158% and 201% by respectively the 2050s and 2100s. All
climate models show the substantial variability and elevated concentration of E. coli in water resources of the Kabul
River Basin.

6.2 E.coli concentrations
variables (RQ1)

and

hydro-climatic

RQ1 was answered in two steps to assess surface water quality in Pakistan. First,
water samples were collected to determine the E. coli concentrations during
flooding and non-flooding periods. This sampling considered the sources and
pathways of the different contaminations. Water samples were collected from
the selected locations (Figure 2.1). The measured E. coli concentrations (mean
ranges from 4.70 to 4.90 log cfu per 100ml) for all the sampling locations along
the Kabul river. The measured E. coli concentration in the drinking water samples
(mean ranges from 2.10 to 2.22 log cfu per 100ml). High E. coli concentrations
are observed. Sanitation facilities are lacking and raw sewage and manure are
dumped directly into the Kabul river and these sources contaminate the river’s
surface water. Microorganisms probably also enter surface waters through
runoff from agricultural land (vegetables, cereal crops etc.), where not only
livestock manure is used to fertilize land (Medema and Schijven, 2001). The
river’s surface water is generally unfit to swim or bath. Our samples show that
during the sampling period, all samples exceeded the USEPA bathing waterquality standards (Kinzelman et al., 2003) and all samples violated the WHO
criteria (WHO, 2008a) for drinking water quality.
Second, I statistically analysis the impact of hydro-climatic variables on E. coli
concentrations. The detailed sources and pathways through which the water
resources are contaminated, were comprehensively combined into a conceptual
diagram (Figure 1.3). The statistical (linear-regression) model and a correlation
analysis were applied to quantify these impacts (Chapter 2). For the microbial
analysis, surface and drinking water samples were collected and climatic data
were acquired from the Pakistan Meteorological Department and the Water and
Power Development Authority Pakistan (i.e. Precipitation, surface air
temperature and Kabul river discharge). Chapter 2 identified several statistically
significant variables that best explained the observed variation in E. coli
contamination levels. The surface air and water temperature, precipitation and
river discharge data were positively correlated with the E. coli concentrations.
This shows that precipitation increases the surface runoff and this transports
pathogens to the river. Water temperature was not expected to be positively
correlated because a temperature increase enhances the inactivation rate of E.
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coli. For example, Garzio-Hadzick et al. (2010) also found that increasing surfaceair temperatures stimulate the inactivation of E. coli. But my study area was
situated in the subtropics where high surface air temperatures and monsoon
precipitation coincide (i.e. from June to September). Other studies from tropical
zones, however, also reported a positive correlation with water temperature for
example, (Huang et al., 2008; Kelly-Hope et al., 2007; Koirala et al., 2008). After a
heavy precipitation event, the E. coli concentrations swell quickly to high levels
and remain high for several days (Hong et al., 2010). The relationship with river
discharge is likely attributed to similar mechanisms as the precipitation effect,
but discharge also depends on bacteria sources from the upstream areas (Kelman
et al., 2011; Vermeulen and Hofstra, 2014).
The regression model explains 61% of the E. coli variability in surface water and
55% in drinking water resources, even when other factors, such as location and
land-use variables are ignored. The waterborne pathogens behave similarly and
concentrations could increase with increased precipitations and surface-air
temperatures.

6.3 Climate-change Impacts and Future Floods in
the Kabul River Basin (RQ2)
RQ2 was answered by application of the SWAT hydrological model coupled with
a flood frequency model (i.e. HEC-SSP) that was used to analyse the flood
frequency using the state-of-the-art IPCC climate-change scenarios for the near
future (i.e. 2031-2050) and far future (i.e. 2081-2100). These scenarios were
adopted for the Kabul River Basin to better understand the future climate-change
impacts on projected floods and their return periods. Flood frequency analysis is
generally performed to plan and design hydrological structures (e.g. dams and
bridges) but can also provide information on flood return periods. The most
recent global climate-models (GCMs), that can provide data for future flood
frequency analysis, were prepared by the Fifth Coupled Model Intercomparison
Project (Taylor et al., 2012). This CMIP5 daily climate data from four selected
GCMs were downloaded from the Earth System Grid Federation Portal
(http://cmip-pcmdi.llnl.gov/cmip5/;
https://esgfdata.dkrz.de/search/cmip5/). Lutz et al. (2016b) evaluated most of the available
GCMs for the HKH region and suggested the eight most suitable GCMs for this
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region. Four selected GCM data were downscaled using the delta change
approach with quantile to quantile correction (Liu et al. (2015)), which is used
often in this field. The method is also in line with Arnell et al (2003)… etc (Arnell
et al., 2003; Diaz-Nieto and Wilby, 2005; Hawkins et al., 2013; Räty et al., 2014),
who also use the delta change method for bias correction of GCM data in their
studies. The downscaled data were used to project future Kabul river flows.
These are obtained by forcing the SWAT model with bias-corrected GCM output
for the RCP4.5 and RCP8.5 climate-change scenarios. Summer monsoon
precipitation, snow and glacier melt contribute to the peak flows of the Kabul
river (Lutz et al., 2014). Surface-air temperature is expected to rise in the future
periods for both RCPs and in all GCMs, except for the INM-CM4 GCM that shows
slight decline. Increased temperatures that result from bias corrected GCM data
agree well with those of other studies (IPCC, 2013; Ridley et al., 2013; Wiltshire,
2014). Ridley (2013) and Wiltshire (2014) also project precipitation increases in
the HKH region during this century. Dey et al. (1989) strongly related
temperature and snow-melt in the Kabul basin, while Archer (2003) argued that
summer river flows mainly stem from the snow-melt of preceding winter
snowfall in the Kunhar and Swat basins (sub-basins of the Kabul River Basin).
This argument is also supported by more recent studies (Lutz et al., 2014; Yu et
al., 2013). The GCMs MIROC5 and EC-EARTH consistently increase precipitation
and river discharge, while these two variables slightly decline in the INM-CM4
GCM. The IPSL-CM5A GCM slightly increases temperature and river discharge,
while its precipitation is neglectable for RCP4.5 and increases for RCP8.5. Results
indicate an increase in extreme precipitation events (Figure 3.7). Increased
extreme precipitation events are major flood triggers in the HKH region (Din et
al., 2014; Hartmann and Buchanan, 2014; Wang et al., 2011). These anticipated
climate changes in the Kabul River Basin thus very likely lead to more floods with
shorter return periods (Figure 3.8).
The largest recorded flood occurred in 2010, influenced a large region and killed
over two thousand people. The threshold level for floods is 2800 m 3 s-1 at
Nowshera in the Kabul river (FFC, 2016). The historical flows (determined for
the period 1981 to 2015) reveal that this threshold level is exceeded more often
than every second year. The exceptionally high and most devastating flood of
2010 was a one in fifty-year event. The flood-frequency analysis shows that the
present day’s one-in-a-fifty-year event could occur in the future between once in
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every 3 years (i.e. EC-EARTH and MIROC5 GCM and RCP4.5) to once in every 24
years (i.e. IPSL GCM and RCP8.5). To conclude, the future climate-change
projections substantially increase precipitation and surface air temperature in
the Kabul river and consequently its future discharge. This enhances the regional
floods and reduces return periods. In the future we may thus expect more
waterborne diseases in the Kabul River Basin due to these larger and more
frequent floods and continued lack of sanitation facilities and manure
management. This analysis of current and future river flows can help decision
makers and water managers to anticipate climate-change impacts and
adaptation possibilities in the basin. Our approach to project flood-return
periods can be helpful for similar regions that have similar hydro-climatological
conditions.

6.4 Modelling E. coli Fate and Transport (RQ3)
RQ3 was answered with the calibrated SWAT bacterial model. The scientific
literature shows that different hydrological models have been coupled with a
bacterial module to understand the fate and transport of bacteria (E. coli) in
different watersheds worldwide. For example, Hydrological Simulation Program
FORTRAN (HSPF). This model was developed and applied to model fate and
transport of faecal indicators in watersheds to quantify the concept of the Total
Maximum Daily Load and source identification (Benham et al., 2006) also an
improved version of WATFLOOD (Wu et al., 2009) was used to simulate fate and
transport of pathogens for the purpose of source identification in watersheds
used for drinking water supply and to determine the magnitude of fecal indicator
contributions from sediment. Both the SWAT bacterial model and HSPF simulate
water quality in a watershed. The SWAT model’s ability to evaluate microbial risk
has been assessed to be high compared to the HSPF model (Benham et al., 2006).
Most of the bacterial modelling studies were done in developed countries (e.g.
Bougeard et al., 2011; Coffey et al., 2010a; Ferguson et al., 2007; Fraser et al.,
1998; Haydon and Deletic, 2006b; Kim et al., 2010; Medema et al., 2009b; Parajuli
et al., 2009).
The Kabul River Basin receives intense monsoon precipitation. This together
with snow and glacier melt, produces flash floods (Chapter 3). During floods the
concentration of E. coli increases in surface water resources as manure and raw
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sewage flushes into the river. We, for the first time, performed bacterial
modelling study in a developing country. Our model results agree well with our
measured E. coli concentrations (Figure 4.2). Based on the pathogen source
estimations, point sources are identified to be the most important pollution
source, including pollution from upstream areas (above measuring point
Warsak) followed by non-point sources (Figures 4.3 & 4.4). Our validated
bacterial model is then used to simulate projected E. coli concentrations in a
comprehensive scenario analysis (Chapter 5). Different factors that determine
the fate and transport of E. coli are selected using a one-at-a-time sensitivity
analysis (Table 4.2). We found that the Bacteria Soil Partition Coefficient
(BACTKDQ), Bacterial Percolation Coefficient (BACTMIX) and Temperature
adjustment factor for bacteria Die-off/growth (THBACT) are the most sensitive
parameters..
Uncertainty is present during every step in any environmental study. Uncertainty
can be due to inherent randomness, measurement errors, systematic errors due
to sampling biases (these are difficult to quantify), natural variability and model
uncertainty (Narsimlu et al., 2015). For example some relevant processes could
be omitted from a model; calibrations may not provide satisfying results or input
data are lacking. The SWAT model performs satisfactorily for the Kabul River
Basin. The model slightly overestimates low concentrations and underestimated
high concentrations. The underestimation of the peak concentrations is directly
related to the underestimation of peak discharge, as explained in Chapter 3. Such
underestimation is standard in hydrological modelling (Döll et al., 2003). The
outcomes of the study showed that, overall, total loads from direct sewage and
manure discharges and upstream concentrations (above Warsak) had the largest
contribution to the total concentrations (34% and 44% respectively) (see Figure
4.3). Point sources of pollution are a serious issue in the Kabul River Basin. This
is in line with other studies, such as Liu and Chan (2015) who conducted a
modelling study for faecal coliform at the Danshui River basin of northern
Taiwan and found that during low water discharges the faecal coliform
concentrations from point sources were substantial. Chin et al. (2009) also found
high concentrations of fecal coliforms in the river in Georgia, US, due to direct
inputs of pollutants. Likewise, Arnone and Walling (2007) discussed the
concerns by water resource managers that inadequately treated sewage
compellingly contribute to microbiological pollutants in water resources. Hooda
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et al. (2000) reviewed the water-quality concerns and found that especially point
sources from local livestock sheds are a serious source in UK livestock farming
areas. Non-point emissions were also important, as it contributed around 22%.
Comparatively lower contribution from non-point sources were also observed
by Ouattara et al. (2013) and Sokolova et al. (2012). Modelling the fate and
transport of faecal contaminants can be useful approach in water quality and
health risk assessments. Such knowledge can help to protect populations that are
exposed to contaminated water in developing countries. The validated SWAT
model is an effective tool to assess future impacts of socioeconomic
developments and climate change on E. coli fate, transport and dynamics. Our
study also emphasises the need for wastewater treatment and manure
management before dumping (waste) into the Kabul river.

6.5 Impact of Socioeconomic Development and
Climate Change on E. coli Concentrations (RQ4)
RQ4 was answered with the help of two scenarios developed by myself that are
based on the new scenario matrix proposed to IPCC by a team of scientists in
2006 (Kriegler et al., 2012; O’Neill et al., 2014) and own assumptions. The matrix
integrates the socioeconomic SSPs with the various radiative-forcing levels of the
RCPs to create comprehensive new scenarios. To assess the impacts of
socioeconomic development and climate change on E. coli concentrations in the
surface waters of the Kabul river, we implemented the scenarios in the model.
Although this is standard practice in most other climate impact studies, it has
thus far not been applied to assess changes in E. coli or waterborne pathogen
concentrations.
Scenario_1 links the socioeconomic narrative by SSP1 with the radiative forcing
of RCP4.5, while Scenario_2 integrates SSP3 and RCP8.5. Although these two
scenarios are based on existing IPCC scenarios, we included specific assumptions
for the Kabul River Basin. These assumptions are in line with the original
narratives. We simulated the scenarios for the periods 2040 to 2060 (i.e. the
2050s) and 2080 to 2100 (i.e. the 2100s). Scenario_1 focusses on sustainability
that leads to a limited climate change (i.e. adheres to the well-below 20C target
from the Paris Agreement). Strong socioeconomic improvements, including
wastewater treatment, are required for the Kabul River Basin when the rest of
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the world limits its greenhouse gas emissions. Scenario_2 portrays large
changes in climate by combining RCP8.5 with SSP3. In the SSP3 society,
greenhouse gas emissions are not high enough to reach the radiative forcing of
8.5 W/m2 (Riahi et al., 2011). Currently, most of rural and urban populations in
the Kabul River Basin are connected to a sewage system. For both scenarios we
assume that the percentages connected will increase from 90 to 99%. At present,
no wastewater treatment exists, partly because the 2010 floods destroyed the
available plants (EPA-KP, 2014) and primary treatment plants are currently
constructed to treat the collected wastewater from the sewage systems. We
assumed excellent and poor wastewater and manure treatment for 2050s and
2100s for Scenario_1 and Scenarion_2 respectively (see Table 5.1).
The impacts of changes in hydro-climatic variables on E. coli concentrations were
explained in Chapter 2. Few studies (e.g. Moss et al., 2010) assessed how impacts
of climate-change influence human lifestyles, changes in technology, and allow
policies to cope with these impacts. Vörösmarty et al. (2010) for example,
analysed the importance of freshwater stress in the face of climate change and
found that three quarters of the world’s population is at risk of local or regional
increased water insecurity. Concentrations of E. coli in water resources vary with
changing socioeconomic factors and climate-change impacts. Projected changes
in E. coli concentrations in the Kabul river depend on the climate-change impacts
on river flows besides changes in precipitation and surface air temperature (as
explained in Chapter 3).
Mostly the socioeconomic scenarios have been developed for the world as a
whole. Translating these global scenarios to national, regional or local scenarios
to assess impacts, adaptation possibilities and vulnerabilities is difficult because
every region is unique. For this study, two plausible combinations are made of
the global SSPs and RCPs. These combinations make sense for the Kabul River
Basin. For example, the SSP3 rivalry narrative in the Kabul River Basin could
be plausible when the world then keeps emitting carbon as in SSP5 (‘Taking
the Highway”), then RCP8.5 could well be possible. Combining SSP1 and
RCP4.5 is also a plausible choice for the world, now including the Kabul River
Basin. More importantly, combinations that are impossible globally, range
among the most interesting, challenging, and useful ones regionally (Kok,
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2016). Such analyses are primarily required in those areas where projected
climate-change impacts are on the extreme.
Our pioneering scenario research is presented in Chapter 5, where the new
scenario matrix is used for a scenario analysis of microbial water quality. For
Scenario_1, the E. coli concentrations are reduced compared to current
concentrations. We further elaborated three variants of Scenario_1as
Scenario_1a,1b and 1c. E. coli concentrations are reduced to a greater extent in
all three variants when compared to Scenario_1 and current concentrations. We
assumed that wastewater is treated with tertiary treatment systems and that
manure is collected from livestock sheds treated through either compositing or
aerobic digesters prior to using it as organic fertilizer on agricultural fields. In
contrast, Scenario_2 has very limited wastewater and manure handling services.
Here the concentrations of E. coli increased more than the current
concentrations. Projected concentrations of E. coli along with variability among
the different GCMs for the Kabul River Basin were observed. All GCMs showed
half to one log increase in E. coli concentration for future. The E. coli
concentrations are reduced substantially throughout the year for Scenario_1 for
all GCMs for 2050s and 2100s, while for Scenario_2 they always increased. Our
scenario analysis suggests that these changes are mostly, but not entirely, driven
by population increases. Other elements, such as expanded agricultural activities,
limited sanitation and wastewater treatment, also substantially contribute to
elevated E. coli concentrations in the Kabul River Basin. This study emphasises
and advocates the need for substantial improvements in sanitation, wastewater
and manure treatment systems in the Kabul River Basin to assure future E. coli
concentrations in water resources inside the limits of WHO and USEPA for
drinking and bathing water quality. Our study’s outcome can provide
information to support decisions by policy makers and water managers, who
want to reduce E. coli concentrations and the risk of waterborne diseases in the
Kabul River Basin.

6.6 Implication of this thesis for health risks
through waterborne disease
In the Kabul River Basin waterborne diseases are a serious problem and were
the third leading cause of death in children under the age of five and elderly
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people (Azizullah et al 2011). One of the major reasons for such high incidence of
waterborne diseases is the use of contaminated water. The river’s water is used
for bathing, washing and other domestic uses, and the surface water quickly
replenishes the ground water that is used for drinking. This basin is vulnerable
to frequent annual flash floods that are aggravated by climate change. Such floods
increases the exposure of the population to contaminated surface water and
collect additional pollution from flooded land and sewage systems. In this thesis
we studied the microbial water quality of the river basin, with the motivation that
waterborne disease is a large problem in this basin and that the impacts of global
environmental change (i.e. changes in land use, climate and biodiversity) on the
waterborne diseases is currently ignored. Although assessing health risks was
not the thesis’ objective, it is an additional argument to perform this research. I
reflect in this Section on how my research can be used to address these risks.
Numerous pathogens, such as viruses and harmful bacteria, are present in water
resources. In Pakistan, pathogens, such as Salmonella typhi, Para typhi, Vibrio
Cholera, Enterococci and Cryptosporidium, are common in surface water
resources. Analysing the concentrations of these pathogens requires time and
financial resources, and those are sparse in developing countries, like Pakistan.
Thus, to analyse the microbiological contamination in water resources,
indicators, like faecal coliform and E. coli, are frequently used. Although E. coli is
not pathogenic, their presence indicates the potential presence of other harmful
microorganisms (Odonkor and Ampofo, 2013). Therefore, E. coli can easily be
linked to the health risks. For instance, in The Netherlands swimming health risk
can be related to E. coli concentrations (Joosten et al., 2017). However, such
relationships are not directly applicable to Pakistan, because the risks profiles
strongly differ here.
Chapter 2 revealed that the E. coli concentrations in Kabul basin’s drinking and
surface water are always extremely high. Doubtlessly, also many pathogens are
present in the water. The present health risks are therefore already very high.
This is indicated by the observed high burden of diarrhoeal disease (Nabeela et
al., 2014). The floods in the basin generally also lead to diarrheal disease
outbreaks. For Scenario_2 (where no or limited sanitation and manure
management facilities are present ), E. coli concentrations increase considerably.
As pathogens follow comparable fate and transport routes, pathogen
concentrations can also be expected to increase. When the health risks are
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already very high, a small increase in concentrations due to climate change (i.e.
an increase in floods) may not alter these risks much. However, in Chapter 5 (see
Section 5.3 and Figure 5.3) we simulated a huge reduction in the concentrations
for other scenarios. The concentrations can be reduced to below bathing water
standards (i.e. 235 cfu/100ml (USEPA, 2001)) and when exposure remains the
same, the dose and therefore the health risks may also decrease. Under these
conditions, however, increased flooding due to climate change can increase the
risks under such possible improved management conditions. Our study explores
this.
To further study the health risk due to waterborne pathogens in Kabul river.
ideally, a similar study for pathogens would be performed to measure and model
their concentrations. These concentrations can then be direct input in
Quantitative Risk Assessment (QMRA) models that enable quantification of the
risk and burden of disease for the population. Unfortunately, measuring
pathogens is expensive. An approach could be to use the currently calibrated
model for bacterial pathogens in the basin. However, you would want to do that
first for a basin with large data availability to ensure this is a reasonable
approach. The use of the approach for pathogens and the link to QMRA are
avenues to explore further.

6.7 Scientific contribution
E. coli concentration in water resources are associated with climate variabilities
(i.e. variability in precipitation and surface-air temperature). For example, an
increase in precipitation events, E. coli concentrations will likely be reduced due
to dilution. But if the precipitation is high and causes floods that flushes the
untreated sewage and manure via increased surface and sub-surface runoff,
these floods will eventually increase the E. coli concentrations. Decreases in
precipitation may also increase E. coli concentrations as most microorganisms
are continuously emitted from wastewater and manure (Atherholt et al., 1998).
Likewise, increased surface-air temperature probably increase the inactivation
rate of these pathogens (An et al., 2002b). However, the net effect of climate
variability on pathogen concentrations remains unclear (Vermeulen and Hofstra,
2013). In a few studies, a single climate variable (either precipitation or surfaceair temperature) is linked with the E. coli concentrations (see, for example, Table
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1.1). This PhD thesis quantifies the combined effect of socioeconomic
development and climate-change impacts on E. coli concentrations in the Kabul
River Basin. Robust estimates were obtained with both statistics (regression
modelling and correlation analysis) and process-based modelling (SWAT). This
study successfully assessed the effects of climate change in river flows and E. coli
concentrations.
Chapter 3 explains that the Kabul River Basin is confronted with natural
calamities like floods, which cause loss of human and animal lives, and economic
losses. Due to climate change, this basin would expect more intense and frequent
floods in the future. An integrated modelling approach with flood-frequency
analysis were applied for the first time for the Kabul River Basin with the latest
climate-change scenarios. Climate-change impacts on flood return periods in the
low lying regions of the Kabul River Basin were demonstrated in Chapter 3. These
results are relevant to the broader scientific community, as they show that
regional impacts from other studies (Lutz et al., 2014), who suggest declining
future discharges in the Kabul river, are probably unfounded when the hydrology
is thoroughly assessed at the river-basin scale. To better understand the fate and
transport of microbial contaminants in surface water of the lower Kabul River
Basin, the combined hydrological-bacterial model was applied. I initiated
modelling the fate and transport of E. coli considering point and non-point
sources to explain the contribution of these sources to contamination levels. The
data availability for E. coli modelling in the Kabul River Basin is poor. I and my
co-authors have used the SWAT bacterial model, and their results provides
valuable information on E. coli’s fate and transport. Our research opens the field
for new scientific endeavours to apply such models to simulate trends in harmful
pathogenic microorganisms (e.g. Cryptosporidium and Rotavirus), in regions
where sanitation facilities are poor and surface water is highly polluted. Our
modelling study for the Kabul River Basin can be considered as a successful
example for other studies. Lessons learned from such variety of new studies will
increase the usefulness for water managers and policy makers, and guide them
in managing their watersheds.
Model-based scenarios proved to be a useful tool to assess the impact of
socioeconomic development and climate change on E. coli concentrations in
surface water. Despite their inherent uncertainties and limitation, models help to
estimate future changes in the concentration of waterborne pathogens under
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changing conditions (e.g. due to climate-change) (Hofstra, 2011). The Kabul
River Basin is densely populated. Most people are not connected to a sewage
treatment system and raw sewage is directly discharged into the Kabul river.
Concurrently, local farmers apply large quantities of manure on their croplands
as fertilizer. This elevates the concentrations of microorganisms in different
water resources through direct manure release and also indirectly via runoff
from agricultural fields. We implemented the most recent scenarios (a
combination of socioeconomic developments and climate-change pathways as
developed for IPCC) in a calibrated and validated hydrological-bacterial model
for projected E. coli concentrations in the Kabul River Basin (explained in Chapter
5). We demonstrated that future advances in waste-water and manure treatment
will convincingly reduce E. coli concentrations in the Kabul River Basin.
Overall, our study is one of the first regional studies that assesses the impacts of
socioeconomic development and climate change on E. coli concentrations in
surface water. The subsequent changes in water quality by micro-organisms is
quantified by statistical and process-based modelling approaches. The
comprehensive scenario analysis coupled with the modelling results help to
identify the research gaps in water contamination sources, the linking pathways
to surface water and the consequently emerging waterborne diseases. These
gaps are addressed in the next section.

6.8 Future outlook for further research
This PhD thesis focused on socioeconomic development and climate-change
impacts on E. coli concentrations in the Kabul River Basin and determined
potential future trends in waterborne diseases. . Water quality has gained little
attention compared to water availability issues. Nevertheless, water quality
issues are serious and need to be addressed. Around two-thirds of the population
has access to municipal water supply but this is not always safe (National Water
Policy Pakistan, 2012; Vörösmarty et al., 2010). The focus of this thesis was
limited to assessing socioeconomic developments and climate changes on the E.
coli concentrations in Kabul river. The research has highlighted many new
research avenues to explore.
The current water quality in the Kabul River Basin is poor and unfit for drinking,
because manure and untreated sewage are directly released to the surface water.
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The potable water supplied in the basin is violating the standards set by WHO
(Chapter 2). Consumption of contaminated water increases the risk of
waterborne disease outbreaks. The prevalence of waterborne disease is
influenced by climate change and hydro-climatic variables. In Chapter 2, a linear
regression model was used to understand the relationship between hydroclimatic variables and E. coli concentration in these local water resources. Using
different statistical methods (e.g. time series analysis or multivariate tests) in
addition to the linear regression model to get more insight in the relationship
between hydro-climatic variables and E. coli or waterborne pathogens, such as
Cryptosporidium in surface and drinking water resources. Pakistan is a
developing country and confronted with annually recurring floods that cause
huge losses (Chapter 3) due to poor flood management and inadequate flood
protection plans. The National Engineering Services of Pakistan (NESPAK) have
developed the new fourth national flood protection plan in collaboration with the
Dutch Deltares Institute (Ebrahim, 2015). In Chapter 3, the return periods of
floods were calculated by using four GCMs to understand the impact of
anticipated climate-change. We used their climate-change scenarios for a flood
frequency analysis by downscaling the GCMs data. Our selected and further
developed hydrological-bacterial model provided robust results, even with the
limited datasets. Our results will help water managers to understand how future
floods may change and therefore help them to effectively manage them, by
anticipating more frequent flood return period. Our results can likely be
extrapolated to other part of the country. Further research can be conducted with
the application of flood routing models, like HEC-RAS, to make flood indentation
maps for projected floods. In addition, if data would become available at a higher
spatial and temporal resolutions and over longer periods, more detailed models
(e.g. VIC (Liang et al., 1994) and SPHY (Terink et al., 2015)) can be applied. These
models could, for example, simulate the changes in the flows from snow and
glacier melt better. Additionally, instead of deriving regional scenarios from
global scenario developments and models, Regional Climate Models could also
be used to better represent anticipated climate-change in this region.
Unfortunately, no regional model that used the RCP scenarios exist for the Kabul
River Basin.
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Chapter 4 applied the SWAT bacterial model to model the fate and transport of
E. coli in surface water resources of the Kabul river. The model’s simulations
agreed well with observed concentrations. The surface-water resources are
contaminated by many different water quality variables, such as waterborne
pathogens (Hofstra, 2011; Hofstra et al., 2013; Vermeulen and Hofstra, 2013),
heavy metals (Förstner and Wittmann, 2012; UNEP, 2016), nutrients (Strokal
and Kroeze, 2013), plastics (Koelmans et al., 2016) and chemicals (de Almeida
Azevedo et al., 2000). Similar to E. coli, all these pollutants are transported
through water resources (Schwarzenbach et al., 2006). Human activities
substantially contribute to microbial pollution by, for example, rapid
urbanisation and disposal of raw sewage because the lack of sanitation
(Vermeulen et al., 2015a; Vermeulen et al., 2015b). Agricultural activities also
contribute to increased water pollution, such as leaching of nutrients (Nitrogen
and Phosphorus) and pesticides via surface and sub-surface runoff (Chau et al.,
2015). The final water polluting sector is industry, whose waste contains heavy
metals (e.g. zinc, cadmium, lead and arsenic) and chemicals. Retention times
differ for different pollutants. For example, the retention time of heavy metals is
long as they are absorbed in sediments, while pathogens are short lived. These
different retention times must be considered in integrated water pollution
modelling for river basins. The calibrated SWAT model can also be applied to
model pathogenic microorganism (Coffey et al., 2010a; Coffey et al., 2013) and
the other pollutants, such as chemicals, heavy metals and nutrients. The SWAT
has thus far not been used for plastics.
Application of the SWAT bacterial model for current and future water-quality
assessment in a large-scale basin, such as the Indus river is also important to get
more realistic projections of large-scale water availability and quality for water
managers. Abbaspour et al. (2015) applied the SWAT model from a small
watershed scale to the continental scale (Europe). They simulated both water
quantity and water quality aspects (but no pathogens). Likewise, several other
studies (Arnold et al., 1998b; Cao et al., 2006; Lobmeyr et al., 1999; Santhi et al.,
2001b; Srinivasan et al., 1998; Thampi et al., 2010b) used SWAT for water
quantity (hydrology) for various river basins in the world. However, no
applications exist for the Indus River Basin. The Kabul river originates from
Afghanistan and enters Pakistan and sustains the life of people in both countries.
It is one of the largest tributary of the Indus river. Due to lack of sanitation
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facilities and manure management, the Kabul river carries large concentrations
of microbiological contaminants to the Indus river. Different modelling studies
on water quantity have been conducted for the Indus River Basin (Akhtar et al.,
2008; Faran Ali and de Boer, 2008; Fowler and Archer, 2006; Immerzeel et al.,
2010; Lutz et al., 2014; Rajbhandari et al., 2015; Tahir et al., 2011). Expanding
ours water quality modelling to the whole of the Kabul river (upstream and
downstream) and the Indus River Basin would be interesting. Microorganisms,
pollutants and other water quality parameters should be included. Such
integrated water quantity and quality study will help to identify current and
future environmental and health issues and find solutions to them. This is
urgently needed for the Indus River Basin.
In Chapter 5, we used the new scenario matrix approach and integrated the
socioeconomic developments with climate-change pathways to project future E.
coli concentrations in surface waters. In the low laying areas of the Kabul River
Basin, wastewater treatment plants are present (i.e. only primary treatment
level) but after the extreme 2010 flood most plants are broken and currently
under construction. Several new projects are also in progress. These include
installation of wastewater treatment facilities (mostly primary treatment levels)
and manure treatment facilities. Such facilities are now legally mandatory to
improve the water quality in the region (Bagel, 2016; EPA-KP, 2014). Figure 6.2
exemplifies the divergence between the current and future status with improved
sanitation, sewer water and manure treatment facilities. These facilities
contribute to reduced E. coli concentrations. These pathways can solve
compromised water qualities. Figure 6.2 also demonstrates that in current
situation where no or limited sanitation and manure management facilities are
present (i.e. Scenario_2) the E. coli concentrations are high and violate the USEPA
and WHO standards. The modelling and scenario approach is flexible and can
easily be specified for sub-basins, extended to other waterborne pathogens and
other pollutants. Also other scenarios can be analysed, such as more detailed
land-use change scenarios and management scenarios. Additionally, the
approach can serve as a basis for the development of improved climate-change
adaptation plans, which can maybe limit future floods damages and preserve
water resources from flood-driven contamination. The tool could be adapted so
that it can be utilized by regional experts to assess health risks.
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6.9 This thesis’ impact
This PhD thesis provides a base for devising optimal coping strategies that are
essential for the sustainability of hydrological resources under socioeconomic
development and climate change. The results of our research are extremely
important to assess alternative water-quality management options. It
supplements past research on the impact of climate-change on water resources
and incorporates current water-quality aspects. This study adds and generates
new information and knowledge for the Kabul River Basin (e.g. simulated and
observed E. coli concentrations, comprehensive scenario analysis and quantified
impacts of floods on E. coli concentrations). In addition, the outcome of our
scenario analysis can likely be used for other pollutants, such as nutrients,
pesticides and heavy metals. Our results are important for policy makers and
could help them to understand how to protect people from microbiological
pollution impacts. Our study can be a step to improve the water quality of the
Kabul River Basin by providing guidelines for water managers. It helps to select
options and develop plans and strategies. For example, several regions of the
HKH are affected by climate change. This alters regional river flows (Lutz et al.,
2014). The Kabul River Basin is part of the HKH and is exposed to frequent
flooding (Chapter 3). Earlier floods increased health burdens to the Pakistani of
the low lying regions of the Kabul River Basin. This PhD project is very relevant
to the national and international priority areas for research on the impact of
socioeconomic development and climate change on waterborne pathogens
concentrations in water resources. Considering the future return periods of
floods water resource managers can propose better flood protection plans to
safeguard surface-water qualities in the basin. Likewise, sources of pollution
(explained in Chapter 4) can be monitored and compared to trends in the
sustainability scenarios of Chapter 5. It can provide guidance, so that many more
people would have access to good quality of water and sanitation. This helps to
achieve several of the Sustainable Development Goals.
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Figure 6.1: Scenarios illustrate future conditions in the Kabul River Basin.
Reduced E. coli concentrations are caused by improved sanitation,
sewer water and manure handling. The Red lines indicate direct
contaminations; grey lines the runoff or treated wastewater to water
bodies; and green arrows shows the animal feeds.
During our study, we limit ourselves to develop the science only, but we
highlighted the potential important link to policies on water quality. The studied
Kabul River Basin needs wastewater-treatment and manure-management
policies. This is one of the reason that microbial contamination in water
resources and burden of waterborne diseases are high. This PhD thesis could
serve as a start to make new regional advances and technologies that would help
to improve the existing surface water quality. Currently, I am exploring
opportunities to continue study these issues in close collaboration with policy
makers and regional NGOs to ensure that my PhD findings can be utilized to
design new policies in, for example, designing new hydrological structures (e.g.
dams, reservoirs) that store excess water during flood events. Such stored water
can be used later to overcome the water scarcity issues of my country. Likewise,
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the findings of this thesis would be helpful to identify and monitor
microbiological pollution sources, and to reduce pollutants, to collect wastewater
and get it treated by tertiary treatment plants, and develop manure applications
for fertilizers after treatment in anaerobic digesters. All this would reduce
microorganisms reaching water resources. I hope that my PhD research serves
as an example for other regions which flood annually and where microbiological
water pollution monitoring is needed to improve future water quality.
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APPENDICES
APPENDIX 1 ADDITIONAL INFORMATION FOR
CHAPTER 3
Total cumulative estimated economic losses of all the floods that have been already
reported in the Kabul river basin. Figure S1 presents all the losses in terms of direct
losses, human loss, no of villages that were damaged or destroyed due to these
floods in the past 80 years. Similarly, in Table S1 the direct damages due to floods
in lower part of the Kabul basin are reported specifically in 2010 flood which was
most devastating in the history.

Figure S1: Flood damages during 1950-2015 in the overall Indus Basin, Pakistan
(FFC, 2016)
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Table S1: District-wise flood damages in 2010 in the lower Kabul basin in Pakistan
(Khan and Mohmand, 2011).

Districts

Number of
Affected
Villages

Number
of Human
Deaths

Peshawar

16

46

Charsadda

34

66

Nowshera

27

167

Mardan

43

Swabi

11

Swat
Total

Number of
Injured
People

Total
Population
Displaced

Loss of
Crops (ha)

68

37373

37555

115

145810

16480

10

350336

No data

8

40

11403

285

7

4

742

40

42

95

207

101220

13950

173

389

444

646884

68310

170

a)

b)

c)

Figure S2: (a)Digital Elevation Model (resolution 90m) ranges from 271m to 7603m
(b) land-use classes, where FRSE = Forest, RNGE = Range Land / Pasture
land, URHD= Urban area, WATR= Water bodies, BARR= Barren land,
AGRC= Agricultural land close grown crops, and AGRL= General
Agricultural land, all the land-use classes were taken from (Arnold et al.,
2009) (c) soil types classification of the Kabul basin.
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Table-S2: Parameters selected and final calibrated values for SWAT-Model.
Parameter_ Name

Min_value

Max_value

Final_ value

Snow peak temperature 0C lag factor (TIMP)

0.8736

1.0000

0.462

Snowmelt base temperature 0C (SMTMP)

-1.896

5.0000

4.616

Snowfall temperature 0C (SFTMP)

0.2772

2.8087

1.841

Curve number (CN2)

73.084

78.5429

75.1572

Average slop steepness (HRU_SLP)

0.7265

1.7533

1.144

“n” value for overland flow (OV_N)

-0.0682

0.4341

0.219

Average slop length in meters (SLSUBBSN)

1.0473

3.0849

1.057

Base-flow alpha factor days(ALPHA_BF)

0.3441

0.6601

0.455

37.1930

47.7085

41.933

Soil available water capacity (SOL_AWC)
Evaporation
compensation
coefficient
(ESCO)
Surface runoff lag coefficient (SURLAG)

0.0894

0.2897

0.179

0.6033

1.0619

0.776

5.1419

18.7473

13.501

Saturated hydraulic conductivity (SOL_K)
Threshold depth of water in the shallow
aquifer for return flow (GWQMIN)

1.04199

3.3747

1.377

1.9528

4.0842

2.789

Groundwater delay (GW_DELAY)

Figure S3: Sensitivity analysis for flow simulation, where CN2 is the curve number,
GW_DELAY is the groundwater delay, TIMP is the snow peak
temperature, ESCO is the evaporation compensation coefficient and
ALPHA-BF is the base-flow alpha factor day.
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Table-S3: Flow (m3/s) for the 5, 25, 50, 100, 500 and 1000 year return periods for
RCP 4.5 and RCP 8.5 for all selected GCMs and observed annual maximum flow for
the contemporary period (1981-2015), near (2031-2050) and far (2081-2100)
future.

Observed

Time Period
per RCP

5 yrs.

25 yrs.

50 yrs.

100 yrs.

1981-2015

4500

5700

7300

8200

4300

5165

6880

7733

5829

6565

8580

9644

INM-CM4
IPSLCM5A
EC-EARTH

RCP4.5 20312050

6384

7172

9840

11060

MIROC5

9626

10250

11698

13148

INM-CM4

4320

5093

7194

8086

5520

6295

9094

10222

7063

8088

11024

12391

MIROC5

11360

12335

12814

14403

INM-CM4

4205

5262

7258

8158

6181

6962

8781

9870

IPSLCM5A
EC-EARTH

IPSLCM5A
EC-EARTH

RCP8.5 20312050

RCP4.5 20812100

7870

9079

10932

12288

MIROC5

11929

13215

13455

15123

INM-CM4

4510

5100

7042

7915

5872

6614

8342

9376

7366

8305

10205

11471

11030

12500

13122

14749

IPSLCM5A
EC-EARTH
MIROC5

RCP8.5 20812100
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APPENDIX 2 ADDITIONAL INFORMATION FOR
CHAPTER 4

Figure S4: Sensitivity analysis results for the E. coli simulations, where
THBACT is the temperature adjustment factor; BACTKDQ is the
bacteria partition coefficient in surface runoff; BACTMIX is the
bacterial percolation coefficient; BACTKDDB is the bacterial
partition coefficient in manure; BACT_SWF is the fraction of manure
applied to land; WDPS is the die-off factor for persistent bacteria
adsorbed to soil particles; and WDPQ is the die-off factor for
persistent bacteria in soil solution.
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SUMMARY
Clean water is indispensable for the sustenance of life and maintenance of health.
However, water quality is threatened by changes in socioeconomic developments
(population growth, urbanisation, livestock increase and sanitation) and climate
(surface air temperature and precipitation patterns). Major water quality contaminants
include microorganisms, such as fecal coliforms, Escherichia Coli (E.coli) and pathogens.
Microbial contamination poses serious health risks in developing countries like Pakistan,
where people do not have access to clean water due to lack of waste water treatment and
thorough manure management. Therefore, to reduce the present and future health risk,
it is important to understand the impacts of socioeconomic development and climatechange on microbial fate and transport in surface water resources in the Kabul River
Basin in Pakistan.
The objective of this study is quantifying the impact of socioeconomic development and
climate change on E.coli concentrations in the Pakistani Kabul River. To reach the
objective, I sampled E.coli concentrations at several locations in Kabul River, applied
statistical and process based modelling, developed future global change scenarios and
analysed the impact of these scenarios on E.coli concentrations. I focus on E.coli rather
than pathogens, because sampling of pathogens and its chemical analysis are expensive.
Kabul River Basin is a tributary of the Indus river and is located in the HindukushKarakoram-Himalayas (HKH) and suffers from floods every year. The population suffers
from a high risk of waterborne diseases. The water is contaminated by direct sewage
inputs from large cities, like Peshawar, direct manure inputs from animal sheds along
the river and indirect manure inputs from the land.
Kabul River Basin is subjected to hazardous levels of microbiological pollution. The
concentration of micro-organisms is influenced by hydro-climatic variables, such as
water and surface air temperature, precipitation and discharge. However, the net effect
of these variables remains thus far unclear. High concentrations of E.coli were found in
the main stream and its tributaries (Chapter 2). Samples were collected along the Kabul
river and drinking water samples from the city of Nowshera (April 2013 to July 2015)
and all surface water samples violate the bathing water criteria and all drinking water
samples violate the drinking water criteria. The correlation between hydro-climatic
variables and E.coli concentration was analysed. Water temperature and surface air
temperature were positively correlated, most likely because high temperatures coincide
with high precipitation and discharge. Precipitation and river discharge data were also
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positively correlated with E.coli concentrations. This shows that precipitation, which
increases the surface runoff, transports E.coli and other waterborne pathogens to the
river nearby (correlation with precipitation) and further upstream (correlation with
discharge). A regression model was also applied that explained 61% of the E.coli
variability in surface water and 55% of E.coli variability in drinking water resources,
even when other factors, such as location and land-use variables are ignored (Chapter
2).
To better understand the hydrology in the basin, the current and future flows of Kabul
river were modelled using the Soil and Water Assessment Tool (SWAT), which serves as
a basis for the process-based E.coli model. Flash floods occur every year in the basin as a
result of increased discharge due to snow and glacier melt together with monsoon
precipitation. The Kabul River Basin is one of the most vulnerable regional basin to
climate change. The hydrological model was calibrated and validated for the full Kabul
River Basin and performed well (NSE equals 0.77 and 0.72 respectively). Flood
frequency and expected return period were analysed for a contemporary period (19812000) and two future periods (i.e. 2031-2050 and 2081-2100) using the Representative
Concentration Pathway (RCP) 4.5 and RCP8.5 scenarios based on four bias-corrected
downscaled climate models (Chapter 3). The flood frequency analysis shows that the
present day’s one-in-a-fifty year event could occur between once in every 3 year (ECEARTH and MIROC climate-models) and once in every 24 years (IPSL climate-model).
This study presents climate-change impact assessment in the Kabul River Basin. The
selected approach is in general well accepted in the scientific community and the results
can be useful in flood management in the region. Outcomes of this study can be helpful
for regions that have similar hydro-climatological conditions.
To better understand the fate and transport of bacteria from land to water resources and
to assess source contribution, the SWAT model was calibrated and validated for E.coli.
Our study is the first bacterial modelling study for the Kabul River Basin (Chapter 4). The
simulated concentrations have slightly lower variability than the observed
concentrations. The model performance could be improved further by using more input
E.coli data, but the current model results agree well enough with our measured E.coli
concentrations (NSE equals 0.69 and 0.66 for calibration and validation respectively).
Based on the pathogen source estimations, point (direct) sources are identified to be the
most important microbial pollution sources. Pollution from upstream areas is also
important, while non-point (diffuse) sources play a role mostly during the periods with
high discharge. Our study underlines the importance of wastewater treatment and
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manure management both in and upstream of the study area. Studies like ours were
lacking in developing countries like Pakistan and can be used for scenario analyses in the
region (Chapter 4). The model can be useful in microbial water quality assessments in
other watersheds and for pathogenic microorganisms, such as Cryptosporidium and
Rotavirus.
The calibrated and validated SWAT bacterial model (Chapter 4) was used to assess E.coli
concentrations in a comprehensive scenario analysis (Chapter 5). We developed two
future scenarios based on state-of-the-art approaches, using the Shared Socioeconomic
Pathways (SSPs), RCPs and own assumptions in line with the SSP storylines. We took the
modelled E.coli concentrations from Chapter 4 as baseline scenarios and defines two
future scenarios as Scenario_1 (sustainability scenario) and Scenario_2 (uncontrolled
scenario). These scenarios represent different socioeconomic development and climate
change. The two scenarios were developed by combining SSP1, a sustainable, equitable
and environmentally focussed world with RCP4.5 (limed climate change) in Scenario_1,
and SSP3 (a divided world, with no interest in the environment) with RCP8.5 (strong
climate change) in Scenario_2. Currently, no wastewater treatment plant exists in the
basin, because the 2010 floods destroyed the available plants. We assumed excellent and
poor wastewater and manure treatment for 2050s and 2100s for Scenario_1 and
Scenario_2 respectively, in line with the storylines. Scenario_2 resulted in higher E.coli
concentrations compared to the baseline scenarios due to high population growth, poor
wastewater and manure treatment and land-use changes. However, microbial water
quality was found to improve under Scenario_1. This was achieved by implementing
improved and technologically advanced wastewater treatment and manure
management. Future concentrations were found to be between 0.6% and 7% of the
baseline concentrations depending on the treatment technology used (Chapter 5). This
study highlights the need for substantial improvements in wastewater and manure
treatment systems in the Kabul River Basin to assure future E.coli concentrations in
water sources will be within the limits of WHO and US-EPA regulations for drinking and
bathing water quality. The primary treatment facility that is currently installed is a good
start, but insufficient to strongly reduce concentrations. Hence major investments are
required to install technologically advanced wastewater treatment and manure
treatment plants to cut-down the current contamination level of Kabul river.
My PhD thesis provides a base for devising optimal coping strategies that are essential
for the sustainability of hydrological resources under socioeconomic developments and
climate-change impacts. The results of our research are helpful to further assess
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alternative water quality management options. The outcomes of this study also increase
the knowledge in the field of microbial fate and transport in water resources in a
developing country like Pakistan, where such studies are lacking. A limited number of
previous studies on global change impacts on microbial contamination of surface water
in other areas of the world focused only on the climate-change impacts on microbial
water quality. This is the first study to evaluate the influence of combined socioeconomic
and climate-change impacts on E.coli concentrations in the Kabul River Basin. The
developed SWAT model and scenario analysis can be used for other contaminants, such
as nutrients, pesticides and heavy metals. Our study can be a first step to improve water
quality of the Kabul River Basin by providing tools for water managers and health
specialists to improve the water quality and reduce the risks related to the use of
contaminated water resources. This study will be useful not only in this region, but also
for other regions of the world with similar microbial water contamination issues.
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