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Basinwide Analysis of Water Resources and Pollute Transport Using a
Distributed Parameter Model

Abstract

The Nachchaduwa sub-catchment (598.74 km?) of the Malwathu Oya basin is seasonally
stressed in the dry periods and its downstream parts undergo intermittent floods during
monsoon seasons while the fate and behaviour of excess Nitrogen (N) and Phosphorus (P)
added to the waterways due to agricultural fertilizers used in the upstream areas remain
unresolved. This study incorporated the Water and Energy Transfer Processes (WEP) model
to assess the water resources and pollutant transport of the catchment concerning the present
status and six possible future scenarios. The required data for the model runs including
meteorological, geographical, hydrological, and data related to water quality and
anthropogenic activities, were collected and processed identifying the suitable model
parameter values. The amounts of N and P in fertilizers applied in this catchment exceeded the
actual plant requirement. In both wet and dry seasons, the differences between the measured
water quality parameters in upstream and downstream were not statistically significant. The
model results of the hydrological component showed that the catchment response to the
rainfall was highly regulated due to reservoir storage effect. The model results of the material
transport component showed that, on average, the wet season had about 5~7 times the dry
season value of the Total Suspended Solids (TSS) in the streams, and in both seasons, the
modelled TSS, NOs™ and PO,* were within the ranges of the previously published results.
Scenario analysis found almost all water quality parameters reduced with the reduction of
fertilizer input (maximum 30.64% reduction) and with the increase in temperature (maximum
2.27% reduction), but they increased with the increase in rainfall (maximum 13.49% increase).
The findings will be useful in identifying best water resources management practices and
coping with the residual N and P in streams and water bodies in a more pragmatic manner.

Keywords: Hydrological and material transport models, Nachchaduwa, Nitrogen,
Phosphorus, Process-based models
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1 INTRODUCTION

1.1 Overview of the Study

Among the river basins in Sri Lanka Malwathu Oya basin is the second largest
catchment (3284 km?), and one of the most widely used sources of water for irrigation,
water supply and other diversions in the North Central Province (Figure 1.1). It has
now become a seasonally stressed river basin due to over exploitation and water
pollution. The basin experiences water scarcity during the dry periods and the
downstream areas of the catchment are flooded during the wet periods, whilst severe

flooding was observed in 2011, 2014 and 2016 (Department of Irrigation, n.d.).
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Figure 1.1: Malwathu Oya River Basin (original in colour)
The basin is augmented by adjacent Kala Oya basin from Kala wewa reservoir via

Yoda Ela to feed Nachchaduwa, Tissa wewa and Basawakkulama reservoirs. The



basin is distinct as it possesses a large number of tanks, from small size village tanks
[average capacity 0.07 MCM (Million Cubic Meters ) (60 Ac. ft)] to comparatively
large working tanks [capacity ranging from 3.09 MCM (2 500 Ac. ft) (Tissa wewa) to
55.74 MCM (45 150 Ac. ft) (Nachchaduwa)], from which the rainfall runoff process
is largely influenced. Up to a certain threshold, the river flow is more or less regulated
and flood peaks are reduced (Department of Irrigation, n.d.). However, the water
holding capacity of most of the tanks has been reduced significantly due to aquatic
weeds, eutrophication and heavy siltation. Hence, most of the tanks are facilitating
only for Maha season and lack of irrigation water has become a problem in Yala season
(Gunarathna & Kumari, 2014).

The quality of water in Malwathu Oya is impaired by the stresses caused by
anthropogenic activities (Perera, Sundarabarathy, Sivananthawerl, & Edirisinghe,
2014). With respect to irrigation-related water quality of the reservoirs, Nachchduwa
has exceeded the threshold value of electrical conductivity (0.750 mScm™) and salinity
(0.500 gI'%) (Silva, 2004). Water of the nearby paddy lands is diverted to the river from
different locations during cultivation seasons (Perera et al., 2014). Urban area waste

has been discarded to the stream resulting pollution of water (De Alwis, 2006).

In the first inter-monsoon season (March - April), notably inflated concentrations of
NOs", POs*, CI- were observed in streams in the paddy cultivated areas of Malwathu
Oya, while in the northeast monsoon season (December — February) the highest mean
Dissolved Oxygen (DO) and turbidity values were observed. The statistically
significant seasonal variations observed in the water quality concentrations are
attributed to the application of chemical fertilizers in paddy cultivation (Perera et al.,
2014). In addition, the outlet of the main stream from the Anuradhapura city and the
canal flowing across the city, have shown higher values for pH, Total Dissolved Solids
(TDS), PO4*, electrical conductivity, DO level, and NOs", confirming the impact of
urban land use on water pollution in Malwathu Oya (Madushanka, Dissanayaka, &
Amarasekara, 2015).

Therefore, it is evident that the Malwathu Oya river basin is seasonally stressed due
mainly to over exploitation and water pollution in the dry periods and it is known to

undergo intermittent flooding in the downstream areas during monsoon seasons. In



addition, the fate and behaviour of nutrient elements (Nitrogen and Phosphorous)
which are added to the waterways as a result of the excessive use of
agrochemicals/chemical fertilizers in paddy lands and other crop areas in the upstream

catchment area, remain unresolved.

Therefore, water resources management alternatives (to overcome issues occurring
due to spatial and temporal variations, climate change impact, etc.) and measures to
address issues related to degrading water quality (caused due to excessive use of agro-
chemicals) in the basin should be studied, while the fate of pollutants including their
conveyance and spatial and temporal accumulation patterns should also be

investigated.

Nachchaduwa catchment (598.74 km?) was selected as the study area since it is the
uppermost sub-catchment in the Malwathu Oya basin, therefore no effect from
previous catchments have to be considered, and because of the location of a major

reservoir, hence the reservoir effect could also be modelled.

The temporal and spatial fluctuations of all variables included in mathematical
equations of water flows in watersheds could be considered by mathematical
distributed hydrological models. The employed parameters being physically
measurable is another advantage. Hence, such models are able to provide a
comprehensive and a more accurate depiction of the hydrological processes in a
watershed than empirical and conceptual hydrological models. There are a number of
omnipresent models of this type, like SHE, SWAT, IHDM, MIKE SHE (Jia, Ni,
Kawahara, & Suetsugi (2001b) and Water and Energy Transfer Processes (WEP)
model (Jia, Ni, Kawahara, & Suetsugi, 2001a).

A comprehensive energy balance analysis was incorporated in the hydrological
modelling for the development of the WEP model (Jia & Tamai, 1998). Its main
differences from other physics-based models involve; detailed consideration of energy
transfer processes, use of sub grid heterogeneity of land use, application of generalized
Green-Ampt model to save computation time and its potential use for various scenario
analyses. As additional improvements to the WEP model, inclusion of the particle-

bound pollutants by incorporating a soil erosion-transport model (Rajapakse, Inomata,



& Fukami, 2010), direct computation of groundwater outflow to rivers, simulation of
multi-layered aquifers, as well as simulation of infiltration trenches, were developed.
WEP model has been successfully applied to river basins in Japan, Korea and China
(Cunwen et al., 2011; Jia et al., 2001a, 2001b; Jia, Niu, & Wang, 2007; Rajapakse et
al., 2010). For the detailed description of model development, hydrologic and material
transport modeling procedures and input/output data, one is referred to Jia et al.
(20014, 2001b, 2005) and Rajapakse et al., (2010).

Therefore, this study incorporated the Water and Energy Transfer Processes (WEP)
model to assess the water resources and pollutant transport of the catchment

concerning the present status and six possible future scenarios.
1.2 Identified Research Gap

1) Even though several studies have been undertaken on the water quality parameters
in few locations of the water of the North Central Province of Sri Lanka, none have
been conducted to quantitatively study and analyse the effects of particulate matter
pollution in those waters. Most of the researches that have been completed thus far
related to this topic are qualitative in nature. This study will set the baseline for
commencing and continuing quantitative studies regarding the effects of particulate

matter pollution in those waters.

2) No studies have been done to study the conveyance, spatial and temporal
accumulation patterns of pollutants after they have been added to the waterways, in

the North Central Province of Sri Lanka.

3) No distributed hydrological model analysis has previously been conducted on the
Nachchaduwa watershed, to gain a better insight to the behaviour of the water quantity

and quality.

4) Not enough studies have been accomplished, in order to regulate the over-usage of
agrochemicals and fertilizers or to develop a guideline to the proper usage of fertilizers

in that area.

5) Particulate matter pollution density maps for the waters in that region has not yet

been developed. They could be used to find out whether the excessive usage of



agrochemicals has a correlation with the non-communicable diseases prevailing in

those areas.

6) Based on the findings of the study, water resources management alternatives and
measures to address issues related to the degrading water quality in the basin, due

mainly to excessive use of agro-chemicals, can be recommended.
1.3 Problem Statement

The Nachchaduwa sub-catchment of the Malwathu Oya river basin is known to
undergo intermittent floods in the downstream areas during monsoon seasons, and it
is seasonally stressed due mainly to over exploitation and water pollution in the dry
periods. In addition, the fate and behaviour of nutrient elements (Nitrogen and
Phosphorous) which are added to the waterways as a result of the excessive use of
agrochemicals/chemical fertilizers in paddy lands and other crop areas in the upstream

catchment area, remain unresolved.

Therefore, water resources management alternatives (to overcome issues occurring
due to spatial and temporal variations, climate change impact, etc.) and measures to
address issues related to degrading water quality (caused due to excessive use of agro-
chemicals) in the basin should be studied, while the fate of pollutants including their
conveyance and spatial and temporal accumulation patterns should also be

investigated.
1.4 Objectives
1.4.1 Overall objective

To study about the present status of water resources management and material
(pollutant) transport in Malwathu Oya basin (Nachchaduwa sub catchment), the effects
of impending climate change impacts on them, and the options for better water
resources management and fertilizer usage (material transport), using the Water and

Energy transfer Processes (WEP) model.



1.4.2 Specific objectives

1) Better understanding of the current status of the Nachchaduwa catchment by
reviewing the water resources management and the material transport aspects of the

catchment.

2) Get a better insight about the available distributed hydrological and material
transport models and selecting a suitable model for the catchment, its applications, and

its applicability to the present study.

3) Compiling a state-of-the-art database of the data relevant to the hydrological and
material transport aspects of the catchment to identify model parameter values, and to

prepare input files for the model runs.

4) Comprehend the present condition of the catchment by application of the model

(analysis), including initial trial runs, calibration and validation.

5) Predict the probable future conditions by conducting scenario analyses using the
model (considering water resources and fertilizer management options and impending
climate change impacts) and obtaining results (considering the hydrological part and

the material transport part).

The following scenarios will be analysed by using the developed (validated) model
(more details of scenarios and how these numerical values are obtained have been

described in the literature review).

(i) Fertilizer: Reducing the applied fertilizer inputs by 25%

(ii) Fertilizer: Reducing the applied fertilizer inputs by 50%

(iii) Fertilizer: Reducing the applied fertilizer inputs by 75%

(iv) Climate change: All rainfall values increased by 14%

(v) Climate change: Only extreme rainfall values increased/decreased by 5%

(vi) Climate change: All temperature values increased by 1.6 'C

6) Recommending and publishing suitable water resources management and fertilizer
usage practices for the catchment (Best Management Practices) for the better

awareness of the scientific community and the stakeholders involved.



1.5 Outline of the Thesis

Chapter One is the Introduction which describes the overview of the study, research
gap, problem statement and the objectives of the study.

Chapter Two is the Literature Review which sheds light into the present status, water
resources management, and water quality of the Malwathu Oya basin, followed by
aspects of water quality monitoring, importance of physics based modelling for river
basin management, fertilizer over usage of the basin as well as the climate change

impacts.

Chapter Three is Materials and Methods which illustrates the methodology, data and
data checking/data pre-processing procedures followed by the WEP model analysis in
detail, which can further be categorised into three main analysis components of this
study; developing the state-of-the-art database, experimental field analysis, and the

distributed modelling analysis component.

Chapter Four is Results and Discussion, which elucidates the WEP model results for
the present condition, sensitivity analysis results as well as the scenario analysis
results, along with the discussion of the said results.

Chapter Five is Conclusions and Recommendations, which elaborates the conclusions
obtained by this study, summarises the findings and gives recommendations for future

studies.



2 LITERATURE REVIEW

Literature review sheds light into the present status, water resources management, and
water quality of the Malwathu Oya basin, followed by aspects of water quality
monitoring, importance of physics based modelling for river basin management,

fertilizer over usage of the basin as well as the climate change impacts.
2.1 Overview and Present Status of the Malwathu Oya Basin

Malwathu Oya has the second largest catchment area (3284 km?), among the river
basins in Sri Lanka. Malwathu Oya originates at an elevation around 304.8 m MSL,

east of Madatugama from Inamaluwa mountain range (Figure 2.1).
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Except for the headwater area, the Malwathu Oya catchment is rather flat or slightly
rolling with some isolated hills. Apart from paddy fields, the catchment area is covered
with shrubs, some forests and non-irrigated plots. Malwathu Oya starts after
confluencing Maminiya Oya and Horiwila Oya which are located on the Northern side
and Southern side of Ritigala mountain respectively. Bellan Oya joins Horiwila Oya
further up and it flows from the furthest end of Malwathu Oya. The major right bank
tributary of the Malwathu Oya is the Kanadara Oya which confluences with Malwathu
Oya after passing Anuradhapura at approximately 3.5 km upstream of the Kappachchi
river gauging station. Kanadara Oya has its headwaters in the area of Weddakanda
mountain and the chain of hills which forms Northern boundary of the Malwathu Oya
basin closer to Vavuniya. Malwathu Oya is called as Aruvi Aru after it joins with Kal
Aru and Nariwilli Aru which starts from Weddakanda and Medawachchiya area
respectively. Further down along the Aruvi Aru, Tekkam Anicut is located and water
is headed up by this structure to augment the Giants Tank and Akathimuruppu Tank
which are located in minor coastal basins sandwitched between Malwathu Oya and
adjacent major basins viz: Moderagam Aru in the south and Parangi Aru in the north

(Department of Irrigation, n.d.).
2.2 Water Resources Management in Malwathu Oya

Majority of the upper catchment area which accounts to about 70% of the total basin
area lies in the Anuradhapura district while lower catchment areas are in the Vavuniya
and Mannar Districts in the Northern Province. Though upper catchment of Malwathu
Oya is intercepted by major reservoirs (1) Nachchaduwa, (2) Mahakanadarawa, (3)
Pavatkulam, (4) Nuwara wewa, and (5) Tissa wewa, the lower catchment is not
regulated at all. However, the Tekkam anicut is located about 36 km upstream of the
sea coast and augments reservoirs located in the adjacent coastal basins, namely, the
Giants tank and the Akitamuruppu tank in the right bank and left bank, respectively.
During dry weather period, base flow of Malwathu Oya is shared between the right
bank and left bank main canals of the Tekkam Anicut and there is hardly any flow
downstream along Malwathu Oya. However, during the rainy season, vast amount of

water flows over the Tekkam anicut and discharges to sea while two irrigation areas



located adjacently suffer due to inadequate irrigation water for cultivation during dry

weather period specifically in Yala Season (Department of Irrigation, n.d.).

Irrigation Department has attempted to regulate the Malwathu Oya, upstream of
Tekkam Anicut at Kappachchi, around 1958 through the technical assistance of United
States of Soviet Republic. The objective of developing the proposed Malwathu Oya
reservoir was to control floods in the downstream and provide irrigation water for 12
950 ha (32 000 acres) of lands which includes 8 094 ha (20 000 acres) of existing
irrigation areas under Giants tank and Akitamuruppu tank (Department of Irrigation,
n.d.).

Further, under Mahaweli Master Plan, in addition to augmenting the water resource in
Malwathu Oya basin (System I) through North Central Province trans basin (NCP)
canal, it was planned to develop the in-basin water resources through constructing the
lower Malwathu Oya reservoir upstream of Tekkam Anicut to consolidate existing
irrigation areas under Giants Tank and Akitamuruppu Tank together with the

development of new irrigation areas (Department of Irrigation, n.d.).

In order to assess the hydrological characteristics of the Malwathu Oya cascade,
Gunarathna and Kumari (2014) have conducted a detailed study, which found that
there are around 180 cascade systems in Malwathu Oya basin which belongs to 15 sub
catchments. Malwathu Oya main cascade, being a branched type large cascade has a
form index of 3.6. The cascade has an area of 25.88 km? and a length of 7.1 km. Total
water spread area of the tanks is 2.57 km? and the total commanding area of the tanks
is 2.81 km?. Even though the availability of water in this cascade is sufficient for the
irrigation requirement of the command area, few individual tanks (Kudawewsa,
Palugaswewa and Sattambikulama) showed inadequacy of storage capacity due to
siltation. This has resulted in these tanks facilitating only for the Maha season and
having inadequate irrigation water in the Yala season has become a pressing concern.
Hence, these tanks should be given prior attention on rehabilitation (Gunarathna &
Kumari, 2014).

Anthropogenic activities such as using the reservation areas of the tanks for farming

and building houses, municipal garbage disposal, illegal gravel and sand mining have

10



contributed to the deterioration of the Malwathu Oya main cascade. Further, the
majority of tanks faced eutrophication and aquatic weeds namely Salvinia molesta and
Eichornia crassipes were prevalent. The adjacent paddy cultivated areas showed high
salinity levels due to not maintaining the Kattakaduwa tank reservation area which was

dedicated for salinity management (Gunarathna & Kumari, 2014).

The issues and conflicts regarding the water resources management in this basin can
be discussed under two main areas, one being inter sectoral and the other being intra
sectoral. There are issues related to irrigation, industries, water supply as well as
sanitation. Numerous institutions govern the water resources management at present
but they lack proper coordination between them. A single organisation which would
have the complete authorisation is vital for the better management of water resources.
A lot of legal acts and regulations with various institutions are available but the
responsibility of executing them is disputed. Irrigation sector water resources
development was mainly undertaken by the Irrigation Department. Proper objective
oriented water resources development programmes are needed. Integrated
management of water, land and other natural resources in the Malwathu Oya basin
could be achieved by involving and empowering all stakeholders, such as the
government organizations, non-governmental organizations (NGO), and the people
(De Alwis, 2006).

2.3 Water Quality in Malwathu Oya Basin
2.3.1 Water quality in streams in Malwathu Oya basin

The seasonal variation of water quality parameters in the upper part of Malwathu Oya
from Ritigala to Nachchaduwa was studied (Perera et al., 2014) and the mean
concentrations of NOs", PO4*, CI-, Dissolved Oxygen (DO) and turbidity were found
to range from 1.05~5.28 mg/l, 0.004~0.043 mg/l, 2.63~8.72 mg/l, 3.11~8.50 mg/I,
81.75~256.10 NTU, respectively. Notably inflated concentrations of NOs", PO4>, CI-
were observed in streams in the paddy cultivated areas of Malwathu Oya, and the
concentration levels followed a bimodal pattern which coincided with the cultivation
pattern in the dry zone. In the northeast monsoon season (December — February) the

highest mean Dissolved Oxygen (DO) and turbidity values were observed. With
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respect to DO and turbidity, the paddy and no-paddy areas did not show a significant
difference. The chemical fertilizer application in the paddy cultivation was found to
cause the statistically significant seasonal variations observed in the water quality

parameters.

Higher values of Nitrogen were recorded in the First Inter Monsoon Season (FIMS)
when the Yala cultivation season (April to September in dry season) begins and in the
Second Inter Monsoon Season (SIMS) where the Maha cultivation season (October to
March in rainy season) begins. However, the study found that the lowest NOs™ values
occurred in the South West Monsoon Season (SWMS) where there is lesser rainfall to
the dry zone of the island, and the cultivation activities are minimum (Perera et al.,
2014).

The study suggested that the rate of PO4* movement could be affected by land
preparation carried out for agricultural activities. The low values of POs* were
attributed to the adsorption by clay particles or precipitation with calcium, as well as
due to absorption by plants. According to Perera et al. (2014), none of the water
samples of Malwathu Oya exceeded the World Health Organisation (WHO)
recommended PO4* level (2 mg/l) for drinking water (World Health Organisation
[WHOQ], 2011). The higher CI' values were possibly due to high CI- containing water
of Nachchaduwa and runoff water due to heavy rains. However, the NOs", POs*, CI,
DO were within the threshold limits for drinking purposes, but the DO level in SWMS

was unfavourable for most aquatic fauna including the fish.

According to Madushanka et al. (2015), Malwathu Oya had significantly different
Electrical Conductivity (EC), NO3-N and PO4*-P values, before and after passing the
Anuradhapura city. The NOs™-N level difference implied that a high dosage of N
compounds were added to the river within the city area, mostly as fertilizers used on
the agricultural areas nearby. The TDS values ranged between 255~731 mg/l and the
outlet stream (Malwathu Oya after passing the city) showed poorer values than the
inlet stream, for all the water quality parameters [Total Dissolved Solids (TDS), pH,
EC, DO, PO4s*, NO3', K*, and faecal coliform colonies (total coliform and e-coli)],
affirming the impact of urban land use and municipal/industrial effluents, on water

pollution.
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However, the pH values of all sampling points were within the recommended levels
indicated by WHO (2011) and Central Environmental Authority (CEA) (2001).
Madushanka et al. (2015) states that the maximum EC and TDS values acceptable for
irrigation and agriculture are 0.7 mScm™ and 500 mg/I, respectively, according to CEA
(2001). The standard value of PO4>-P in municipal wastewaters is between 4~16 mg/l,
according to Tchobanoglous, Burton, and Stensel (2003). Therefore, the water quality
parameters of most of the samples were within the acceptable limits.

Zoysa and Weerasinghe (2016) found that the surface of Malwathu Oya was covered
with higher plants, even in the dry seasons, establishing that the river water had high
nutrient content, supporting the growth of plants. Further, this study stated that the
river had reached eutrophic level. The river showed very high values of NOs™in April,
June and August, with the highest NO3s™ concentration of 15 mg/l in August, compared
to the reservoirs in the basin. According to the Sri Lanka Standards (SLS) tolerance
limits for inland surface waters used as raw water for public water supply (Sri Lanka
Standards [SLS] 722, 1985), the NO3z™-N concentration should be less than 10 mg/I.
Therefore, Malwathu Oya water had exceeded the standard value for its water to be
used as a water supply source. The river had significantly high concentrations of total
coliforms, with the maximum value of 6 000 colonies/100 ml in June, exceeding the
tolerance limit given in SLS 722 (1985) which is 5 000 colonies/100 ml. The WHO
(2011) drinking water guideline specified that drinking water should not have total
coliforms (0 mg/l), therefore, Malwathu Oya stream did not comply with the stipulated
water quality standard values. In Anuradhapura area, the surface water had higher
values for colour and turbidity than groundwater. Average turbidity and colour values
increased by 50 NTU and 200 pt/Co units, respectively, during August (Zoysa &
Weerasinghe, 2016).

2.3.2 Water quality in reservoirs in Malwathu Oya basin

The Malwathu Oya basin is distinct as it possesses a large number of tanks (irrigation
reservoirs), from small size village tanks to comparatively fair-sized tanks, from which
the rainfall runoff process is largely influenced. The main reservoirs in the basin are,
Nachchaduwa (reservoir area 1781 ha), Nuwara wewa (reservoir area 1214 ha),

Mahakanadarawa wewa (reservoir area 1457 ha) and Tissa wewa (reservoir area 182
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ha), which are mainly used for irrigation purposes and drinking water supply.

Reservoir water quality results of few studies have been summarised in Table 2.1.

Silva (2004) stated that the reservoirs in the Malwathu Oya basin had high Sodium
Absorption Ratio (SAR) values and relatively high CI- and SO4> concentrations.
Analysis of long term trends of water quality found that the annual ranges of EC were
relatively high in Nachchaduwa and Tissa wewa, compared to those of the other
reservoirs studied. With respect to irrigation-related water quality of the reservoirs,
Nachchaduwa and Nuwara wewa exceeded the threshold value of EC (0.750 mS/cm)
and salinity (0.500 g/l). Although the reservoirs in the Malwathu Oya basin receive
water from the Mahaweli river, the amount of water received may not be adequate to
reduce the salt content to the acceptable range. These high values of salinity could

affect the agriculture in the area in an adverse manner.

The spatial and temporal variation of NOs™-N, POs*-P, K* and Cd?* in Meegasagama,
Alistana, Thirappane reservoirs (which belong to the Thirappane tank cascade of the
Malwathu Oya basin) and Mahakanumulla, Amanakkatuwa, Siwalagala reservoirs
(which belong to the Mahakanumulla tank cascade of the Malwathu Oya basin) (refer
Figure 1.1), along with the drain channel of rice cultivated tracks between those
reservoirs were studied (Wijesundara, Nandasena, & Jayakody, 2012, 2013). The two
studies found that NO3-N, PO4*-P, K* and Cd?* gradually increased from the upper
reservoir to the lower reservoir in both cascades, due to the gradual accumulation of
nutrients from the applied fertilizers in paddy fields in the command areas of the
reservoirs. The nutrients added to the reservoirs were adsorbed to sediments or washed
with runoff. This trend was mainly observed during the rainy period resulting in higher
runoff with the nutrients entering into the reservoirs. In the dry period, this trend was
not observed due to the lesser runoff volume and due to being restrained by the plants
in the river banks. All nutrient concentrations of these reservoirs and channels showed
a bimodal pattern correlating with the bimodal rainfall pattern of the region. In both
studies, the highest concentrations of all nutrients occurred in April and May in the
Yala season, just after the application of chemical fertilizers, and then they gradually

decreased.
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Table 2.1: Water Quality in Reservoirs in Malwathu Oya Basin

Parameter Nachchaduwa Nuwara Tissa Mahakana- Thirappane | Mahakanumulla Reference
Wewa Wewa -darawa Tank Cascade | Tank Cascade
pH 6.89~8.50 | 7.30~8.60 | 7.84~8.22 - - -
EC (uS/cm) 240~695 290~840 180~635 - - -
Salinity (mg/l) 569 532 388 - - -
Sodium Absorption
Ratio (SAR) at high 1.144 1.229 1.245 - - -
water level Silva (2004)
Sodium Absorption
Ratio (SAR) at low 2.627 2.143 1.736 - - -
water level
CI" (mg/l) 56~151 46~81 34~42 - - -
S04* (mg/l) 4.2~38.2 | 5.49~8.52 | 4.72~7.56 - - -
NOs™-N (mg/l) - - - - 2.34~6.98 2.17~4.87 Wiiesundara
PO4+*-P (mg/l) - - - - 0.004~0.130 0.009~0.050 ot Ja 1.(2012
K* (mg/l) - - - - 2.01~8.16 2.14~8.61 2(')13) ’
Cd?* - - - - - 0.09~0.33
Turbidity (highest
value recorded) (NTU) 22 32 25 17 i i
Chlorophyll-a Zoysa and
concentration (highest | less than 10 100 90 less than 10 - - .
Weerasinghe
value recorded) (pg/l) (2016)
gli%iifto\ealljlluaélon lessthan | more than | more than less than i i
20,000 20,000 20,000 20,000

recorded) (colonies/ml)




Since the lower parts of the cascade contained excessive amounts of nutrients, the
fertilizer application of the area should be controlled, by considering the soil
conditions and the washed-out amounts of nutrients in the irrigation (drain) water from
the paddy fields (Wijesundara et al., 2012, 2013). Figure 2.2 illustrates the temporal
variation of NO3™ and PO4* in all six reservoirs studied by Wijesundara et al. (2012,
2013), with the monthly rainfall (mm). Figure 2.3 illustrates the spatial variation of
NOs and PO4> in each reservoir studied by Wijesundara et al. (2012, 2013). In Figure
2.2 and Figure 2.3, the boxes are bounded by 25th and 75th percentile values while
whiskers represent minimum and maximums, and the horizontal line within the boxes

denote the median of the data.
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Figure 2.2: (a) The Temporal Variation of NOs™ in all Six Reservoirs Studied by
Wijesundara et al. (2012, 2013) (b) The Temporal Variation of POs* in all Six
Reservoirs Studied by Wijesundara et al. (2012, 2013)
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Figure 2.3: (a) The Spatial Variation of NOs™ in Each Reservoir Studied by
Wijesundara et al. (2012, 2013) (b) The Spatial Variation of PO4> in Each Reservoir
Studied by Wijesundara et al. (2012, 2013)

Zoysa and Weerasinghe (2016) conducted a study to evaluate water quality in Nuwara
wewa, Tissa wewa, Nachchaduwa wewa and Mahakanadarawa wewa and stated that
eutrophication caused by the nutrient accumulation in stagnant waters in these
reservoirs was mainly due to the urbanisation and extensive use of agro-chemicals.
Although Nuwara wewa and Tissa wewa showed high values for all water quality
parameters [colour, turbidity, temperature, pH, alkalinity, NOs~ and PO4*, total
coliforms, total algae population, chlorophyll-a content, Biological Oxygen Demand
(BOD) and Chemical Oxygen Demand (COD)] due to anthropogenic activities,
Nachchaduwa and Mahakanadarawa reservoirs which are located far from the city

with not much anthropogenic activities affecting their water quality remained within
the safe limits.

In another study, ten small tanks in Malwathu Oya main cascade were analysed for
DO, turbidity, pH, EC, NO3-N, PO4s* and Na*. The Water Quality Index (WQI)
developed by the Canadian Council of Ministers of the Environment (CCME) values
of the dry and wet seasons showed that Malwathu Oya reservoir water quality was in
‘poor’ condition for drinking, fish & aquatic life, irrigation & agriculture, whereas it

was in ‘marginal’ quality for recreational use (Gunarathna & Kumari 2016).
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2.3.3 Groundwater quality in Malwathu Oya basin

Groundwater sources in Anuradhapura consist of natural springs, agro-wells, farm
wells, domestic and home garden wells, etc. In a study conducted to analyse the water
quality of 24 natural springs in the Anuradhapura district, it was found that the total
hardness varied between 20~130 mg/I, not exceeding the maximum desirable value of
250 mg/l given in SLS Specification for Potable Water - Part 1: Physical and Chemical
Requirement (SLS 614, 1983). Total alkalinity ranged from 10.7~240 mg/l, and more
than 96% of the springs were below the maximum desirable value of 200 mg/l (SLS
614, 1983). The Mg?* concentrations varied between 2.0~10.9 mg/l, and were well
below the maximum permissible value of 30 mg/l (SLS 614, 1983). The NOs™ and
PO4* concentrations were between 0~10 mg/l and 0~0.4 mg/I, respectively, which
were below the maximum permissible values of 10 mg/l and 2 mg/I, respectively (SLS
614, 1983). The FI" varied within 0.01~0.40 mg/l and was below the maximum value
0.6 mg/l (SLS 614, 1983). In addition, the study confirmed that turbidity, pH, EC,
TDS, Ca, Fe, Cl, SO4* and Salinity were within the limits specified by SLS for
drinking water. Since the rural areas of the district have limited access to pipe-borne
water, water from natural springs could be recommended as an alternative source for

drinking water (Ratnayake, Gonawela, & Wijekoon, 2012).

Kumari, Pathmarajah, Dayawansa, and Nirmanee (2016) analysed 20 shallow
agricultural wells in the Malwathu Oya basin for their groundwater quality for
irrigation. The pH values of the 20 agro-wells had high values in dry seasons and low
values with the beginning of rainfall, in all land use patterns. The possible combination
of rainwater with the atmospheric CO2 in the rainy season would result in reducing the
pH in groundwater which is being recharged from rain. All the wells were within the
acceptable pH limits suitable for irrigation water in all months. With respect to NOs'-
N, 85% of wells had concentrations between 0~5mg/l [no restriction for irrigation
according to Ayers and Westcot (1985)], where the remaining were between 5~30 mg/I
[slight to moderate restriction for irrigation according to Ayers and Westcot (1985)],
during pre-monsoon period. During post-monsoon period, NOs-N has increased in all
wells. Further, the farm wells situated in highland paddy areas have recorded high
NOs3-N values than domestic wells. With respect to NH4"-N, 90% of wells had
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0~5mg/l and the remaining had 15~20 mg/l in the pre-monsoon period. The
concentrations increased with the rainy season, possibly due to waste from livestock,
excessive fertilizer usage and leaching of rainfall. Two of the wells showed As
concentration of 0.001 mg/l, not exceeding the threshold value for irrigation 0.1 mg/I
(Ayers and Westcot, 1985). Cd or Pb were not detected in any of the wells. With
respect to EC suitable for irrigation, 5% of wells had ‘excellent’ [100~250 pS/cm,
Wilcox (1955)], 35% of wells had ‘good’ [250~750 puS/cm, Wilcox (1955)], and 60%
of wells had ‘doubtful’ [750~2250 pS/cm, Wilcox (1955)] water quality, thus

confirming the need for salinity control in groundwater.

Regarding average Na%, 35% of wells had ‘excellent’, 60% had ‘good’, and 5% had
‘permissible’ irrigation water quality. The Na% was higher in farm wells (paddy), than
farm wells-upland and domestic and home garden well types. In the dry season, all
wells had SAR between 0~4 except 3 wells. Further, 95% of wells had SAR below 4
and 5% of wells had SAR between 4~8, in the post-monsoon period. Hence, the
groundwater is acceptable for irrigation, according to the classification given by
Richards (1954), which states that SAR values between 0~10 as ‘excellent’. The
average values of Residual Sodium Carbonate (RSC) were within the acceptable range
for irrigation in the pre and post-monsoon periods [RSC<1.25 meq/l is classified as
‘safe’ and RSC 1.25~2.5 meq/l1 is classified as ‘marginal range’, Eaton (1950)]. Unlike
all the other water quality parameters, RSC values showed a significant statistical

difference between pre and post-monsoon seasons (Kumari et al., 2016).

The suitability of groundwater for irrigation according to the US salinity diagram was
found and 5% of wells showed low salinity and low sodium (C1S1), 35% showed
medium salinity and low sodium (C2S1), and 60% showed high salinity and low
sodium (C3S1). Then, 35% of the wells were classified as ‘good’ for irrigation during
the pre-monsoon season and 45% during the post-monsoon season (Kumari et al.,
2016).
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2.4 Review of the Current Status in Malwathu Oya Basin

According to the studies that were reviewed, the water quality in Malwathu Oya river
basin is progressively deteriorating. The lack of continuous monitoring of the water
quality and scarcity of comprehensive water quality data is severely affecting the
studies of the water quality issues as well as in determining the preceding causes. Even
the already available data are scattered and they are not systematised to be effectively
used in decision making. Reliable, continuous and comprehensive data to determine
the spatial and temporal variations of the water quality and the degree of pollution are
not readily available. As a favourable improvement in river basin management efforts,
several governmental organizations have recently established over 349 Hydro-
meteorological Management Information System (HMIS) stations (automated weather
monitoring stations) in few of the main river basins in Sri Lanka (Mahaweli, Kelani,
Iranamadu and Kanakayaaru). Although the water quality data are monitored in the
inlets of the drinking water sources by the National Water Supply and Drainage Board

of Sri Lanka, most of the other water resources remain not monitored at all.

Further, the health risks associated with the pollution in river water is becoming a
major concern in Sri Lanka (e.g. the CKDu prevailing in the North Central Province,
where the consumption of water which has been polluted by the over usage of agro-
chemicals and fertilizers in those areas is suspected to be a major cause). The already
available water quality data are obtained via numerous different methods and they are
inconsistent, making them futile in being used as a baseline information in studies.
Hence, establishing monitoring programmes, at least for a set of selected water bodies
which represent all types of aquatic ecosystems in Sri Lanka while developing
meticulous methods to measure water quality, is of paramount importance (Silva,
1996).

Water quality related issues such as eutrophication, water logging and siltation,
increase in organic residues, salination and exposure to hazardous chemicals generated
by the untreated industrial effluents added to the surface water bodies are caused as a
result of anthropogenic activities such as urbanization and related sewage/waste water
discharge, land use modifications, excessive use of agrochemicals and fertilizers in

agricultural practices, untreated industrial effluents being added to the waterways. In
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addition, the leachate of the municipal solid waste dumps might penetrate to the nearby

water sources, further reducing the quality of the water.
2.5 Water Quality Monitoring for River Basin Management

According to Chapman (1996), water quality monitoring can be differentiated into

long-term, short-term and continuous monitoring as follows.

1) Monitoring is the long-term, standardised measurement and observation of the

aquatic environment in order to define status and trends.

2) Surveys are finite duration, intensive programmes to measure and observe the

quality of the aquatic environment for a specific purpose.

3) Surveillance is continuous, specific measurement and observation for the

purpose of water quality management and operational activities.

Physical, chemical and biological characteristics of data should be collected to the
purpose of water quality management. The pollution of water, water usage and
abstraction practices, and land use practices (agriculture etc.) must be included for
proper water quality management. Water quality data will be useful not only for the
pollution control, but also for identifying long term trends in pollution and for

assessing the environmental impacts (Bartram and Ballance, 1996).

According to Strobl and Robillard (2007), a properly designed water quality
monitoring network identifies water quality problems while establishing baseline
values for short and long-term trend analysis. The need to evaluate observed water
quality conditions and their suitability for the intended uses reflect a need for cost-
effective and logistically practical water quality monitoring network. There are many
variables that need to be included in a comprehensive and practical monitoring
network including, a holistic appraisal of the monitoring objectives, representative
sampling locations, suitable sampling frequencies, water quality variable selection,

and budgetary and logistical constraints (Strobl and Robillard 2007).
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2.6 Importance of Physics based Modelling for River Basin Management and
Selection of the WEP (Water and Energy transfer Processes) Model for the
Analysis

A hydrological and substance cycle analysis model is a collection of movement
phenomena of water on the ground surface or the underground, expressed as equations
or numerical values and provides response to rainfall or other types of input in that
basin (Hydrologic Engineering Research Team [HERT], 2012).

The temporal and spatial fluctuations of all variables included in mathematical
equations of water flows in watersheds could be considered by mathematical
distributed hydrological models. The employed parameters being physically
measurable is another advantage. Hence, such models are able to provide a
comprehensive and a more accurate depiction of the hydrological processes in a
watershed than empirical and conceptual hydrological models. There are a number of
omnipresent models of this type, like SHE, SWAT, IHDM, MIKE SHE (Jia, Ni,
Kawahara, & Suetsugi (2001b) and Water and Energy Transfer Processes (WEP)
model (Jia, Ni, Kawahara, & Suetsugi, 2001a). Details of the three models; SWAT,
ANSWERS and SHETRAN, which support almost the same analytical elements as the

WEP model, are summarized hereafter.

The SWAT model is a time-series model which gives daily results related to the
convection and accumulation of water, soil particles and chemical substances in large-
area basins with no actual measurement data. The SWAT model has the following

features:
1) The model is based on physical considerations.
2) It uses easily obtainable data

3) Its computational efficiency eradicates the need for a longer computational

time, even for larger basins.

4) Simulations could be conducted over extended durations, making it possible to
analyse the long-term effects of management changes.
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The surface runoff and substances in a basin need to be defined by a certain number
of elements. These settings include the path from a source of water to a water flow, a
flow volume, monitoring data, and point source load, etc. The model computes on a
day-to-day basis and can perform simulations for periods more than one year, in a
relatively short length of time (HERT, 2012).

The ANSWERS-2000 model primarily focuses on assessing the effect of Best
Management Practices (BMP) in urban and cultivated areas, while trying to reduce the
transport of sediment and nutrients into waterways through surface runoff or nitrogen
leaching through plant root layers. The model can be used on catchments where
Physically Based Spatial Distributed (PBSD) calibration data cannot be used and
monitoring has not been conducted. ANSWERS-2000 is a distributed (grid-based)
model which has an area less than or equal to 1 ha, but it considers all parameters are
uniform throughout each grid cell (eg. soil characteristics above and below the ground,
vegetation, surface conditions, management of crops, and climate). The model
computes that the runoff occurs in time steps of 30 seconds and it considers time steps
of one day between runoff occurrences. It is capable of analysing interception, surface
detention, infiltration, percolation, adsorption and conveyance of sediment containing
particles of different sizes in small streams, areas between small streams, and water
channels, growth of crops, uptake of nutrients by plants, dynamics of N and P in soil,
nitric acid leaching, and loss of nitric acid, ammonium, total Kjeldahl nitrogen, and
phosphorus in surface runoff affected by soil, nutrients, covers, and hydrological
conditions. The model is equipped with a graphical user-friendly interface based on
ArcView (HERT, 2012).

The SHETRAN model integrates a catchment’s water flows with the conveyance of
pollutants in both the dissolved and particulate forms. It can simulate flows and
material transport in three dimensions, in basins where the area is less than 5 000 km?.
The grid-based model uses 3D grids, and storage and movement of water, sediment,
and dissolved substances are expressed as conservation equations of flows and
transport by the difference approximation method. The model is capable of analysing
rainfall interception by plants, evaporation and vapor, accumulation of snow and

snowmelt, flow in land and water channels, differently saturated intermediate flows,
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and interaction between rivers and aquifers. The dynamics of N could be modelled in
3D with the integration of flows and transport of nitric acid. Further, the transport of
nitric acid was modelled as a convection dispersion equation with terms for adsorption
and 2 areas (dynamic area and dead space). Nitrogen changes that occur in the plant
root layer or below could be modelled by NITS, which is a component of SHETRAN
for nitric acid analysis (HERT, 2012).

A comprehensive energy balance was integrated in hydrological modelling for the
WEP model, which was developed by Jia and Tamai (1998). Simulation of multi-
layered aquifers and infiltration trenches, direct computation of groundwater outflow
to rivers, were also added to the model later. The model uses meteorological,
geographical, hydrological data and, data relevant to anthropogenic activities and
water quality simulation processes, as inputs. The model is capable of providing time
series values of water and heat balance as well as water quality/material transport
results for each grid, as outputs. Its main differences from other physics-based models

involve the following factors.

1) Apart from the hydrological processes a comprehensive energy balance
analysis is also performed. This model augments the calculation of interception
and evapotranspiration due to its detailed consideration of heat flux partitions
on land surface. And the model could be easily coupled with atmospheric
models.

2) The mosaic method, which is more reasonable especially in urbanized area
with complex land covers, than the dominant land use method, is used to
incorporate the sub grid heterogeneity of land use in the WEP model.

3) In order to save the calculation time, simulation of infiltration and infiltration
excess during heavy rains is accounted by the generalized Green-Ampt model.

4) The effect of infiltration trenches on the hydrological cycle could be studied as
they are simulated in the model.

5) Compared to the WEP model, many models are inadequate in consisting of
mere conceptual models or take Nitrogen, Phosphorus, suspended solids, and
some other substances into account but do not consider whether they are in a
suspended state or in a dissolved state. The WEP model can therefore
incorporate elements that many other models do not take into account.
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Thus, the spatial and temporal variation of water and energy processes in watersheds
with complex land covers could be modelled by the WEP model. The mathematical
equations and methods used in the WEP model are tabulated in Table 2.2. In addition,
anthropogenic components such as; water supply, groundwater lift, sewerage drainage

and energy consumption, etc. are also taken into account (Jia et al., 2001a).

The WEP model was applied to the Ebi River watershed (27 km?) with a grid size of
50 m and a time step of 1 h, where observed river discharges, groundwater levels and
land surface temperatures were used for verification (Jia et al., 2001a). The model has
also been successfully applied to the Haihe River Basin, China (Cunwen et al., 2011).
This has also been used to simulate both hydrological processes and accompanied
pollutant transfer processes in the Yellow River Basin, China (Jia et al., 2007) as well

as the Yata River Basin, Japan (Rajapakse et al., 2010).

In order to analyse the particle-bound pollutants (N and P), the WEP model was
enhanced by incorporating a soil erosion-transport model. In the study of Rajapakse et
al. (2010) the model was used in the Yata River Basin, Japan, with the N and P
components simulated by a discharge-based process. Land use, plant acreage, fertilizer
loading, plant nutrient uptake and crop harvest in respective administrative units of the
basin were used for validation purposes. The study found that the dissolved N (DN)
component could be successfully modelled, however, the particulate N and P (PN, PP),
and dissolved P (DP) components were not satisfactorily simulated. A process-based
sediment erosion, transport, and deposition were introduced to integrate the particulate
nutrient conveyance as soil-absorbed constituents. Results showed that the particulate
nutrient conveyance was correlated with the suspended solids in the waterways
(Rajapakse et al., 2010).
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Table 2.2: Mathematical Equations and Methods used in the WEP Model

Process Mathematical Equation/Method Used for
Process : .
Type the Simulation
Evapotranspiration Penman—Monteith equation
Infiltration excess during | Generalized Green—Ampt model
heavy rains
(7]
2 Saturation excess durin
§ I . 9 | Balance analysis in unsaturated soil layers
3 the remaining periods
o
= A two-dimensional simulation of multi-
o Groundwater flow . : ) .
S layered aquifers (a quasi-3D simulation)
o . . Conducted for every tributary and a main
S River flow routing ; : . :
> river by using the kinematic wave method
Simplified as lateral inflow to rivers because
Overland flow the concentration time is estimated to be
shorter than the simulation time interval
3 _ Based on observation or deduced from
A Short-wave radiation . ;
@ sunshine duration
o . - .
ot Long-wave radiation Calculated according to temperatures
§ Latent and sensible fluxes | Aerodynamic method
(5}
T Surface temperature Force—restore method

The composition of the WEP model inside a grid cell is illustrated in Figure 2.4. The
mean flows in a grid cell is composed of the areal average of water and heat fluxes

from all land uses in that cell. Land use is further divided into sub groups as follows;
(1) Water body group
(2) Soil-vegetation group
Q) Bare soil
(i) Tall vegetation (forest of urban trees)
(iii)  Short vegetation (grass or crops)
(3) Impervious area group
Q) Impervious urban cover

(i) Urban canopy
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Figure 2.4: The Structure of the WEP Model - Vertical Structure within a Grid Cell
(Rajapakse et al., 2010)
Nine vertical layers are incorporated in the WEP model for the soil-vegetation group
which includes; an interception layer, a depression layer, three upper soil layers, a
transition layer, an unconfined aquifer and two confined aquifers. The fraction of
transmitted short-wave radiation of vegetation is used for the analysis of energy
balance among soil and vegetation while the sky view factor of urban cover is used for

the energy balancing of the urban cover and the urban canopy. The horizontal structure

of the WEP model is shown in Figure 2.5 (Jia et al., 2001a).
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Figure 2.5: The Structure of the WEP Model - Horizontal Structure (Rajapakse et al.,
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2.7 Fertilizer Over Usage in the Basin

Sri Lanka has been a country which relied on agriculture as its main source of food,
and agriculture has played a vital role in the country’s economy since ancient times.
1.7 million people in Sri Lanka are engaged in agriculture as their main livelihood.
37.4% of the land area which is suitable for cultivation has been used for agriculture.
Agriculture accounts for 29% of the workforce and contributes about 10% of the
country's gross national income (Central Bank of Sri Lanka, 2015). Majority of the
people in the North Central Province still rely on agriculture as their main source of
income. Excessive use of fertilizers for agricultural practices is causing the water

resources of these areas to be heavily deteriorated.

According to the World Health Organisation representatives, the use of agrochemicals
in Sri Lanka is 287 units per hectare. Accordingly, Sri Lanka has been named as the
country that uses the largest amount of agrochemicals according to the country's land
use ratios. The use of fertilizers and insecticides in Sri Lanka is reported to be high as

well (Wijewardena, 2013). According to the reports of various social surveys,
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unfortunately, farmers actually use more than these recorded amounts of fertilizers, as
well as they use even the banned types of agrochemicals (e.g. the Glyphosate usage in
the era it was banned).

It has been found by the Government Analyst’s Department of Sri Lanka that about
50% of the imported fruits in the general market have been contaminated by
insecticides such as chlorpyrifos and profenofos which are both banned chemicals in
Sri Lanka (Aloysius, 2018). Not only fruits but also 33% of vegetables have been
found to be contaminated by agrochemicals of these types (Munasinghe, De Silva,
Weerasinghe, Gunaratne, & Corke, 2015). Contamination of food by the over usage
of agrochemicals, fertilizers and insecticides have led to an increased number of cancer
patients and CKDu patients in the recent years, with the number of CKDu patients
recorded from the Mahaweli Development Scheme areas alone increasing beyond
9000. The records indicate that the majority of CKDu patients are found in the North
Central Province, Eastern Province, North Western Province and Uva Province where
the paddy cultivation is prominent, confirming the relationship between the over usage
of fertilizers and agrochemicals and the CKDu (Munasignhe et al., 2015).
Additionally, an increasing number of cases of non-communicable diseases (such as
diabetes and cardiovascular diseases) have been reported, being the cause of death in
75% of the total number of deaths recorded (Ministry of Health, Nutrition &
Indigenous Medicine, 2015).

The over usage of fertilizers has badly affected the economy of the country, tarnishing
the reputation and demand for Sri Lankan food products in the foreign market. The
agrochemical amounts used by our farmers have exceeded the maximum permissible
levels for food products. The reduction of the international trade demand for Ceylon
tea could be stated as an instance for this. The harmful effects on the environment,
especially on water resources, caused by the over usage of agrochemicals, fertilizers,

insecticides, and weedicides have been reviewed in Sections 2.3 - 2.5.

In most occasions the poverty-stricken farmers are deprived of proper technical
knowledge about the harmful effects of fertilizers and they are under the
misconception that the over usage of agrochemicals would result in better yields. The

fertilizer subsidy offered to the farmers by the government, and the absence of means
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to regulate the fertilizer usage are suspected to be major causes for the unplanned and
excessive use of fertilizers. According to Weerahewa, Kodithuwakku, and
Ariyawardana (2010), the fertilizer subsidy programme was implemented in 1962
mainly targeting to encourage farmers to start growing high-yielding varieties (HY'Vs)
of rice which are readily responsive to chemical fertilizers, instead of growing
traditional varieties of rice. The farmers generally expect the fertilizer subsidy to be
continued by the successive governments, irrespective of the actual budgetary
constraints (the subsidy costs 2.24% of total government expenditures in year 2009),
hence making it a very sensitive issue in politics as well. The subsidy was facilitated
for all Nitrogen (N), Phosphorus (P) and Potassium (K) types of fertilizers during 1962
to 1989, mainly aiming the paddy cultivation. The subsidy was stopped during 1990
to 1994, but was implemented again in 1995 for all N, P, K types of fertilizers. The
subsidy was substantially curtailed in 1997 to 2004, allocating only for Urea fertilizers,
whereas in 2005 it was reinstated for all three types of fertilizers. A fertilizer bag of 50
kg is set to a constant price irrespective of the price in the world market, and farmers
cultivating paddy are eligible for claiming the subsidy if they have the legal rights to
their paddy lands. However, continuation of the subsidy has caused several issues. The
farmers tend to apply the fertilizers provided by the subsidy to the lands which they do
not have legal rights and to other crop areas. Further the authorities such as Agrarian
Services Centres (ASC) are frequently accused of their inefficiency in fertilizer

distribution processes (Weerahewa et al., 2010).

According to Young, Pitawala, and Gunatilake (2010), banana, papaya and vegetables
are also cultivated in the North Central Province, apart from the 40% of the province
which has been used for paddy. The study states that the fertilizer application is 6 to
10 times in excess of the levels recommended by the government, according to the
information received from government organisations and farmers. The quantity of urea
fertilizer applied to paddies varies from 100 kg to 150 kg per acre, and triple super
phosphate (TSP) applications range from 75 kg to 100 kg per acre. In banana and
papaya plantations, 100 g of urea/TSP fertilizer per plant is added once every 3 months.
The study suggests that the effect of fertilizer application on the water quality of the

North Central Province should be studied since the fertilizer application rates are
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considerably high in the area. High values of Nitrate have been observed in
groundwater wells after two weeks of fertilizer application, therefore, the study
concludes that it takes about two weeks for leachates to reach the water table in the
area. If the excessive usage of fertilizer is continued in the future the groundwater is

at a risk of being contaminated by leachates (Young et al., 2010).

Young, Pitawala, and Gunatilake (2009) have conducted a study to evaluate the effect
of agricultural practises on the chemical water quality in the Kala Oya basin (adjacent
basin to the Malwathu Qya). It has been found that the fertilizer application in the basin
is about 8 to 10 times in excess of the required amounts. The study further states that
when agricultural waters consist of higher amounts of both Nitrates and Phosphates
than natural waters, the accumulation of nutrients could be attributed to the application
of fertilizers which is the only anthropogenic activity in the area. An abundant growth
of nutrient absorbent plants in the riparian zones of the canals were observed and they
in turn absorb a significant amount of Nitrate and Phosphate nutrients when the water
flows through them, resulting considerably reduced values of nutrients in canal water
despite the high rates of fertilizer application in the area. The study has observed high
levels of Nitrate in water samples of wells taken within two weeks of application of
fertilizer, as well as high levels of Phosphate and Potassium in lake water, confirming
the impact of over usage of fertilizers on water resources. The study concludes that the
recent intense agricultural practices used specially in vegetable cultivations cause high
levels of cations and nutrients in agricultural wells, dug wells and lakes due to the
recycling of same water throughout the year. It is further stated that some of the
isolated lakes are highly adulterated which may result in the pollution of the
groundwater by the groundwater recharge from those lakes.

Therefore, it is essential to regulate the amounts of fertilizers used to conserve the
water quality of the water resources in the basin, hence scenario 1, 2 and 3 will be done
to identify the effect of fertilizer regulation on the water quality. In scenario 1, 2 and
3, the present condition fertilizer input amounts would be reduced by 25%, 50% and

75%, respectively.
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2.8 Climate Change Impacts

Climate change is inevitable with the various anthropogenic activities which are
harmful for the environment. The increasing amounts of Carbon emissions and
greenhouse gasses would increase the temperatures and would cause the glaciers to
melt causing sea level rising and other various changes in the world climate. Further,
the global warming is stated to cause changes in temperatures as well as rainfall
patterns (Intergovernmental Panel on Climate Change - Task Group on Scenarios for
Climate Impact Assessment [IPCC-TGCIA], 1999).

Sri Lanka has been collecting climate data from 1861 at 22 meteorological stations
located in all districts of the country. The data on temperature and rainfall have been
analysed by the Meteorological Department to determine their trends over the period
1901-2000, using data taken from 18 meteorological stations, excluding data from the
stations in Northern and Eastern Provinces which were not functioning throughout

(Ministry of Environment, 2011).

Analysis of climate data clearly indicates a change in the rainfall intensity, temporal
and spatial distribution, and an increasing trend in air temperature. Most of the
decrease in the annual rainfall is from the North East Monsoon (NEM) with no
significant changes in the South West Monsoon (SWM) and the second inter-
monsoon. The number of rainy days has also decreased prolonging the dry spells and
increasing the intensity of rainfall. This change in rainfall distribution has caused a
shift in the demarcation between the dry and wet-zones, with a reduction in the area of

the wet-zone (Ministry of Environment, 2011).

As a part of a study in the coconut and tea sectors in the country (Ratnasiri, 2006), a
detailed interpolation of Intergovernmental Panel on Climate Change (IPCC)
temperature and rainfall projections applicable to Sri Lanka was carried out using
software developed by the International Global Change Institute (IGCI) of University
of Waikato, New Zealand (Warrick, et al., 1996). Under this project, temperature rise
and rainfall change projections were developed corresponding to different IPCC
emission scenarios and General Circulation Models (GCM models) for different time

frames, for years 2050 and 2100 (Ministry of Environment, 2011).
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The summer high temperature regions above 30 °C which is limited to a narrow region
around Trincomalee Bay in the baseline scenario is seen to spread into the country
covering the North-Eastern region by 2050 and over a greater part of the country by
2100. The temperature rise in the winter months is less prominent except in 2100

(Ministry of Environment, 2011).

The projections of rainfall change given for the two seasons - SWM and NEM - are
more complex, though it is possible to identify some main features of the changes
anticipated. For example, during the SWM, the South-West quadrant receives a
maximum rainfall of about 2500 mm under baseline case, whereas in 2100, the
maximum rainfall received is about 3500 mm over the same area. In the rest of the
country too, there is an increase in the rainfall received during SWM period. During
NEM, however, the maps do not show a significant change in the rainfall received,
except for a slight increase in the eastern slopes of the central hills (Ministry of
Environment, 2011).

In another study carried out using a regional model developed by the Hadley Centre,
the rainfall received by 2050 in the Wet Zone during the SWM was found to increase
by about 48% relative to the average rainfall received during 1961-1990, while during
the NEM, the rainfall received in the Dry Zone, particularly in the Eastern Province,
was found to decrease by 27-29% (De Silva, 2009). In other words, the wet zone is
expected to become wetter and the dry zone drier with climate change (Ministry of
Environment, 2011).

De Silva, Weatherhead, Knox, and Rodriguez-Diaz (2007) have developed a climate
change dataset for Sri Lanka using selected outputs from the UK Hadley Centre for
Climate Prediction and Research model (HadCM3) and selected IPCC Special Report
on Emission Scenarios (SRES) A2 and B2 for 2050s. The study applied the
proportional percentage changes given by that dataset to an existing baseline
climatological dataset (baseline climatology dataset developed by the International
Water Management Institute (IWMI)) covering Sri Lanka. The study states that the
precise prediction of climate in the future is strenuous, as the predictions would cause
changes in the human behaviour which would in turn affect the climate. Therefore, the

climate change impacts are usually studied under various possible future scenarios
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which include the changes in the impetus of emissions such as Carbon intensity of
energy supply, the income gap between developed and developing countries, and
Sulphur emissions. For studying possible climate change, its impacts and alleviation
schemes, the IPCC SRES have been used extensively. Climate change predictions for
each scenario were developed by taking into account the expected concentrations of
CO2, mean sea level increase, global mean annual temperature and population (IPCC-
TGCIA, 1999).

The developed future scenarios by the IPCC-TGCIA (1999) are; Al, A2, B1 and B2.
Scenario Al considers a future with swift inventions of more efficient technology,
where the population growth is relatively low and the economic growth is very high.
Scenario A2 considers a future which has high population growth, less involvement in
making economic progress, and focussed on enforcing regional and cultural identities,
with an emphasis on family values and local traditions. Scenario B1, on the other hand,
would experience expeditious fluctuations in its economic structures, while adopting
cleaner technological development. Environmentally and socially sustainable,
collaborative, and local solutions would be adopted for; improving the equity,
technological advancements, as well as for dematerialisation of the economy. This
scenario accounts for a diverse world with slower but wider range of technological
development, which enforces on community initiative and social innovation to find

local, rather than global solutions.

De Silva et al. (2007) have used the IPCC SRES scenarios A2 and B2 for their
derivation of climate change predictions for Sri Lanka for 2050s, because of the high
population growth rates in the country. The estimated population in Sri Lanka by 2050
is 30 million, compared to the 16.4 million recorded in 1990, which exhibits a growth
of 83% over the duration of those 60 years. Since this growth rate surpasses the
projected global growth rates in all the IPCC SRES scenarios, scenarios A2 and B2
have been selected which have projected global increases of 64% and 53%,
respectively, over these 60 years. Further, the HadCM3 model is a coupled
atmospheric-ocean general circulation model which is more complicated than earlier

versions (Hulme and Jenkins, 1998).
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De Silva et al. (2007) found that there will be a decrease in rainfall in most parts of Sri
Lanka in 2050, for the climate change scenarios of A2 and B2. Wet season average
rainfall would decrease by 17% (in A2) and by 9% (in B2). However, the average
annual rainfall would increase by 14% (A2) and 5% (B2). The maximum reductions
in wet season rainfall (16% in A2, 12% in B2) are predicted to occur in Batticaloa. On
the contrary, wet season rainfall would increase by 10% (A2) and 12% (B2) in
Hambantota. It is predicted that in 20150, the average wet season temperature (the
average of minimum and maximum air temperature) would increase by 1.6 'C (A2)
and 1.3 °C (B2) and the average reference evapotranspiration would increase by 2%
(A2) and 1% (B2). In the wet season in Batticaloa, the average temperature would
increase by 1.4 "C (A2) and 1 'C (B2) and the average reference evapotranspiration
would increase by 1.3% (A2) and 1.1% (B2), in 2050. The combined effect of the
reduced rainfall and the high temperatures would require higher amounts of irrigation

water in the wet season.

Therefore, the significance of climate change on the WEP model analysis should be
taken into consideration, as the WEP model takes meteorological data as inputs in the
analysis. Hence the impacts of the impending climate change would be analysed by
using scenarios 4, 5 and 6, with respect to the present condition. In scenario 4, all
rainfall values (in the present condition) would be increased by 14%. According to the
results predicted by De Silva et al. (2007) for 2050s in Sri Lanka, the predicted increase
of the average annual rainfall by 14% (A2) would be the worst-case scenario. On the
other hand, the effect of the magnitude of extreme climate events would be studied by
scenario 5, where only the extreme rainfall values would be increased/decreased by
5%. The impact of temperature changes would be studied by scenario 6, where all
temperature values would be increased by 1.6 ‘C. According to the results predicted
by De Silva et al. (2007) for 2050s in Sri Lanka, the average wet season temperature
(the average of minimum and maximum air temperature) increases by 1.6 'C (A2)

would be the worst-case scenario.
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3 MATERIALS AND METHODS

This Chapter illustrates the methodology, data and data checking/data pre-processing
procedures followed by the WEP model analysis in detail, which can further be
categorised into three main analysis components of this study; developing the state-of-
the-art database, experimental field analysis, and the distributed modelling analysis

component.
3.1 Methodology

The methodology flow chart is given in Figure 3.1. The research gap was identified by
conducting an extensive literature survey. Nachchaduwa catchment was selected as
the study area for this research since it is the uppermost sub catchment in the Malwathu
Oya catchment and due to its presently stressed state Then the problem statement was

developed. These were discussed in detail in Chapter 1 and Chapter 2.

Subsequently, the data related to the water resources management (hydrological
component of the model) and the pollute transport (material transport component) of
the catchment were collected and processed. The model parameter values were
identified and the input files for the model runs were prepared. Simultaneously water
quality sample testing was done in Yala and Maha seasons. Data and data pre-
processing procedures are explained in detail under Section 3.2. After that, the
application of the model (analysis), including initial trial runs, calibration/validation,
for the present condition were performed. The validated model was used to analyse six

possible future scenarios which were explained in detail in Section 2.8.

Suitable water resources management and fertilizer usage practices for the catchment
(Best Management Practices) could be recommended based on the conclusions derived
from the results and discussion. The results of this study were published in several
indexed journals and international conferences to enlighten the scientific community
and the general public. A detailed description of the methodology would be illustrated
in Sections 3.2 and 3.3.
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3.2 Data and Data Checking/Data Pre-Processing Procedures

3.2.1 Data Sources and Data Resolution

The data necessary for the hydrological component and the material transport

component have been collected and processed. The data resolution and data sources

are summarised in Table 3.1.

Table 3.1: Data Sources and Data Resolution

Index Data Type Resolution Source
Malwathu Oya  streamflow Department of
related  data  (Kappachchi | part

. : . rrigation,
1 gauging station) and Daily data
: Nachchaduwa and
Nachchaduwa reservoir
. Colombo
operation data
2 Meteorological Data
Rainfall data (rainfall stations
Anuradhapura, .
2.1 Kahatagasdigiliya, = Kekirawa, Daily data
Maha Illuppallama, Pelwehera)
2.2 | Temperature data Daily data | Meteorological
- - department, Colombo
2.3 | Wind data Daily data
2.4 | Relative humidity data Daily data
2.5 | Sunshine data Daily data
3 Land use data - Survey Department
) . Survey Department
4 Soil/geology/elevation data - and borehole reports
5 Water Quality data (Testing) - Collected water quality
samples
6 | Fertilizer data ASC-wise Anu_rgdhapgra_t DsD -
Fertilizer Division
7 Population data GND-wise Census and Statistics
Department
8 | Water resources data GND-wise Census and Statistics
Department
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3.2.2 Study Area - Nachchaduwa Catchment Related Data
3.2.2.1 Nachchaduwa reservoir

Nachchaduwa catchment (Figure 2.1) (598.74 km?) was selected as the study area
since it is the uppermost sub-catchment in the Malwathu Oya basin, therefore no effect
from previous catchments have to be considered, and because of the location of a major
reservoir, hence the reservoir effect could also be modelled, and due to its presently
stressed state as explained in previous chapters.

Malwathu Oya streamflow related data and Nachchaduwa reservoir operation data
(sluice release data, spill release data, water issues, irrigation issues, etc.) were
collected from the Department of Irrigation, from both Nachchaduwa Divisional
Office and the Colombo Head Office. Nachchaduwa catchment area, reservoir and the
command area were investigated by conducting several field visits, and photographs
of important hydraulic structures were taken. Please refer Appendix A for more details

regarding the Nachchaduwa reservoir related data.

3.2.2.2 Land use, soil types and delineation of sub catchments of the

Nachchaduwa catchment

Land use and soil type details of the Nachchaduwa catchment were extracted using
Esri ArcGIS software (version 10.3), from the GIS maps prepared by the Survey
Department in year 2001. Geological details, soil layer details, etc. were obtained from
the borehole data of the construction projects done in the vicinity of the catchment.
Nachchaduwa catchment consists of several land use types, which include; chena,
forests, home gardens/gardens, other cultivations, paddy, rock, scrub land, as well as
the water bodies (Figure 3.2). The soil types of the catchment is mainly composed of;
alluvial soils of variable texture and drainage (flat terrain) in the vicinity of the stream
paths and, reddish brown earths and low humic gley soils in everywhere else (Figure
3.3). The entire catchment has been delineated into three sub catchments according to

the terrain and stream path distribution (Figure 3.4).
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3.2.3 Rainfall Data

Daily rainfall data for stations Anuradhapura, Kahatagasdigiliya, Kekirawa, Maha
[lluppallama, Pelwehera were collected from the Meteorological Department for the
years 2008 to 2015. The data were checked for outliers and missing data by using
hydrological and statistical data checking procedures. Missing data were filled by
plotting the single mass curves (by omitting the missing data points) for all these
stations and by regression analysis. Please refer Appendix A for more details regarding

the rainfall data.

The Thiessen average daily rainfall values were calculated for the catchment, and the
Thiessen polygons were drawn for the catchment (Figure 3.5) (The polygon areas
inside the grid are shown).
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Figure 3.5: Thiessen Polygons for the Catchment (original in colour)
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3.2.4 Streamflow Data
3.2.4.1 Initial data checking

The streamflow related data and reservoir operation data were collected from the
Department of Irrigation (data were collected from both Nachchaduwa division and
the Colombo divisions, but since only the Colombo division data showed some
agreement with the rainfall values, Colombo division data has been used for this
research) and were checked against the rainfall values. The monthly and annual runoff
coefficients were also calculated using those data. The response of the catchment (the
total daily outflow from the reservoir - included all the spill and sluice releases) with
precipitation was checked and the resulting graph is shown in Figure 3.6. The response
of the catchment (total outflow), on the day of precipitation, one day before the
precipitation, one day after the precipitation, two days after the precipitation, three
days after the precipitation, were checked. Further, the time of concentration for the
catchment was found to be 25.8 hours following Ponrajah (1984). The annual runoff

coefficient varied from 0.15 to 0.27 within the study period.

For more details of the streamflow data please refer Appendix A.
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3.2.4.2 Developing a streamflow data series for the WEP model using HEC HMS

It was noted that during certain years, the rainfall and total outflow from the reservoir
do not show a good correlation due to lack of reliable reservoir operation related data.
The catchment response to the rainfall indicated that the measured spill and total
release data are highly regulated due to reservoir storage effect (ungauged basin and
regulated flows). Due to these reasons, a previously calibrated HEC-HMS model that
was developed for this catchment was applied in the present study by incorporating
the most suitable parameter values taken from previously published studies
(Hettiarachchi, 2008; Kamran & Rajapakse, 2017). The outflow values from the total
basin were obtained for a one-hour time interval from the HEC-HMS model and used
as the streamflow data series for comparison with the WEP model. More details of the
HEC HMS model are given in Appendix A.

Streamflow time series [outflow (discharge) values from the total basin] were obtained
based on the pre-calibrated HEC-HMS model for the period of calibration (data from
years 2008-2011 will be used for the calibration) and validation (data from years 2012-
2015 will be used for the validation) separately, with 1 hour time interval. These data
series would be used as the streamflow data series for comparison with the calibration

and validation WEP model results.
3.2.5 Water Balance/Yield Analysis

A situation analysis was carried out by conducting a yield analysis to verify the current
water scarce situation in Nachchaduwa sub-catchment. Irrigation requirement was
calculated considering the current practice in the scheme; low land paddy (135 days)
for Maha season and low land paddy (105 days) and Other Field Crops (OFC) for the
Yala season. Subsequently a water balance study was carried out considering 75%
probability rainfall values (Ponrajah, 1984), which were the design rainfall values for
the reservoir operation study, and the Thiessen average daily rainfall values of
collected data. The reservoir operation study model outputs were compared with actual
operational data of the Nachchaduwa reservoir for verification. Then an alternative

option was considered by using low land paddy (105 days) for Maha season and low
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land paddy (105 days) and Other Field Crops (OFC) for the Yala season, to determine

whether an improvement is achievable for the water resources management.

According to the irrigation requirement calculated considering the current practice in
the scheme [low land paddy (135 days) for Maha season and low land paddy (105
days) and Other Field Crops (OFC) for the Yala season], and the Nachchaduwa
reservoir operation study, annual demand and supply varies in a pattern shown in
Figure 3.7. Verification of the reservoir operation study model outputs with the actual
operational data of the Nachchaduwa reservoir is shown in Figure 3.8. Yield analysis
confirmed that there is water scarcity in the catchment, especially during the dry season
extending from April to September. Results of the alternative option considered by
using low land paddy (105 days) for Maha season and low land paddy (105 days) and
Other Field Crops (OFC) for the Yala season, to determine whether an improvement
is achievable for the water resources management, are given in Figure 3.9 and Figure
3.10. As seen from Figure 3.7 and Figure 3.9, the gap between the demand and supply
of water has been reduced with the alternative cropping option, confirming an
improvement is achievable for the water resources management. However, even with

the alternative cropping option, still there is water scarcity prevalent in the catchment.
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Figure 3.7: Annual Demand and Supply - Current Situation (original in colour)
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Figure 3.9: Annual Demand and Supply - Alternative Situation (original in colour)
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Actual Operational Data - Alternative Situation (original in colour)

3.2.6 Meteorological Data

The WEP model has the capacity to simulate hourly data. Since hourly data were not
available, it was checked whether an improvement could be made by using hourly data
which was generated by daily data, following Bennett, Robertson, Ward,
Hapuarachchi, and Wang (2015).

Meteorological data, including rainfall data, temperature data, wind data, relative
humidity, sunshine data, have been collected from the Meteorological Department, and

the data have been checked using the data checking procedures.

The checked data values have been used to prepare the input files. Excel Visual Basic
for Applications (VBA) was used for data pre-processing and to prepare the input files
necessary for the model runs. Hourly data series developed have been illustrated in
Figure 3.11, Figure 3.12, Figure 3.13 and Figure 3.14 (only the developed data for 24
hour time period have been shown). Further, for the calibration of the model data from
year 2008 to 2011 would be used, and for the validation of the model data from year
2011 to 2015 would be used.
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Figure 3.13: Hourly Relative Humidity Data Series
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Figure 3.14: Hourly Sunshine Data Series

3.2.7 Reservoir/Streamflow Water Quality Data

Nitrogen and Phosphorus can be found in several different forms in water, mainly in
dissolved and particulate forms (Hydrologic Engineering Research Team, 2012).
Water quality samples were collected throughout the stream cascade covering both dry
and wet seasons and they were tested for the water quality parameters (i.e. Nitrogen
and Phosphorus), Total Suspended Solids (TSS), turbidity, temperature and pH value,
following American Public Health Association [APHA] (2005). Four 500 ml samples
per one location were collected from eight locations throughout the catchment
considering reservoirs, stream segments, inlets and outlets of streams from paddy
fields, etc. Half of the samples were preserved by adding 0.5 ml of concentrated
Sulfuric (H2SO4) acid. One unfiltered and another filtered (using 0.45 pm syringe
filters) sample each, were collected for all the locations. They were tested for N and P
using the Persulfate Method for Simultaneous Determination of Total Nitrogen and
Total Phosphorus (APHA, 2005). The samples were checked for the concentrations of
anions (such as NOz", NO2™ and PO4>) in ppm by using the 930 Compact IC Flex lon
Chromatography system (Metrohm AG, Switzerland). For checking the NH4*-N, the
UDK 149 Automatic Kjeldahl Distillation Unit (VELP Scientifica Srl, Italy) was used.

The previous test results were confirmed by conducting colourimetric testing using the
Palintest Photometer (Palintest Ltd., England). For determining PO4>", NO2  and NO3"

, the Palintest Phosphate, Palintest Nitrocol and the Palintest Nitratest methods were
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used. The colourimeter was used for determining NH4" by Nessler’s method. For more
details about the reservoir/streamflow water quality data and the testing procedures

adopted please refer Appendix A.
3.2.7.1 Reservoir/streamflow water quality - Yala season

The locations of the water quality samples that were collected throughout the stream

cascade in the dry season (‘Yala season) are shown in Figure 3.15 to Figure 3.21.

? | 7I5 I1? L1 \3?0km

Sampling Locations-Yala Season
4 1-Nachchaduwa tank

2-Inlet to Nachchaduwa tank

3-Ulagalla road tank

4-Culvert near Ganewalpola paddy field

5-Tank near the (Index 4) paddy field

6-Inlet to (Index 5) tank

7-Tank in the up stream of Malwathu Oya

| S S S

Figure 3.15: Water Quality Sampling Locations in the Yala (Dry ) Season (original

in colour)
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Figure 3.16: Location 1 (original in Figure 3.17: Location 3 (original in

colour) colour)

Figure 3.18: Location 4 (original in Figure 3.19: Location 5 (original in

colour) colour)

Figure 3.20: Location 6 (original in Figure 3.21: Location 7 (original in
colour) colour)
Table 3.2 summarises the water quality sample details that were collected throughout
the stream cascade in the dry season (Yala season) and Table 3.3 summarises the water

quality test results of them.
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Table 3.2: Water Quality Sample Details for Samples collected in Yala Season

L_oca Location (in the _ Coordinat(_as _ Time of Remarks
tion map) (Latitude, Longitude in Collecti (weather
ID Decimal Degrees) on etc.)
Sunny, no
1 Nachchaduwa Tank (8.268254, 80.491571) 12.10pm | wind, shady
area
Sunny, lot
Inlet to of
2 Nachchaduwa Tank (8.245356, 80.521026) | 12.44pm vegetation
in the water
Sunny,
shaded by a
3 | Ulagalla road Tank (8.201681, 80.544532) 1.17pm | tree, some
vegetation
in the water
Culvert near ESIT/?:t
4 | Ganewalpola (8.0917695, 80.6336567) | 2.40pm had d,b 3
Paddy Field shaded by
tree
Tank near the \?Vl:ggy no
5 | (Index 4) Paddy (8.0822030, 80.6291160) | 3.00pm ’
Field muddy
water
6 'T”;ﬁf(to (Index 5) (8.067624, 80.638727) | 3.50pm | Cloudy
Tank in the No wind,
7 | upstream of (8.036215, 80.655543) 4.45pm | some
Malwathu Oya vegetation

Table 3.3: Summary of Water Quality Test Results for the Samples Collected in Yala

Season
Location NOs - N NHs* - N NO2 - N POs*-P

ID concentration concentration concentration concentration

(ppm) (ppm) (ppm) (ppm)
1 below 0.05 10 below 0.05 0.327
2 below 0.05 28 below 0.05 0.287
3 below 0.05 28 below 0.05 0.426
4 below 0.05 25 below 0.05 0.334
5 below 0.05 10 below 0.05 0.288
6 below 0.05 10 below 0.05 0.581
7 below 0.05 10 below 0.05 0.258

The mean and standard deviation of the upstream and downstream NHs" - N

concentrations determined from descriptive statistics are 13.75£7.50 ppm and
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22.75+8.62 ppm, respectively. Single Factor ANOVA values for NH4" - N
concentrations are; F =2.483, P =0.166 and Fcritica =5.987, respectively.

The mean and standard deviation of the upstream and downstream POs* - P
concentrations determined from descriptive statistics are 0.37£0.15 ppm and
0.34+0.06 ppm, respectively. Single Factor ANOVA values for POs - P
concentrations are; F =0.076, P =0.792 and Fcrical =5.987, respectively.

Nevertheless, from these ANOVA results it can be concluded that the differences
between the upstream and downstream concentration values of the water quality
parameters are not statistically significant, despite the slightly increasing or decreasing

trends shown from upstream to downstream sites.

The NO3 - N and NO2 - N concentrations were below the minimum measurable limit
of the apparatus. Figure 3.22 represents a bubble diagram of the water quality test

results, with the sampling locations.
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Malwathu Oya Basin
Nachchaduwa Catchment

Sampling Locations-Yala Season'c
4 1-Nachchaduwa tank

2-Inlet to Nachchaduwa tank

3-Ulagalla road tank

4-Culvert near Ganewalpola paddy field

5-Tank near the (Index 4) paddy field

6-Inlet to (Index 5) tank

7-Tank in the up stream of Malwathu Oya

L S S

Figure 3.22: Water Quality Test Results with the Sampling Locations - Yala Season

(original in colour)

3.2.7.2 Reservoir/streamflow water quality - Maha season

The locations of the water quality samples that were collected throughout the stream

cascade in the wet season (Maha season) are shown in Figure 3.23 to Figure 3.27.
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Sampling Locations-Maha Season
A 1-Nachchaduwa tank

2-Inlet to Nachchaduwa tank

3-Alisthana tank

4-Tank in Maradankadawala

5-Stream near Ganewalpola paddy field

6-Tank near the (Index 4) paddy field

7-Inlet to (Index 5) tank

8-Horiwila tank

L S N

Figure 3.23: Water Quality Sampling Locations in the Maha (Wet) Season (original

in colour)

Figure 3.24: Location 4 (original in Figure 3.25: Location 5 (original in

colour) colour)
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Figure 3.26: Location 6 (original in Figure 3.27: Location 7 (original in

colour) colour)
Table 3.4 summarises the water quality sample details that were collected throughout
the stream cascade in the wet season (Maha season). Figure 3.28 and Figure 3.29 show
the water quality test results of Nitrogen components, and Figure 3.30 and Figure 3.31

show the water quality test results for Phosphorus components.

According to the water quality test results of the samples that were collected
throughout the stream cascade in the wet season (Maha season), the single Factor
ANOVA test P values for the upstream and downstream concentrations of Total
Nitrogen (TN), Dissolved Nitrogen (DN), Particulate Nitrogen (PN), Total Phosphorus
(TP), Dissolved Phosphorus (DP), Particulate Phosphorus (PP) are, 0.306, 0.204,
0.480, 0.170, 0.383, 0.307, respectively.

Therefore, in both seasons, the differences between the upstream and downstream
concentration values of the water quality parameters are not statistically significant,
despite the slightly increasing or decreasing trends shown from upstream to
downstream sites, as graphically illustrated by the bubble diagrams in Figure 3.29 and
Figure 3.31. A summary of all the measured water quality results for both seasons is
given in Table 3.5.
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Table 3.4: Water Quality Sample Details for Samples collected in Maha Season

Lo Location | Coordinates (Latitude, | Time of Tem
cat . . ) X .| Remarks (weather pera
. (in the Longitude in Decimal |Collectio pH

ion map) Degrees) N etc.) ture

ID (°C)

Nachcha Cloudy, windy
1 | duwa (8.273829, 80.479124) | 9.04am ’ | 7 | 245
Tank open area
Inlet to Flowing  water,
2 'O\l'aChCha (8.242692, 80.521927) | 9.44am | "€y bridge, | | g
uwa open area, sunny,
Tank slightly cloudy
Sunny,  slightly
cloudy, vegetation
. (lotus plants),

3 ’;'T';tr:}f” (8.193105, 80.524200) |10.15am| open area, | 6 | 25
upstream is a
cattle-feeding
ground

I'{'/Ia;rl; de:;\] Sunny, vegetated
4 kadawal (8.125748, 80.557067) |10.47am| area, nearby | 6 24
3 bridge
Stream .
near Slowly  moving
Ganewal water, shaded
5 pola (8.091466, 80.634756) |11.25am pl_ace, cloudy, | 6 25
Paddy sl[ghtly sunny,
Field windy
::;rk the Sunny, slightly
6 |(Index | (8.081912, 80.628775) |11.50am| S1oUdY: windy, | 2 | g
4) Paddy open area, some
Field vegetation nearby
Cloudy, windy,
Inlet to open  area, high
7 |(ndex | (8.072062, 80.634266) [12.40pm| VE9ERLON (Qrass), | | 55 5
5) Tank there were some
oil floating on the
surface
Open area, under
Horiwila a tree, slightly

8 Tank (8.061217, 80.672853) | 1.50pm | sunny,  cloudy, | 6 25
windy, vegetation
(grass) nearby
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Figure 3.28: Water Quality Test Results for Nitrogen Components, for the Samples

Collected in Maha Season (original in colour)

Malwathu Oya Basin
Nachchaduwa Catchment

TN ODN @PN

Sampling Locations-Maha Season
A 1-Nachchaduwa tank

2-Inlet to Nachchaduwa tank

3-Alisthana tank

4-Tank in Maradankadawala

5-Stream near Ganewalpola paddy field

6-Tank near the (Index 4) paddy field

7-Inlet to (Index 5) tank

8-Horiwila tank

L S S S 2

Figure 3.29: Water Quality Test Results (Nitrogen Components) with the Sampling
Locations, for the Samples Collected in Maha Season (original in colour)
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Figure 3.30: Water Quality Test Results for Phosphorus Components, for the

Samples Collected in Maha Season (original in colour)
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Malwathu Oya Basin
Nachchaduwa Catchment

Nachchaduwa Reservoir

QTP @DP OPP

Sampling Locations-Maha Season
A 1-Nachchaduwa tank

2-Inlet to Nachchaduwa tank

3-Alisthana tank

4-Tank in Maradankadawala

5-Stream near Ganewalpola paddy field

6-Tank near the (Index 4) paddy field

7-Inlet to (Index 5) tank

8-Horiwila tank

L N S

Figure 3.31: Water Quality Test Results (Phosphorus Components) with the

Sampling Locations, for the Samples Collected in Maha Season (original in colour)
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Table 3.5: Summary of the Water Quality Test Results (Concentrations in ppm)

Water
Season Quality Upstream/ Mean Star}da}rd P-value
Downstream Deviation
Parameter
n Upstream 13.750 7.500
NHa™-N Downstream 22.750 8.620 0.166
Yala 3 Upstream 0.370 0.150
(dry) POs™-P Downstream 0.340 0.060 0.792
NOs-N Below the minimum measurable limit of the apparatus
NO2-N Below the minimum measurable limit of the apparatus
Upstream 0.859 0.016
™ Downstream 0.935 0.003 0.306
Upstream 0.694 0.028
DN Downstream 0.838 0.014 0.204
Upstream 0.165 0.025
Maha PN Downstream 0.097 0.008 0.480
(wet) Upstream 0.016 0.000
™ 'Downstream 0060 0003 70
Upstream 0.062 0.004
DP Downstream 0.027 0.001 0.383
Upstream 0.045 0.000
PP Downstream 0.079 0.003 0.307

3.2.8 Fertilizer Related Data

Fertilizer issuance data for Urea [CO(NH2)2], Triple Super Phosphate (TSP)
[Ca(H2P0O4)2.H20] and Muriate of Potash (MOP) [KCI] fertilizers, from 2011 Yala to
2015/2016 Maha seasons in the entire Anuradhapura district have been collected from
the Anuradhapura Divisional Secretariat Division Office. The Divisional Secretariat
Divisions (DSD) and their related Agrarian Service Centres (ASC), their total area, the
area inside the catchment, paddy, other crops and homestead areas, required as model
inputs have been estimated by the spatial maps using ArcGIS (Figure 3.32), and are

summarised in Table 3.6.

All the fertilizer issued by the Anuradhapura DSD has been assumed to be applied for
paddy. Missing data were filled by the seasonal average values (average of Yala and
Maha seasons from 2011 to 2016), and the data set was developed from 2008 Yala to
2016 Yala season. Urea is composed of 46% Nitrogen and TSP is composed of 45%

Phosphorus. It was assumed that 30% and 10% of the fertilizer amount applied for
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paddy is equal to the fertilizer amounts applied for other crops and homesteads,
respectively. For paddy, other crops and homesteads, the monthly average values of
applied Nitrogen and Phosphorus amounts (kg/ha) of each month have been calculated
(considering the data for years 2008 Yala to 2016 Yala), according to the application
patterns of fertilizers relevant to the current practices in the catchment. The applied
amounts were compared with the required amounts of fertilizers which were found by
literature (Table 3.7). It has been noted that in this sub-catchment, the applied Nitrogen
and Phosphorus amounts (kg/ha) in almost all months for all three types of crops that
were considered have exceeded the plant required amounts (refer Table 3.8 to Table
3.13). For a detailed description about the fertilizer related data pre-processing

procedures please refer Annex A.

Malwathu Oya Basin—
Nachchaduwa Catchment;

,,,,,,,

Legend ~ )
[ Anuradhapura
[ Galenbindunuwewa
[ Ipalogama

[ Kekirawa

[ Kibissa

[ Madatugama

[ Maradankadawala
[ Mihintale

[ Muriyakdawala

[ Palugaswewa

[ Shrawasthipura
[ Siwalakulama

[ Thirappane

[ Yakalla

Figure 3.32: Agrarian Service Centres (ASC) inside the Nachchaduwa Catchment

(original in colour)
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Table 3.6: Crop area in every Agrarian Service Centres (ASC)

Paddy Other Homeste ASC
ASC Area Crops Num
. ads Area
Relevant Total Area Inside Area Inside ber
. ASC Inside ASC Inside for
DSD ASC Inside . ASC .
Area Catch | Inside ASC . nino
Catchment 5 . Inside
(km¢) | ment | Catch Inside ut
9 Catchme
(km?) | ment | Catchme t (km?) Input
(km?) | nt (km?) File
(| Siwalakulam | oo 00| 5496 | 1458 0.00 5.66 1
Galenbi | a
ndunuw | Yakalla 63.86 8.51 1.03 0.00 0.68 2
ewa Galenbindun | 1 oo 4o | 89| 036 0.00 0.20 3
uwewa
:ﬁ:'oga lpalogama | 142.25 | 1042 | o066| 067| 061| 4
Kekirawa 11739 | 2636 | 411 0.00 2.37 5
Kekiraw | Maradankad | 29 51 | 7806 | 13,04 0.00 694| 6
a awala
Madatugama | 144.16 | 46.82 5.55 0.00 2.86 7
'ev“h'”ta' Mihintale 23456| 039| 0.00 0.00 0.00 8
g'aChCha Shrawasthip | 14745 | 2560| 1.5 0.00 0.77 9
uwa ura
Nuwara
gam Anuradhapu
88.16 | 346| 027 0.00 074| 10
Palatha ra
East
Palugas | Palugaswew | 19055 | g037| 980| 468| 540 11
Wewa a
. Thirappane | 200.82 | 165.31| 21.38 153 1777 | 12
Thirappa Muriyakada
ne y 7824 | 7824 | 13.09 0.00 6.86| 13
wala
Dambull || ihissa 15224 | 677 034 3.24 049 | 14

a
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Table 3.7: Required Amounts of Fertilizers for Crops

Crop Required Reference/
Type Growth Stage Amount Yala Maha Rermarks
D f
tr:r):splanting >0 kg/ha
Phosphoru April October
(basal s
application)
. _— 20 kg/ha United
Active tillering |
Paddy (first top Nitrogen May, June Novemlta)er, States Peace
dressing) 20 k_g/ha December | Corps
Potassium (1980)
Panicle 20 kg/ ha 1l Januar
initiation Nitrogen Y, Y,
(second top | 20 kg/ha August, February,
. > September March
dressing) Potassium
16.1 kg/ha
. Nitrogen
Basal dressing 45 kg/ha April October | MUng beans
(before sowing) (Field Crops
Phosphoru
Research
Other S and
Crops Top dr_essmg (at 13.8 kg/ha May, June November, Developmen
flowering) Nitrogen December .
Jul 3 t  Institute,
No fertilizer uty, anuary, n.d.)
required August, February,
September March
3.22 kg/ha Assumption:
Basal dressin Nitrogen one fifth of
(before sowin )g 9  kg/ha April October | the required
g Phosphoru amount  for
Homeste S other crops
ads Top dressing (at | 2.76 kg/ha Mav. June November, | (Field Crops
flowering) Nitrogen Y December | Research
Jul Januar and
No fertilizern uly, uary, Developmen
: August, February, :
required t  Institute,
September March n.d.)
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Table 3.8: Comparison of the Monthly Average Values of Applied Nitrogen Amounts (kg/ha) of Each Month, with the Required

Amount, for Paddy (original in colour)

Required Value (kg/ha) | 20| 20 20 0 20 20| 20 20 20 0 20 20
Agr. Serv. Cen. (ASC) | Jan | Feb | Mar Apr May Jun | Jul | Aug Sep Oct Nov Dec
Siwalakulama 0 0 7.23 10.84 7.23 3.61 0 0 21.81 33.49 2232 | 11.16
Yakalla 0 0| 25.16 37.74 | 25.16| 12.58 0 0 46.56 71.10 4740 | 23.70
Galenbindunuwewa 0 0] 33.29 49.94 | 33.29 | 16.65 0 0 66.55 | 101.88 67.92 | 33.96
Ipalogama 0 0] 69.03| 10354 | 69.03| 34.51 0 0] 11528 | 175.80| 117.20| 58.60
Kekirawa 0 0| 17.14 25.70 | 17.14 8.57 0 0 38.94 59.57 39.71 | 19.86
Maradankadawala 0 0| 10.64 1596 | 10.64 5.32 0 0 23.66 35.80 23.87 | 11.93
Madatugama 0 0| 27.04 40.56 | 27.04 | 13.52 0 0 42.37 64.53 43.02 | 2151
Mihintale

Shrawasthipura 0 0| 68.62| 10292 | 68.62| 34.31 0 0| 110.25| 167.96| 111.98| 55.99
Anuradhapura 0 0 9.34 14.01 9.34 4.67 0 0 29.47 44.72 29.81 | 1491
Palugaswewa 0 0 9.05 13.57 9.05 4.52 0 0 24.84 37.90 25.27 | 12.63
Thirappane 0 0 9.11 13.66 9.11 4.55 0 0 22.83 34.51 23.00 | 11.50
Muriyakadawala 0 0 9.17 13.76 9.17 4.59 0 0 25.72 38.93 2595 | 12.98
Kibissa 0 0] 2531 3796 | 2531 | 12.65 0 0 69.48 | 106.00 70.67 | 35.33




¥9

Table 3.9: Comparison of the Monthly Average Values of Applied Phosphorus Amounts (kg/ha) of Each Month, with the Required

Amount, for Paddy (original in colour)

Required Value (kg/ha) 0 0 0 40 0 0 0 0 0 40 0 0
Agr. Serv. Cen. (ASC) Jan Feb Mar Apr May | Jun | Jul | Aug Sep Oct Nov | Dec
Siwalakulama 0 0 6.07 6.07 0 0 0 0| 1279 ] 13.30 0 0
Yakalla 0 0| 1488 | 14.88 0 0 0 0| 26.07| 27.04 0 0
Galenbindunuwewa 0 0| 19.64| 19.64 0 0 0 0| 37.93| 39.48 0 0
Ipalogama 0 0| 39.76 | 39.76 0 0 0 0| 66.17| 68.66 0 0
Kekirawa 0 0 9.51 9.51 0 0 0 0| 2250 | 23.37 0 0
Maradankadawala 0 0 6.33 6.33 0 0 0 0| 1384 | 1421 0 0
Madatugama 0 0| 1448 | 14.48 0 0 0 0] 2396 | 24.86 0 0
Mihintale

Shrawasthipura 0 0] 36.73| 36.73 0 0 0 0] 6211| 64.35 0 0
Anuradhapura 0 0 5.74 5.74 0 0 0 0| 16.37 ] 16.89 0 0
Palugaswewa 0 0 5.52 5.52 0 0 0 0| 1451 | 15.01 0 0
Thirappane 0 0 5.86 5.86 0 0 0 0| 13.34| 13.66 0 0
Muriyakadawala 0 0 5.63 5.63 0 0 0 0| 1470 | 15.09 0 0
Kibissa 0 0| 1544 | 15.44 0 0 0 0| 4059 | 41.97 0 0
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Table 3.10: Comparison of the Monthly Average Values of Applied Nitrogen Amounts (kg/ha) of Each Month, with the Required

Amount, for Other Crops (original in colour)

Required Value (kg/ha)

0

16.1

13.8

13.8

0

0

16.1

13.8

13.8

Agr. Serv. Cen. (ASC)

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Siwalakulama

Yakalla

Galenbindunuwewa

Ipalogama

11.65

11.65

11.6

5

27.44

27.44

6.86

6.86

6.8

6

6.86

46.60

46.60

11.65

Kekirawa

Maradankadawala

Madatugama

Mihintale

Shrawasthipura

Anuradhapura

Palugaswewa

5.29

5.29

5.2

9

7.58

7.58

1.90

1.90

1.9

0

1.90

21.18

21.18

5.29

Thirappane

32.09

32.09

32.0

9

50.81

50.81

12.70

12.70

12.7

0

12.70

128.35

128.35

32.09

Muriyakadawala

Kibissa

0.74

0.74

0.7

4

1.07

1.07

0.27

0.27

0.2

7

0.27

2.98

2.98

0.74
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Table 3.11: Comparison of the Monthly Average Values of Applied Phosphorus Amounts (kg/ha) of Each Month, with the Required

Amount, for Other Crops (original in colour)

Required Value (kg/ha)

0

0

45

0

0

0

0

45

Agr. Serv. Cen. (ASC)

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Siwalakulama

Yakalla

Galenbindunuwewa

Ipalogama

341

341

341

7.90

7.90

1.98

1.98

1.98

1.98

13.65

13.65

341

Kekirawa

Maradankadawala

Madatugama

Mihintale

Shrawasthipura

Anuradhapura

Palugaswewa

1.57

1.57

1.57

2.31

2.31

0.58

0.58

0.58

0.58

6.29

6.29

1.57

Thirappane

9.53

9.53

9.53

16.34

16.34

4.09

4.09

4.09

4.09

38.12

38.12

9.53

Muriyakadawala

Kibissa

0.22

0.22

0.22

0.33

0.33

0.08

0.08

0.08

0.08

0.88

0.88

0.22
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Table 3.12: Comparison of the Monthly Average Values of Applied Nitrogen Amounts (kg/ha) of Each Month, with the Required
Amount, for Homesteads (original in colour)

Required Value (kg/ha) 0 0 0| 322| 276| 2.76 0 0 0 3.22 2.76 2.76
Agr. Serv. Cen. (ASC) Jan Feb Mar | Apr | May | Jun Jul | Aug | Sep Oct Nov Dec
Siwalakulama 3.83 3.83 3.83| 124 | 124| 124 124| 124 | 124 3.83 3.83 3.83
Yakalla 4.82 4.82 482 | 256| 256| 256 | 256| 2.56| 2.56 4.82 4.82 4.82
Galenbindunuwewa 8.32 8.32 832| 408| 4.08| 408| 4.08| 4.08| 4.08 8.32 8.32 8.32
Ipalogama 8.45 8.45 845| 498 | 498 | 498| 498 | 4.98| 4.98 8.45 8.45 8.45
Kekirawa 4.59 4.59 459 ] 198| 198| 198 | 198| 1.98| 198 4.59 4.59 4.59
Maradankadawala 2.99 2.99 299 | 133| 133| 133 133| 133| 133 2.99 2.99 2.99
Madatugama 5.57 5.57 557| 350| 350| 350 350| 350| 3.50 5.57 5.57 5.57
Mihintale

Shrawasthipura 1469 | 1469| 1469| 9.00| 9.00| 9.00| 9.00| 9.00| 9.00| 14.69| 1469 | 14.69
Anuradhapura 0.73 0.73 0.73] 0.23]| 0.23]| 0.23| 0.23| 0.23| 0.23 0.73 0.73 0.73
Palugaswewa 3.06 3.06 306| 1.09| 109| 109| 1.09| 1.09| 1.09 3.06 3.06 3.06
Thirappane 1.85 1.85 185| 0.73] 0.73] 0.73] 0.73| 0.73| 0.73 1.85 1.85 1.85
Muriyakadawala 3.30 3.30 330 117| 117 117| 1a17| 117 | 117 3.30 3.30 3.30
Kibissa 3.27 3.27 327 117| 117 117| 1a17| 117] 117 3.27 3.27 3.27
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Table 3.13: Comparison of the Monthly Average Values of Applied Phosphorus Amounts (kg/ha) of Each Month, with the Required
Amount, for Homesteads (original in colour)

Required Value (kg/ha) 0 0 0 9 0 0 0 0 0 9 0 0
Agr. Serv. Cen. (ASC) Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep Oct | Nov | Dec
Siwalakulama 114 114 114| 052| 052| 052| 052| 052| 052| 114 114| 114
Yakalla 137| 137| 137| 0v6]| 0.76| 076 076| 076| 076| 137| 137| 1.37
Galenbindunuwewa 242 | 242 242 120| 120| 120] 120| 120| 120| 242| 242| 242
Ipalogama 247 | 247 | 247 | 143| 143| 143| 143| 143| 143| 247 | 247 | 247
Kekirawa 135| 135| 135| 055| 055| 055| 055| 055| 055] 135| 135] 135
Maradankadawala 089| 089| 089| 040| 040| 040| 040| 040| 040| 0.89| 0.89| 0.89
Madatugama 161 161| 161| 094]| 094| 094 094| 094| 094 161] 161| 161
Mihintale

Shrawasthipura 422 | 422 422 241 | 241 | 241 | 241 | 241 | 241 | 422| 422| 422
Anuradhapura 021] 021| 021]| 0.07] 007| 007| 007] 007] 0.07| 021] 021] 0.21
Palugaswewa 091 091| 091| 033 033| 033| 033| 033| 033|] 091| 091| 091
Thirappane 055| 055| 055| 023| 023| 023| 023| 023| 023| 055| 055| 0.55
Muriyakadawala 096| 09| 09| 036| 036| 036| 036| 036| 036| 096| 096 | 0.96
Kibissa 097| 097| 097| 036| 036| 036| 036| 036| 036| 097| 097| 097




3.3 WEP Model Analysis
3.3.1 Preparation of Input Files

There is a total of 43 hydrological component input files and 14 material transport
component input files necessary for the WEP model run. The Digital Elevation Model
(DEM) obtained by the Survey Department had a resolution of 90 m. It was reclassified
using ArcGIS to obtain a 300 m by 300 m resolution grid for the catchment. The input
files containing the elevation, slope, flow direction and flow accumulation of each grid
cell were developed by using ArcGIS and Excel VBA macros. The stream was divided
into 13 channel sections. For this study, 9 soil layers; interception layer, depression
layer, three upper soil layers (thickness 0.2 m, 0.4 m, 1.4 m), transition layer (0.5 m),
unconfined aquifer (12 m), aquitard 1 (12 m), confined aquifer 1 (12 m), aquitard 2
(12 m), confined aquifer 2 (12 m) were considered based on the actual formation of
strata in the soil. Thickness of each layer and initial moisture content of each surface
soil layer (3 layers) in each grid, were given as related input files. The Grama Niladari
Division (GND) wise population and water supply data for the year 2012 were found
from the statistical reports published (Department of Census and Statistics-Sri Lanka,
2012). The population density and the well density related to each cell was computed
to prepare relevant input files. More details about preparation of input files are given

in Appendix A.

Further, input files for the material transport component were prepared using the
previously calculated fertilizer data for all crops, considering N and P. It was assumed
that the total amount of nutrients a plant would absorb (kg) is equal to the required
amount to the plant. Amount of N was presumed as the summation of the amount
added by fertilizer and the amount produced in farmlands from N fixation [by lightning
(Miyamoto, Ketterings, Cherney, & Kilcer, 2008), by combustion (Deacon, n.d.), and
by plant N fixation (Cash, Melton, Gregory, & Cihacek, 1981; Walley, Tomm, Matus,
Slinkard, & Van Kessel, 1996)]. De-nitrification was analysed by the model itself and
for further details of the modelling approach of the non-point and point sources of

pollution, one is referred to Rajapakse et al. (2010).
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Apart from these, input files related to the controlling parameters, sub-catchment
delineation, land use, meteorological data, soil parameters, river channel element
details, aquifer details, initial groundwater levels, etc. have also been prepared for the

model runs.
3.3.2 WEP Model Analysis

The input files prepared for the time period 2008 to 2011 were used for the calibration
model runs, and the input files prepared for the time period 2012 to 2015 were used
for the validation model runs. Since WEP is a hydrological and material transport
model, initially the hydrological component was calibrated/validated and then the
material transport component was calibrated/validated. The WEP model stream flow
results were compared with the developed HEC-HMS model results and objective
function values (error coefficients) such as Pearson Correlation Coefficient, R Squared
Value, Root Mean Square Error, Nash-Sutcliffe Model Efficiency Coefficient, Mean
Absolute Percentage Error were calculated for the calibration and validation periods.
Further, the daily runoff coefficient for the HEC-HMS modelled values and the WEP

model results were compared.

The TSS values obtained from the WEP model results were analysed for the wet season
and dry season separately. Several water quality studies have been conducted focusing
on the Nachchaduwa catchment (Perera et al., 2014; Wijesundara et al., 2012;
Wijesundara et al., 2013) and the WEP model results were compared with the findings
of those studies. In addition, the water quality test results were compared with the WEP

model results.
3.3.3 Parameter Sensitivity Analysis

When comparing the WEP model results with the published water quality results, it
has been identified that Phosphorus is the limiting factor. Therefore, the sensitivity of
the WEP model results, with all the parameters governing the Phosphorus components
in all the material transport component input files were analysed. The input files which
have the maximum sensitivity to the model results were identified as “surfaceC.csv”
(the input file which relates to material movement for the overland flow), “riverC.csv”

(the input file which relates to material transport in the river channel) and
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“nonpointsource.csv” (the input file which relates to non-point source material
transport in forest and urban area), and all the P related parameters in those input files
were varied by +25% to check the model sensitivity.

3.3.4 Scenario Analysis

As explained in Section 2.7 of the literature review, and according to the results of the
fertilizer data analysis in Section 3.2.8, it is evident that there is an over usage of
fertilizers and agro-chemicals in the catchment. Therefore, it is essential to regulate
the amounts of fertilizers used to conserve the water quality of the water resources in
the basin, hence Scenario 1, 2 and 3 will be done to identify the effect of fertilizer
regulation on the water quality. In Scenario 1, 2 and 3, the present condition fertilizer
input amounts would be reduced by 25%, 50% and 75%, respectively.

Furthermore, as explained in Section 2.8 literature review, the significance of climate
change on the WEP model analysis should be taken into consideration, as the WEP
model takes meteorological data as inputs in the analysis. Hence the impacts of the
impending climate change would be analysed by using Scenarios 4, 5 and 6, with
respect to the present condition. In Scenario 4, all rainfall values (in the present
condition) would be increased by 14%. According to the results predicted by De Silva
et al. (2007) for 2050s in Sri Lanka, the predicted increase of the average annual
rainfall by 14% (AZ2) would be the worst-case scenario. On the other hand, the effect
of the magnitude of extreme climate events would be studied by Scenario 5, where
only the extreme rainfall values would be increased/decreased by 5%. The impact of
temperature changes would be studied by Scenario 6, where all temperature values
would be increased by 1.6 ‘C. According to the results predicted by De Silva et al.
(2007) for 2050s in Sri Lanka, the average wet season temperature (the average of
minimum and maximum air temperature) increases by 1.6 ‘C (A2) would be the worst-

case scenario.
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4 RESULTS AND DISCUSSION

This Chapter elucidates the WEP model results for the present condition, sensitivity
analysis results as well as the scenario analysis results, along with the discussion of

the said results.
4.1 WEP Model Results (for the Present Condition)

The WEP model is capable of providing time series values of water and heat balance
as well as water quality/material transport results for each grid, as outputs. The results
pertaining to the hydrological and material transport processes have been presented.
Although the WEP model analysis produces a number of results files of various
parameters, only the most important results have been presented here. The results
which would be used to do the comparison of scenarios were given priority while

presenting the results.
4.1.1 Streamflow comparison with HEC-HMS model results

The WEP model generated streamflow values have been compared with the
streamflow timeseries obtained based on calibrated HEC-HMS model for both
calibration and validation periods. The WEP model streamflow values are matching
with the HEC-HMS model streamflow values (Figure 4.1 and Figure 4.2), and
validation period showed better values for the error coefficients (Table 4.1).

Table 4.1: Error Coefficients for the Calibration and Validation Period

Error Coefficient Calibration Validation
Pearson Correlation Coefficient (PEARSON) 0.6439 0.6875
R Squared Value (RSQ) 0.4146 0.4727
Root Mean Square Error (RMSE) 9.3987 11.8675
Nash—Sutcliffe Model Efficiency Coefficient 0.3872 0.4274
Mean Absolute Percentage Error (MAPE) 0.2351 0.2351
Daily Runoff Coefficient (HEC-HMS) 0.2711 0.2734
Daily Runoff Coefficient (WEP) 0.3278 0.3293
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Figure 4.1: Streamflow Comparison with HEC-HMS Model Results for the
Calibration Period
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Figure 4.2: Streamflow Comparison with HEC-HMS Model Results for the

Validation Period
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4.1.2 Temporal variation of results

The “Olriver.csv” output file gives the results of river related parameters, including,
the average value of the river flow, nutrient components (N and P), and suspended
solids, in the rivers that have been specified (river numbers 11,12 and 13; refer
Appendix A).

The temporal variation results [river flow, TSS, N components (PN - Particulate
Nitrogen, DN - Dissolved Nitrogen, TN - Total Nitrogen), and P components (PP -
Particulate Phosphorus, DP - Dissolved Phosphorus, TP - Total Phosphorus)] were
classified under low flow (percentage exceedance flow rate of total river flow less than
10%), mid flow (percentage exceedance flow rate of total river flow between 45% and
55%), and high flow (percentage exceedance flow rate of total river flow greater than

90%), and have been compared with the three published results.

In addition, the temporal variation results of nutrient components of the WEP model
analysis [N components (PN - Particulate Nitrogen, DN - Dissolved Nitrogen, TN -
Total Nitrogen), and P components (PP - Particulate Phosphorus, DP - Dissolved
Phosphorus, TP - Total Phosphorus)] were classified under the four seasons FIMS,
SWMS, SIMS, and NEMS (described in detail under Section 2.3.1), in order to

compare them with the three published results. For more details refer Appendix B.

A summary of these classified results is given in Table 4.2, but more detailed
calculations of these classified results would be explained under Sections 4.1.2.2 and
4.1.2.3.
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Table 4.2: Average Values of Nitrogen and Phosphorus Components, Classified for the Low Flow, Mid Flow, and High Flow, for the

Calibration and Validation Periods

Calibration Period

Validation Period

PN DN | TN PP DP TP Total PN DN TN PP DP TP Total
Total | Total [Total |Total | Total | Total SS | Total | Total | Total | Total |Total | Total SS
(mg/l) | (mg/l) [((mg/1) |(mg/l) | (mg/l) | (mg/l) | (mg/l) | (mg/l) | (mg/l) [(mg/l) | (mg/l) |(mg/l) | (mg/l) | (mg/l)

WEP-Average of

values of dry/low |4 51 | 1 75| 293| 023| 019| 042| 2222| 128| 1.76| 304| 024| 018| 042| 26.88

flow days

(flow<10%)

WEP-Average of

values of mid- 064 1.46| 210| 012| 014| 026| 020| 066| 1.43| 209| 011| 012| 023| 021

flow days

(45%<flow<55%)

WEP-Average of

values of

. 051| 096 | 146 | 0.09| 0.09| 0.18 0.21| 042 0.56 | 0.98 0.08| 005, 0.14 0.13
wet/high flow
days (flow>90%)




4.1.2.1 Total Suspended Solids (TSS) results

The temporal variation of TSS for the calibration and validation periods are shown in
Figure 4.3 and Figure 4.4, respectively. The temporal variation of TSS showed a
correlation with the Thiessen average rainfall values, implying that the rainfall would
induce a washout of the solids, and hence adding them into the streams. The
meanzstandard deviation, minimum, maximum of values of TSS were; 0.90+4.56
mg/l, 0.11 mg/l, 87.40 mg/l in the calibration dry seasons, 4.79+14.88 mg/l, 0.13 mg/I,
148.57 mg/l in the calibration wet seasons, 0.76+3.45 mg/I, 0.09 mg/l, 49.94 mg/l in
the validation dry seasons, 5.62+20.38 mg/l, 0.10 mg/l, 304.57 mg/I in the validation
wet seasons (Table 4.3). Therefore, on average, the wet season has about five
(calibration) to seven (validation) times the dry season value of the TSS in the streams.
It has been found that the concentration of TSS in rivers increases as a function of
flow. TSS concentrations have been shown to be strongly correlated with the
streamflow with most of the sediment load transported during peak flow events (Silva,
2004;  Wickramaarachchi, Ishidaira, Magome, & Wijayaratna, 2015;
Wickramaarachchi, Ishidaira, & Wijayaratna, 2013). Since the streamflow is
correlated to the rainfall in this catchment, the peaks and troughs in Figure 4.3 and

Figure 4.4 could be justified.

Further, Wickramaarachchi et al. (2013) has found a linear regression relationship
between the turbidity (NTU) value and TSS concentration (mg/l) value in a river as;
TSS (mg/l) value is equal to 1.0457 times the turbidity (NTU) value. According to
Zoysa and Weerasinghe (2016), the Nachchaduwa reservoir had a maximum recorded
turbidity value of 22 NTU, which corresponds to a TSS value of 23 mg/l according to
the previous relationship. Perera et al (2014) found that the mean turbidity values of
the Malwathu Oya river ranged from 81.75 NTU (corresponds to TSS value of 85.49
mg/l) to 256.10 NTU (corresponds to TSS value of 267.80 mg/l). In addition,
Gunaratna and Kumari (2016) found that the turbidity values of the Malwathu Oya
river main cascade varied from 0.5 NTU (corresponds to TSS value of 0.52 mg/l) to
153 NTU (corresponds to TSS value of 159.99 mg/l). Furthermore, the TSS values of
Gin river varied between 2.4 mg/l to 204 mg/l. Therefore, the TSS values obtained

from the WEP model analysis are well within the previously published ranges.

76



Table 4.3: Total Suspended Solids (TSS) Values for the Calibration and Validation

Period for the Wet and Dry Seasons

Calibration Period Validation Period
(2008 - 2011) (2012 - 2015)
Parameter Dry Wet Dry Wet

Mean 0.90 4,79 0.76 5.62
Standard Error 4.56 14.88 3.45 20.38
Minimum 0.11 0.13 0.09 0.10
Q1 0.16 0.18 0.11 0.17
Median 0.17 0.32 0.15 0.30
Q3 0.24 1.00 0.20 0.89
Maximum 87.40 148.57 49.94 304.57
Mean (wet)/Mean (dry) 5.33 7.40
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Figure 4.3: Temporal Variation of TSS with the Thiessen Average Rainfall, for the

Calibration Period (original in colour)
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Figure 4.4: Temporal Variation of TSS with the Thiessen Average Rainfall, for the
Validation Period (original in colour)

4.1.2.2 Results of Nitrogen components

The temporal variation of Nitrogen components, for the calibration and validation
periods are illustrated in Figure 4.5 and Figure 4.6, respectively. The peaks in Figure
4.5 and Figure 4.6 are due to the combined effect from the increases in the input
amounts of fertilizer as well as the increased streamflow peaks (due to rainfall). This
is justifiable as it has been found that the municipal/industrial effluents as well as the
excessive fertilizer usage in agriculture in the study area contribute to the increase in
nutrient components in waterways (Madushanka et al., 2015; Perera et al., 2014;
Kumari et al., 2016).

For the calibration period, the comparison of WEP model results for the low flows,
mid flows, high flows, and for all flows, with the entire duration of the three published
results, are illustrated in Figure 4.7, Figure 4.8, Figure 4.9, and Figure 4.10,
respectively. Figure 4.11, Figure 4.12, Figure 4.13, and Figure 4.14 show the same for

the validation period.
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Figure 4.5: Temporal Variation of Nitrogen Components for the Calibration Period
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It is evident from Figures 4.7 to 4.14 that for the Nitrogen components, for both the
calibration period and the validation period, the WEP low flow values show the best
match with the published results. The published values are given for NOs", therefore,
when comparing, the DN component from the WEP results should be considered. The
DN in the WEP low flow conditions ranges from 0.0023 mg/l to 3.3177 mg/l in the
calibration period, and in the validation period it ranges from 0.0035 mg/l to 3.6347
mg/l, whereas in the published values it ranges from 1.05 mg/I to 12.00 mg/l (Perera
et al., 2014), hence the WEP results could be justified. Further, the three published
studies have only measured the water quality as spontaneous measurements, for a
shorter duration (only for one-year period), and the water quality parameters under all
weather conditions have not been considered (as the sampling has been done once a
month in all three studies). But the values of the WEP model results shown are the
average of a longer time period (hourly values of all days for a period of four years),
and therefore represent a wider and a more reasonable range of values of water quality

parameters in the streams.

In addition, the maximum NOs~ concentration in Malwathu Oya river has been found
to be 15 mg/l in the month of August, by Zoysa and Weerasinghe (2016), therefore it
could be stated that the WEP results are below the maximum value recorded in the
basin and below the threshold value of 10 ppm for drinking water (WHO, 2011).
Further, the canals and streams of the adjacent river basin Kala Oya have shown 0.0
mg/l —10.7 mg/l, 0.0 — 23.4 mg/l of [NO3s] and 0.02 mg/l — 2.60 mg/l, 0.22 — 0.66 mg/I
of [PO4>], respectively (Young et al., 2009). Therefore, in both Yala and Maha
seasons, the WEP model results of NOs™ are within the ranges of the published results.

For more details refer Appendix B.
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4.1.2.3 Results of Phosphorus components

The temporal variation of Phosphorus components, for the calibration and validation
periods are illustrated in Figure 4.15 and Figure 4.16, respectively. The peaks in Figure
4.15 and Figure 4.16 are due to the combined effect from the increases in the input
amounts of fertilizer as well as the increased streamflow peaks (due to rainfall). This
is justifiable as it has been found that the municipal/industrial effluents as well as the
excessive fertilizer usage in agriculture in the study area contribute to the increase in
nutrient components in waterways (Madushanka et al., 2015; Perera et al., 2014;
Kumari et al., 2016).

For the calibration period, the comparison of WEP model results for the low flows,
mid flows, high flows, and for all flows, with the entire duration of the three published
results, are illustrated in Figure 4.17, Figure 4.18, Figure 4.19, and Figure 4.20,
respectively. Figure 4.21, Figure 4.22, Figure 4.23, and Figure 4.24 show the same for

the validation period.
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Figure 4.17: Comparison of WEP Model Results of Phosphorus Components for the
Low Flows (Calibration Period) with the Entire Duration of the Three Published
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Figure 4.24: Comparison of WEP Model Results of Phosphorus Components for the
All Flows (Validation Period) with the Entire Duration of the Three Published
Results
It is evident from Figures 4.17 to 4.24 that for the Phosphorus components, for both
the calibration period and the validation period, the WEP high flow values shows the
best match with the published results. This could be attributed to the fact that, during
high flow conditions the high streamflow would induce a washout of the solids, hence
most of the particulate nutrients which were adsorbed to the sediments get washed
away, adding them to the waterways (Wijesundara et al., 2012). The published values
are given for PO4*, therefore, when comparing, the DP component from the WEP
results should be considered. The DP in the WEP high flow conditions ranges from
0.034 mg/l to 0.153 mg/l in the calibration period, and in the validation period it ranges
from 0.032 mg/l to 0.116 mg/l, whereas in the published values it ranges from 0.004
mg/l to 0.130 mg/l (Wijesundara et al., 2012), hence the WEP results could be justified.
Further, the three published studies have only measured the water quality as
spontaneous measurements, for a shorter duration (only for one-year period), and the
water quality parameters under all weather conditions have not been considered (as the
sampling has been done once a month in all three studies). But the values of the WEP

model results shown are the average of a longer time period (hourly values of all days
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for a period of four years), and therefore represent a wider and a more reasonable range

of values of water quality parameters in the streams.

However, these modelled DP values are above the threshold value of 0.08 ppm of
PO4* for the occurrence of eutrophication (United States Environmental Protection
Agency, 1976). Further, the values of WEP modelled DP were below the threshold of
2 mg/l of PO4* for drinking and irrigation water (WHO, 2011).

Further, the canals and streams of the adjacent river basin Kala Oya have shown 0.0
mg/l —10.7 mg/l, 0.0 — 23.4 mg/l of [NOs7] and 0.02 mg/l — 2.60 mg/l, 0.22 — 0.66 mg/I
of [PO4*], respectively (Young et al., 2009). Therefore, in both Yala and Maha
seasons, the WEP model results of PO4* are within the ranges of the published results.

For more details refer Appendix B.
4.1.2.4 Results of other parameters

Apart from the results discussed before, the WEP model provides results for the
temporal variation of daily and hourly groundwater levels of the three layers of
aquifers for the specified grid cells that were defined in the “@cntrlpara.csv” input
file. Further, the temporal variation of the rainfall at selected observation points, river
flow at specified river locations, surface flow in specified grid cells, water depth at
selected river locations, are given as results. In addition, the average
evapotranspiration in paddy, evaporation from paddy and leaves, transpiration from
paddy cultivated soil, in selected sub-catchments, are also given as results files. The
average groundwater level of paddy in each sub catchment, average submerged depth
in paddy in each sub catchment and river flow at the final day of each month, for each
river segment, will also be given as results. The graphical representation of some these
results for the calibration and validation periods are given in Appendix B.

Apart from these; the water budget, Nitrogen budget and Phosphorus budget, at the
end of each year, for the cells containing paddy/all cells, for each sub-catchment and
the developed area, soil wetness for each soil layer, surface temperature, groundwater
flux (for X and Y directions), groundwater level at the end of each year, for all the

cells, constitution of reclassified land uses in each cell, are given by the other temporal
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results files. These results could be useful for further model calibration and verification

processes if the measured values of these parameters are available.
4.1.3 Spatial variation of results

Although the WEP model analysis produces a number of spatial variation results files
of various parameters, only the most important results have been presented here. The
results which would be used to do the comparison of scenarios were given priority
while presenting the results. After plotting the variation of results given in the 82
spatial variation results files, the 7 files given in Table 4.4 were chosen for the
comparison with the different scenarios. The critical month and the critical parameter
were found after analysing the spatial variation given by each result file. Excel VBA

macros were used for these procedures.

Table 4.4: Critical Months and Critical Parameters of the Selected Spatial Variation

Results Files
Critical Month(s)/ Critical Parameter
File Name File Definition (Present Condition)
Calibration Validation
Concentration of
discharged DN from each
fort.108 farmland stratum (ANI1= Octoﬁtle\lrliOOQ, Septe'rERIelr12012,
layer 1, ANI2= layer 2
etc.)
n-andrnl.asc DN.: gravity November 2009 October 2012
drain/subsurface losses
p-apdrnl.asc DPE gravity November 2009 October 2013
drain/subsurface losses
n-fxce.asc Mesh influx DN quantity | November 2011 | December 2014
n-fxpnce.asc | Mesh influx PN quantity | February 2011 December 2014
p-fxdpce.asc | Mesh influx DP quantity | February 2011 | December 2014
p-fxppce.asc | Mesh influx PP quantity February 2011 December 2014

The discharged nutrient concentrations (as represented in all the results files in Table
4.4), mainly depend on the washout rates due to streamflow which would be induced
by rainfall. Therefore, the differences in the critical months during the calibration and
the validation periods are attributed to the differences in the rainfall induced

streamflow values.
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4.1.3.1 Discharged DN from each layer (“fort.108” results file)

The fort.108 results file contains the concentration of discharged DN (g/m?/hr) from
each farmland stratum (each soil layer) (ANI1= layer 1, ANI2= layer 2, and ANI3=
layer 3) at the end of each month for every cell. For the calibration period, the most
critical month and critical parameter were found to be, October 2009 and ANI1,
respectively. For the validation period, the most critical month and critical parameter
were found to be, September 2012 and ANI1, respectively (refer Figure 4.25). In
Figure 4.25, in the calibration period, the minimum, mean and maximum values of the
ANI1 parameter were found to be 0.000 g/m?/hr, 0.858 g/m?/hr and 36.629 g/m?/hr,
respectively. In Figure 4.25, in the validation period, the minimum, mean and
maximum values of the ANI1 parameter were found to be 0.000 g/m?/hr, 0.646 g/m?/hr
and 24.198 g/m?/hr, respectively.

Figure 4.25: Critical Months and Critical Parameter of “fort.108” Results File; (a)
Calibration Period (October 2009, ANI1) and (b) Validation Period (September
2012, ANI1) (original in colour)
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4.1.3.2 DN in gravity drain/subsurface losses (“n-andrnl.asc” results file)

The n-andrnl.asc results file contains DN from gravity drain/subsurface losses at the
end of each month for every cell. The most critical month for the calibration and
validation periods were found to be, November 2009 and October 2012, respectively
(refer Figure 4.26). In Figure 4.26, in the calibration period, the minimum, mean and
maximum values were found to be 0.000 g/m?/hr, 5.064 g/m?/hr and 216.024 g/m?/hr,
respectively. In Figure 4.26, in the validation period, the minimum, mean and
maximum values were found to be 0.000 g/m?/hr, 5.570 g/m?/hr and 216.337 g/m?/hr,

respectively.

Figure 4.26: Critical Months of “n-andrnl.asc” Results File; (a) Calibration Period
(November 2009) and (b) Validation Period (October 2012) (original in colour)

4.1.3.3 DP in gravity drain/subsurface losses (“p-apdrnl.asc” results file)

The p-apdrnl.asc results file contains DP from gravity drain/subsurface losses at the
end of each month for every cell. The most critical month for the calibration and
validation periods were found to be, November 2009 and October 2013, respectively
(refer Figure 4.27). In Figure 4.27, in the calibration period, the minimum, mean and
maximum values were found to be 0.000 g/m?/hr, 0.670 g/m?/hr and 104.436 g/m?/hr,
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respectively. In Figure 4.27, in the validation period, the minimum, mean and
maximum values were found to be 0.000 g/m?/hr, 0.572 g/m?/hr and 84.346 g/m?/hr,
respectively.

Figure 4.27: Critical Months of “p-apdrnl.asc” Results File; (a) Calibration Period
(November 2009) and (b) Validation Period (October 2013) (original in colour)

4.1.3.4 Mesh influx DN quantity (“n-fxce.asc” results file)

The n-fxce.asc results file contains mesh influx DN quantity at the end of each month
for every cell. The most critical month for the calibration and validation periods were
found to be, November 2011 and December 2014, respectively (refer Figure 4.28). In
Figure 4.28, in the calibration period, the minimum, mean and maximum values were
found to be 0.000 g/m?/hr, 28.180 g/m?/hr and 11 292.281 g/m?/hr, respectively. In
Figure 4.28, in the validation period, the minimum, mean and maximum values were
found to be 0.000 g/m?/hr, 42.707 g/m?/hr and 14 663.427 g/m?/hr, respectively.
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Figure 4.28: Critical Months of “n-fxce.asc” Results File; (a) Calibration Period
(November 2011) and (b) Validation Period (December 2014) (original in colour)

4.1.3.5 Mesh influx PN quantity (“n-fxpnce.asc” results file)

The n-fxpnce.asc results file contains mesh influx PN quantity at the end of each month
for every cell. The most critical month for the calibration and validation periods were
found to be, February 2011 and December 2014, respectively (refer Figure 4.29). In
Figure 4.29, in the calibration period, the minimum, mean and maximum values were
found to be 0.000 g/m?/hr, 15.920 g/m?hr and 5 098.138 g/m?/hr, respectively. In
Figure 4.29, in the validation period, the minimum, mean and maximum values were
found to be 0.000 g/m?/hr, 28.847 g/m?/hr and 8 974.121 g/m?/hr, respectively.
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Figure 4.29: Critical Months of “n-fxpnce.asc” Results File; (a) Calibration Period
(February 2011) and (b) Validation Period (December 2014) (original in colour)

4.1.3.6 Mesh influx DP quantity (“p-fxdpce.asc” results file)

The p-fxdpce.asc results file contains mesh influx DP quantity at the end of each month
for every cell. The most critical month for the calibration and validation periods were
found to be, February 2011 and December 2014, respectively (refer Figure 4.30). In
Figure 4.30, in the calibration period, the minimum, mean and maximum values were
found to be 0.000 g/m?/hr, 6.004 g/m?/hr and 1 657.521 g/m?/hr, respectively. In Figure
4.30, in the validation period, the minimum, mean and maximum values were found
to be 0.000 g/m?/hr, 8.146 g/m?/hr and 2 390.457 g/m?/hr, respectively.
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Figure 4.30: Critical Months of “p-fxdpce.asc” Results File; (a) Calibration Period
(February 2011) and (b) Validation Period (December 2014) (original in colour)

4.1.3.7 Mesh influx PP quantity (“p-fxppce.asc” results file)

The p-fxppce.asc results file contains mesh influx PP quantity at the end of each month
for every cell. The most critical month for the calibration and validation periods were
found to be, February 2011 and December 2014, respectively (refer Figure 4.31). In
Figure 4.31, in the calibration period, the minimum, mean and maximum values were
found to be 0.000 g/m?/hr, 6.258 g/m?/hr and 1 650.272 g/m?/hr, respectively. In Figure
4.31, in the validation period, the minimum, mean and maximum values were found
to be 0.000 g/m?/hr, 9.017 g/m?/hr and 2 447.968 g/m?/hr, respectively.
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Figure 4.31: Critical Months of “p-fxppce.asc” Results File; (a) Calibration Period
(February 2011) and (b) Validation Period (December 2014) (original in colour)

Apart from the 7 files which were described in detail above, N content in each soil
layer at the end of each month for every cell (parameter ANF), fresh organic N content
in paddy surface for each soil layer at the end of each month for every cell (parameter
ANA) (g/m?), refractory N content in paddy surface for each soil layer at the end of
each month for every cell (parameter ANS), amount of inorganic condition Nitrogen
outflow by surface runoff (and rainfall), at the end of each year, amount of organic
(suspended) Nitrogen outflow by surface runoff (and rainfall), at the end of each year,
are some of the other results which could be obtained as spatial variation results.

4.2  Sensitivity Analysis Results
4.2.1 Material movement for the overland flow (“surfaceC.csv” file)

The parameters governing the Phosphorus components in the input file which relates
to material movement for the overland flow (surfaceC.csv file) are; RN
(decomposition speed from suspended condition to dissolved power), KP
(sedimentation coefficient), Smax (amount of the maximum deposit) and Sini (amount
of initial deposit). It was found that for Dissolved Phosphorus (DP), only parameter

99



RN had a significant impact and other parameters had no significant impact (Figure
4.32). For Particulate Phosphorus (PP), RN and Smax had a significant impact, while
other parameters had no significant impact (Figure 4.33). For Total Phosphorus (TP),
RN and Smax have a significant impact, while other parameters had no significant
impact (Figure 4.34). In the legends of all figures in Section 4.2, the letter “I”” denotes
increase of that parameter and “D” denotes decrease of that parameter. Since it has
been previously identified that the peaks and troughs of nutrient concentrations are
correlated to the increases and decreases in the streamflow (due to rainfall), the
streamflow has not been shown in Figures 4.32 to Figure 4.34 for clarity. Further, the
models were run for a shorter duration instead of the entire four year duration, because
the purpose of sensitivity analysis was to identify the sensitivity in model results with

respect to the variation of parameter values.
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Figure 4.32: DP in Each Model Run (mg/1) in “surfaceC.csv” File (original in colour)
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4.2.2 Material transport in the river channel (“riverC.csv” file)

The parameters governing the Phosphorus components in the input file which relates
to material transport in the river channel (riverC.csv file) are; RN, KP, Smax (amount
of the maximum riverbed deposit) and Sini (amount of initial riverbed deposit), uPP
(suspended condition phosphorus diffusion coefficient), uDP (dissolved condition
phosphorus diffusion coefficient). It was found that for DP, none of the parameters has
any significant impact (Figure 4.35). For PP, KP had a significant impact while other
parameters had no significant impact (Figure 4.36). For TP, KP have a significant

impact, while other parameters had no significant impact (Figure 4.37).
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4.2.3 Non-point source material transport in forest and urban area

(“nonpointsource.csv” file)

The parameters governing the Phosphorus components in the input file which relates
to non-point source material transport in forest and urban area (nonpointsource.csv
file) are; aDP [forest (infiltration region: high tree type a) generation load amount for
DP] and aPP [forest (infiltration region: high tree type a) generation load amount for
PP]. It was found that for DP, only aDP has a significant impact (Figure 4.38). For PP,
aDP and aPP have a significant impact (Figure 4.39). For TP, aDP and aPP have a
significant impact (Figure 4.40).
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Sensitivity analysis has shown the response characteristics of the WEP model results
to all the parameters governing the Phosphorus components in the input files, and it

Figure 4.40: TP in Each Model Run (mg/1) in “nonpointsource.csv” File (original in




was noted that different parameters have different sensitivity levels to the model
results. Although it could be assumed that the pollutant loading due to the point sources
in this catchment would be less than the non-point sources of pollutants since this
catchment is not a highly urbanized and developed area, the results of the sensitivity
analysis has shown that parameters governing both the point sources as well as non-

point sources contribute to the variation of WEP model results.
4.3 Scenario Analysis Results

The validated model from the present condition was used for the comparison of

scenarios.

4.3.1 Comparison of fertilizer related scenarios (Scenario 1, 2 and 3)
4.3.1.1 Comparison of temporal variation of results

a) Results of Nitrogen components

The variation of PN in the present condition, Scenario 1 (S1), Scenario 2 (S2), Scenario
3 (S3) are graphically represented in Figure 4.41. The PN amounts of S1, S2, and S3
do not show a significant deviation compared to the present condition, indicating that
the reduction of fertilizer input does not have a significant impact on the accumulation
and dispersal patterns of particulate Nitrogen in the water ways. The slightly increasing
trend of concentrations occurring at the end of the study period (compared to the
beginning) are due to the high amounts of fertilizer input in those years. Since it has
been previously identified that the peaks and troughs of nutrient concentrations are
correlated to the increases and decreases in the streamflow (due to rainfall), the

streamflow has not been shown in Figures 4.41 to Figure 4.43 for clarity.
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Figure 4.41: The Variation of PN in Present Condition, Scenario 1 (S1), Scenario 2
(S2) and Scenario 3 (S3) (original in colour)

The variation of DN in the present condition, Scenario 1 (S1), Scenario 2 (S2),
Scenario 3 (S3) are illustrated in Figure 4.42. The DN amounts of S1, S2, and S3 show
a significant deviation compared to the present condition, indicating that the reduction
of fertilizer input have a significant impact on the accumulation and dispersal patterns
of dissolved Nitrogen in the water ways. The DN concentrations have decreased with
the reduction of fertilizer input, when considering the present condition with S1, S2,
and S3. The slightly increasing trend of concentrations occurring at the end of the study
period (compared to the beginning) are due to the high amounts of fertilizer input in

those years.
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Figure 4.42: The Variation of DN in Present Condition, Scenario 1 (S1), Scenario 2
(S2) and Scenario 3 (S3) (original in colour)

The variation of TN in the present condition, Scenario 1 (S1), Scenario 2 (S2),
Scenario 3 (S3) are illustrated in Figure 4.43. Since TN is the summation of PN and
DN amounts, the TN amounts of S1, S2, and S3 show a significant deviation compared
to the present condition, indicating that the reduction of fertilizer input have a
significant impact on the accumulation and dispersal patterns of total Nitrogen in the
water ways. The TN concentrations have decreased with the reduction of fertilizer
input, when considering the present condition with S1, S2, and S3. The slightly
increasing trend of concentrations occurring at the end of the study period (compared

to the beginning) are due to the high amounts of fertilizer input in those years.
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Figure 4.43: The Variation of TN in Present Condition, Scenario 1 (S1), Scenario 2
(S2) and Scenario 3 (S3) (original in colour)

b) Results of Phosphorus components

The variation of PP in the present condition, Scenario 1 (S1), Scenario 2 (S2), Scenario
3 (S3) are graphically represented in Figure 4.44. The PP amounts of S1, S2, and S3
show a significant deviation compared to the present condition, indicating that the
reduction of fertilizer input have a significant impact on the accumulation and dispersal
patterns of particulate Phosphorus in the water ways. The PP concentrations have
decreased with the reduction of fertilizer input, when considering the present condition
with S1, S2, and S3. The slightly increasing trend of concentrations occurring at the
end of the study period (compared to the beginning) are due to the high amounts of

fertilizer input in those years.
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Figure 4.44: The Variation of PP in Present Condition, Scenario 1 (S1), Scenario 2
(S2) and Scenario 3 (S3) (original in colour)

The variation of DP in the present condition, Scenario 1 (S1), Scenario 2 (S2), Scenario
3 (S3) are illustrated in Figure 4.45. The DP amounts of S1, S2, and S3 show a
significant deviation compared to the present condition, indicating that the reduction
of fertilizer input have a significant impact on the accumulation and dispersal patterns
of dissolved Phosphorus in the water ways. The DP concentrations have decreased
with the reduction of fertilizer input, when considering the present condition with S1,
S2, and S3. The slightly increasing trend of concentrations occurring at the end of the
study period (compared to the beginning) are due to the high amounts of fertilizer input

in those years.
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Figure 4.45: The Variation of DP in Present Condition, Scenario 1 (S1), Scenario 2
(S2) and Scenario 3 (S3) (original in colour)

The variation of TP in the present condition, Scenario 1 (S1), Scenario 2 (S2), Scenario
3 (S3) are illustrated in Figure 4.46. Since TP is the summation of PP and DP amounts,
the TP amounts of S1, S2, and S3 show a significant deviation compared to the present
condition, indicating that the reduction of fertilizer input have a significant impact on
the accumulation and dispersal patterns of total Phosphorus in the water ways. The TP
concentrations have decreased with the reduction of fertilizer input, when considering
the present condition with S1, S2, and S3. The slightly increasing trend of
concentrations occurring at the end of the study period (compared to the beginning)
are due to the high amounts of fertilizer input in those years.
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Figure 4.46: The Variation of TP in Present Condition, Scenario 1 (S1), Scenario 2
(S2) and Scenario 3 (S3) (original in colour)

When considering the variation of Nitrogen components and the Phosphorus
components, it is clearly evident that the Phosphorus components have shown much
more significant deviation from their present condition values, when the fertilizer input
amounts are reduced following S1, S2, and S3, than the Nitrogen components. This is
because the parameters related to Phosphorus components have much more sensitivity
to the WEP model results, as found from the sensitivity analysis. Therefore, the
reduction in the fertilizer input has significantly affected in reducing the Phosphorus

related components in the water ways.
c) Total Suspended Solids (TSS) variation

The TSS did not show a significant variation when comparing the present condition,
Scenario 1 (S1), Scenario 2 (S2), Scenario 3 (S3) as illustrated in Figure 4.47.
Therefore, the reduction of fertilizer input does not have a significant impact on the

accumulation and dispersal patterns of Total Suspended Solids in the water ways.
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Figure 4.47: The Variation of TSS in Present Condition, Scenario 1 (S1), Scenario 2
(S2) and Scenario 3 (S3) (original in colour)

4.3.1.2 Comparison of nutrient concentrations with flow values

The results of all scenarios were classified under low flow, mid flow and high flow,
similar to the present condition (refer Section 4.1.2), and they were compared with

each other and with the previously published water quality values for the same basin.
a) Results of Nitrogen components

The meanzstandard deviation of TN in different scenarios (concentrations in mg/l)
have been tabulated in Table 4.5. Comparison of nutrient concentration values of all
scenarios with the published results for the low flows, mid flows, high flows, and all
flows conditions are shown in Figure 4.48, Figure 4.49, 4.50 and Figure 4.51,
respectively.

Table 4.5: Comparison of TN in Different Flows (meanzstandard deviation)

TN Low flow Mid Flow High Flow All Flows
Present | 3.039 + 0.940 | 2.087 + 0.414 0.985+ 0.255 | 2.155+ 0.765
S1 2.935+ 0.880 | 1.971 + 0.361 0.977+ 0.234 | 2.047 £ 0.703
S2 2.843 + 0.832 | 1.882 + 0.322 0.970+ 0.218 | 1.960+ 0.654
S3 2.766 = 0.799 | 1.823 £ 0.293 0.965+ 0.209 | 1.900 + 0.617
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Figure 4.48: Comparison of Nutrient Concentration Values (Nitrogen Components)

of All Scenarios with the Published Results for the Low Flows

_ Published

—I
_|_H_H_|_

(eToT Riepunsalipn) - £ON

(gToT Riepunsalipg) - €ON

(FTOT “|' 32 ‘Ri3U3d) - EON

Present

(Mol plul)
dIM-NL UDIpUDD JU3said
(Mol pruw)
dIM-NQ UoRIpUS?) JUasald
I (moly pruw)
dIM-Nd UailpueT Juasald

Reduction)

[ Mol Prw) d3m-NL TS

(Mo)f plu) dIM-NT TS

(molg piru) 43m-Nd TS

Reduction)

[ D)3 prw) d3Im-NL 25

{mold plw) dIm-Na 25

(Mol plu) dIM-Nd 25

53 (75%
Reduction)

(Mo} plu) dIM-NL €5

(Mo piw) d3a-Na E5

(Mol pru) 43M-Nd £5

=t
—

T
(o]
—

o =] w =t o

—
(19w} voneuaduod

Mitrogen Component

Figure 4.49: Comparison of Nutrient Concentration Values (Nitrogen Components)

of All Scenarios with the Published Results for the Mid Flows
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Figure 4.50: Comparison of Nutrient Concentration Values (Nitrogen Components)

of All Scenarios with the Published Results for the High Flows
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Figure 4.51: Comparison of Nutrient Concentration Values (Nitrogen Components)

of All Scenarios with the Published Results for the All Flows
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According to the values given in Table 4.5 and after considering figures from Figure
4.48 to Figure 4.51, it could be stated that, the water quality results of all (Nitrogen)
components have reduced with the reduction of the fertilizer input, and the low flow

conditions showed better matching values with the published values.
b) Results of Phosphorus components

The meanzstandard deviation of TP in different scenarios (concentrations in mg/l)
have been tabulated in Table 4.6.

Table 4.6: Comparison of TP in Different Flows (meanztstandard deviation)

TP Low flow Mid Flow High Flow All Flows
Present | 0.418+ 0.153 | 0.235+ 0.045| 0.139+ 0.019 | 0.269 + 0.133
S1 0.373+ 0.120 | 0.207 + 0.033 | 0.137+ 0.016 | 0.237 £ 0.102
S2 0.337 + 0.102 | 0.188+ 0.028 | 0.136+ 0.015| 0.213+ 0.080
S3 0.318 + 0.098 | 0.175+ 0.028 | 0.136+ 0.014 | 0.198 + 0.072

Comparison of nutrient concentration values of all scenarios with the published results
for the low flows, mid flows, high flows, and all flows conditions are shown in Figure
4.52, Figure 4.53, 4.54 and Figure 4.55, respectively.
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Figure 4.54: Comparison of Nutrient Concentration Values (Phosphorus

Components) of All Scenarios with the Published Results for the High Flows
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Figure 4.55: Comparison of Nutrient Concentration Values (Phosphorus

Components) of All Scenarios with the Published Results for the All Flows

According to the values given in Table 4.6 and after considering figures from Figure
4.52 to Figure 4.55, it could be stated that, the water quality results of all (Phosphorus)
components have reduced with the reduction of the fertilizer input, and the high flow
conditions showed better matching values with the published values.

c) Comparison of percentage difference

The percentage differences of the mean values of all water quality components, with
respect to the present condition have been calculated. The comparison of values in
Scenario 1, Scenario 2, and Scenario 3, have been tabulated in Table 4.7, Table 4.8,
and Table 4.9, respectively.
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Table 4.7: S1 Percentage Difference Compared to the Present Condition ((S 1 Average - Present Condition Average)*100)/(Present

Condition Average)

PN DN TN PP DP TP Total Total N Total P
Low Flow -2.240 -4.313 -3.437 -9.486 -12.234 | -10.685 | -42.396 -9.991 -32.405
Mid Flow -0.004 -8.083 -5.545 -9.079 -13.888 | -11.531 | -48.129 | -13.632 -34.498
High Flow 0.001 -1.385 -0.791 -0.663 -1.647 ] -1.051] -5.536 -2.175 -3.361

Table 4.8: S2 Percentage Difference Compared to the Present Condition ((S 2 Average - Present Condition Average)*100)/(Present

Condition Average)

PN DN N PP DP TP Total Total N Total P
Low Flow -4.4497 -7.9269 -6.4583 -17.2754 | -21.8912 | -19.2902 | -77.292 | -18.835 -58.457
Mid Flow -0.0075 -14.3000 -9.8107 -15.3629 | -23.7932 | -19.6617 | -82.936 | -24.118 -58.818
High Flow 0.0003 -2.5697 -1.4670 -1.1345 -2.8410 | -1.8066 -9.818 -4.036 -5.782

Table 4.9: S3 Percentage Difference Compared to the Present Condition ((S 3 Average - Present Condition Average)*100)/(Present

Condition Average)

PN DN N PP DP TP Total Total N Total P
Low Flow -6.672 -10.661 -8.976 -21.808 -26.391 | -23.808 | -98.317 | -26.309 -72.007
Mid Flow -0.011 -18.418 -12.636 -19.615 -30.644 | -25.239 | -106.564 | -31.065 -75.499
High Flow -0.001 -3.429 -1.958 -1.417 -3.584 | -2.270] -12.659 -5.387 -1.272




Several conclusions could be made after taking into consideration of the percentage
difference values tabulated in Table 4.7 to Table 4.9. Almost all the water quality
parameter concentrations have been reduced with the reduction of fertilizer input
(except only for PN in high flow conditions in S1 and S2). S3 shows the maximum
amount of reduction in pollutant concentrations, when compared to the present
condition. In addition, the Phosphorus components show higher amount of reduction,
when compared with the reduction in Nitrogen components. Therefore, it could be
presumed that the Phosphorus components are more sensitive to the fertilizer input to
the WEP model.

When considering all scenarios, the maximum reduction in most of the water quality
concentrations (DN, TN, DP, and TP) have been obtained in the mid flow values (this
relationship is valid even if these N and P components are considered separately or as
a summation). Therefore, it could be concluded that the accumulation and dispersal
amounts of nutrients (especially in the dissolved condition) in the mid flow conditions

are more sensitive to a reduction in fertilizer input.

However, when considering PN and PP, in all three scenarios, the maximum reduction
has occurred during low flow conditions. This could be attributed to the fact that,
during high flow conditions the high streamflow would induce a washout of the solids,
and hence removing them quickly from the streams, therefore, most of the particulate
nutrients get washed away. Therefore, during low flow conditions a more prominent
reduction of the particulate nutrients could be expected, with the reduction of fertilizer
input. Hence, during high flow conditions the reduction of particulate nutrient

concentrations are less significant.

Although the fertilizer input has been reduced in S1, S2, and S3 with respect to the
present condition, an increase of concentrations have occurred for PN in high flow
conditions in S1 and S2. Since the Nitrogen input does not solely depend on the amount
given by fertilizer alone [as it also depends on the amount given from N fixation
(lightening, combustion, plant N fixation)], these concentration values could be
justified.
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4.3.1.3 Comparison of spatial variation of results

The seven spatial variation results files chosen for comparison (refer Section 4.1.3) in
all scenarios were compared with each other and with the present condition results.
The summary of the critical months and the percentage differences in the maximum
values in the critical months have been tabulated in Tables 4.10 to Table 4.12. Further,
the percentage difference in the maximum value was calculated as; ((Scenario max

value)-(Present condition max value))*100)/(Present condition max value) .

Table 4.10: Comparison of Critical Months and the Percentage Differences in the

Maximum Values - Present and S1

Critical Month(s) Percentage
Scenario 1 difference
File Present in the
> (25% ,
Condition . maximum
reduction)
value
fort.108 (Discharged DN from September September -14.160
each layer) 2012, ANI1 2012, ANI1 '
n-andrnl.asc (DN in gravity October 2012 October 2012 -13.674
drain/subsurface losses)
p-apdrnl.asc (DP in gravity | . 0pero013 | October 2013 |  -40.089
drain/subsurface losses)
n-fxce.asc (Mesh influx DN | o o her 2014 | December 2014 -4.870
quantity)
n-fxpnce.asc (Mesh influx PN | o o her 2014 | December 2014 -2.919
quantity)
p-fxdpce.asc (Mesh influx DP | o o her 2014 | December 2014 | -25.252
guantity)
p-fxppce.asc (Mesh influx PP o o her 2014 | December 2014 | -21.536
guantity)
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Table 4.11: Comparison of Critical Months and the Percentage Differences in the

Maximum Values - Present and S2

Critical Month(s) Percentage
difference
File Present Scenario 2 in the
Condition (50% reduction) | maximum
value
fort.108 (Discharged DN from September September 24 658
each layer) 2012, ANI1 2012, ANI1 '
n-andmlasc (DN In gravity | oooper0012 | October2012 | -25.388
drain/subsurface losses)
p-apdmlasc (DP in gravity | o per 0013 | September 2014 | -69.126
drain/subsurface losses)
n-fxceasc (Mesh influx DN | o omber 2014 | December 2014 | -9.017
guantity)
n-fxpnce.asc (Mesh influx PN | oo ber 2014 | December 2014 | -5.689
guantity)
p-fxdpce.asc (Mesh influx DP December 2014 | December 2014 -47.989
guantity)
p-fxppce.asc (Mesh influx PP | o ooiner 2014 | December 2014 | -41.238

guantity)

Table 4.12: Comparison of Critical Months and the Percentage Differences in the

Maximum Values - Present and S3

Critical Month(s) Percentage
difference
File Present Scenario 3 in the
Condition (75% reduction) | Maximum
value
fort.108 (Discharged DN from September September -33.151
each layer) 2012, ANI1 2012, ANI1 '
n-andmlasc (DN In gravity | oooper0012 | October2012 | -35.976
drain/subsurface losses)
p-apdml.asc (DP in gravity | o per 0013 | September 2014 | -85.952
drain/subsurface losses)
n-fxceasc (Mesh influx DN | o omber 2014 | December 2014 | -12.449
guantity)
n-fxpnce.asc (Mesh influx PN | oo iner 2014 | December 2014 | -8.544
guantity)
p-fxdpce.asc (Mesh influx DP | oo per 2014 | December 2014 | -61.142
guantity)
p-xppce.asc (Mesh influx PP\ oo her 2014 | December 2014 -53.574

quantity)
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According to Table 4.10 to Table 4.12, it is evident that the percentage difference
(percentage reduction) in the maximum value (in the critical month), between the
percent condition and the scenarios, have increased with the increase of the reduction
of fertilizer input. The maximum reduction has occurred in S3 in the “p-fxdpce.asc”
results file, which gives influx of DP quantity to grid cells. Almost all the water quality
parameter concentrations have been reduced with the reduction of fertilizer input. S3
shows the maximum amount of reduction in pollutant concentrations, when compared
to the present condition. In addition, the Phosphorus components show higher amount
of reduction, when compared with the reduction in Nitrogen components. Therefore,
it could be presumed that the Phosphorus components are more sensitive to the
fertilizer input to the WEP model. The reduction of the critical values in the critical
months of these results files which depict the spatial variation of various nutrient
components, are further illustrated by Figures from Figure 4.56 to Figure 4.62. The
practical importance of obtaining these spatial variation results files is that, after
further refinement of data in the future, these could be used to identify the hotspots of
pollutant concentrations. This would be very much helpful in isolating the areas where
the fertilizer regulation must be carried out. On the other hand, it could be concluded
that the accumulation and dispersal amounts of nutrients especially in the dissolved

condition, are more sensitive to a reduction in fertilizer input.
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Figure 4.56: Comparison of Discharged DN from each layer (“fort.108” Results File); (a) Present Condition, (b) Scenario 1, (c) Scenario

2, (d) Scenario 3 (original in colour)
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Figure 4.57: Comparison of DN in Gravity Drain/Subsurface Losses (“n-andrnl.asc” Results File); (a) Present Condition, (b) Scenario 1,

(c) Scenario 2, (d) Scenario 3 (original in colour)
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Figure 4.58: Comparison of DP in Gravity Drain/Subsurface Losses (“p-apdrnl.asc” Results File); (a) Present Condition, (b) Scenario 1,

(c) Scenario 2, (d) Scenario 3 (original in colour)
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Figure 4.59: Comparison of Mesh Influx DN Quantity (“n-fxce.asc” Results File); (a) Present Condition, (b) Scenario 1, (c) Scenario 2,

(d) Scenario 3 (original in colour)
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Figure 4.60: Comparison of Mesh Influx PN Quantity (“n-fxpnce.asc” Results File); (a) Present Condition, (b) Scenario 1, (c) Scenario

2, (d) Scenario 3 (original in colour)
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Figure 4.61: Comparison of Mesh Influx DP Quantity (“p-fxdpce.asc” Results File); (a) Present Condition, (b) Scenario 1, (c) Scenario

2, (d) Scenario 3 (original in colour)
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Figure 4.62: Comparison of Mesh Influx PP Quantity (“p-fxppce.asc” Results File); (a) Present Condition, (b) Scenario 1, (c) Scenario

2, (d) Scenario 3 (original in colour)



4.3.2 Comparison of climate change related scenarios (Scenario 4, 5 and 6)
4.3.2.1 Comparison of temporal variation of results
a) Results of Nitrogen components

The variation of PN in the present condition, Scenario 4 (S4), Scenario 5 (S5), Scenario
6 (S6) are graphically represented in Figure 4.63. The PN amounts of S4, S5, and S6
do not show a significant deviation compared to the present condition, however, a
slight deviation is noticeable. The PN of S4 and S5 have slightly increased with respect
to the present condition, indicating that the increase in all rainfall values (S4) as well
as the increase in the magnitude of rainfall extreme events (S5), have an impact on the
PN. In other words, the accumulation and dispersal patterns of particulate Nitrogen in
the water ways are dependent on the amount of rainfall received. Further, PN values
of S6 are lesser than the present condition, implying that an increase in temperature
would cause a decrease in the accumulation and dispersal patterns of particulate
Nitrogen in the water ways. In Figure 4.63 to Figure 4.65, the slightly increasing trend
of concentrations occurring at the end of the study period (compared to the beginning)
are due to the high amounts of fertilizer input in those years.

The variation of DN in the present condition, Scenario 4 (S4), Scenario 5 (S5),
Scenario 6 (S6) are illustrated in Figure 4.64. The DN amounts of S4, S5, and S6 do
not show a significant deviation compared to the present condition, however, a slight
deviation is noticeable. The DN of S4 and S5 have slightly increased with respect to
the present condition, indicating that the increase in all rainfall values (S4) as well as
the increase in the magnitude of rainfall extreme events (S5), have an impact on the
DN. In other words, the accumulation and dispersal patterns of dissolved Nitrogen in
the water ways are dependent on the amount of rainfall received. Further, DN values
of S6 has decreased with respect to the present condition, implying that an increase in
temperature would cause a decrease in the accumulation and dispersal patterns of

dissolved Nitrogen in the water ways.
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Figure 4.63: The Variation of PN in Present Condition, Scenario 4 (S4), Scenario 5

(S5) and Scenario 6 (S6) (original in colour)
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The variation of TN in the present condition, Scenario 4 (S4), Scenario 5 (S5),
Scenario 6 (S6) are illustrated in Figure 4.65. Since TN is the summation of PN and
DN amounts, the TN amounts of S4, S5, and S6 do not show a significant deviation
compared to the present condition, however, a slight deviation is noticeable. The TN
of S4 and S5 have slightly increased with respect to the present condition, indicating
that the increase in all rainfall values (S4) as well as the increase in the magnitude of
rainfall extreme events (S5), have an impact on the TN. In other words, the
accumulation and dispersal patterns of total Nitrogen in the water ways are dependent
on the amount of rainfall received. Further, TN values of S6 has decreased with respect
to the present condition, implying that an increase in temperature would cause a
decrease in the accumulation and dispersal patterns of total Nitrogen in the water ways.
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Figure 4.65: The Variation of TN in Present Condition, Scenario 4 (S4), Scenario 5
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b) Results of Phosphorus components

The variation of PP in the present condition, Scenario 4 (S4), Scenario 5 (S5), Scenario
6 (S6) are illustrated in Figure 4.66. The PP values of S4 have increased significantly
with respect to the present condition, and the PP values of S5 have slightly increased
with respect to the present condition, indicating that the increase in all rainfall values
(S4) has a significant impact on the amounts of PP and the increase in the magnitude
of rainfall extreme events (S5) has a slight impact on the PP. In other words, the
accumulation and dispersal patterns of particulate Phosphorus in the water ways are
dependent on the amount of rainfall received. Further, PP values of S6 has decreased
with respect to the present condition, implying that an increase in temperature would
cause a decrease in the accumulation and dispersal patterns of particulate Phosphorus

in the water ways.
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Figure 4.66: The Variation of PP in Present Condition, Scenario 4 (S4), Scenario 5
(S5) and Scenario 6 (S6) (original in colour)

The variation of DP in the present condition, Scenario 4 (S4), Scenario 5 (S5), Scenario

6 (S6) are illustrated in Figure 4.67. The DP values of S4 have increased significantly
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with respect to the present condition, and the DP values of S5 have slightly increased
with respect to the present condition, indicating that the increase in all rainfall values
(S4) has a significant impact on the amounts of DP and the increase in the magnitude
of rainfall extreme events (S5) has a slight impact on the DP. In other words, the
accumulation and dispersal patterns of dissolved Phosphorus in the water ways are
dependent on the amount of rainfall received. Further, DP values of S6 has decreased
with respect to the present condition, implying that an increase in temperature would
cause a decrease in the accumulation and dispersal patterns of dissolved Phosphorus

in the water ways.
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Figure 4.67: The Variation of DP in Present Condition, Scenario 4 (S4), Scenario 5
(S5) and Scenario 6 (S6) (original in colour)

The variation of TP in the present condition, Scenario 4 (S4), Scenario 5 (S5), Scenario
6 (S6) are illustrated in Figure 4.68. Since TP is the summation of PP and DP amounts,
the TP values of S4 have increased significantly with respect to the present condition,
and the TP values of S5 have slightly increased with respect to the present condition,

indicating that the increase in all rainfall values (S4) has a significant impact on the
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amounts of TP and the increase in the magnitude of rainfall extreme events (S5) has a
slight impact on the TP. In other words, the accumulation and dispersal patterns of
total Phosphorus in the water ways are dependent on the amount of rainfall received.
Further, TP values of S6 has decreased with respect to the present condition, implying
that an increase in temperature would cause a decrease in the accumulation and

dispersal patterns of total Phosphorus in the water ways.
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Figure 4.68: The Variation of TP in Present Condition, Scenario 4 (S4), Scenario 5
(S5) and Scenario 6 (S6) (original in colour)

When considering the variation of Nitrogen components and the Phosphorus
components, it was observed that in S4 and S5, the Phosphorus components have
shown greater deviation from their present condition values, than the Nitrogen
components. With respect to this difference (regarding N and P), S4 has shown greater
values than S5. Therefore, it could be concluded that the parameters related to
Phosphorus components have more sensitivity to the input rainfall values than the
parameters related to the Nitrogen components, with the increase in all rainfall values

(S4) having more effect than the increase in the magnitude of extreme events (S5).

136



However, in S6, the Nitrogen components have shown greater deviation from their
present condition values than the Phosphorus components, hence implying that the
parameters related to Nitrogen components have more sensitivity to the input

temperature values than the parameters related to the Phosphorus components.
c) Total Suspended Solids (TSS) variation

The temporal variation of TSS in all scenarios is illustrated in Figure 4.69. TSS values
of S4 have increased significantly with respect to the present condition, implying that
the increase in rainfall resulting in a high streamflow that in turn would induce a
washout of the solids, and hence the increase in TSS. In S5, with respect to the present
condition, only the extreme values of TSS have been increased, as a result of increasing
only the magnitude of extreme rainfall events in S5. Nevertheless, in S6, a distinct
deviation from the present condition values of TSS was not observed, implying that
the increase in temperature values does not have a significant impact on the

accumulation and dispersal patterns of Total Suspended Solids in the water ways.
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Figure 4.69: The Variation of TSS in Present Condition, Scenario 4 (S4), Scenario 5
(S5) and Scenario 6 (S6) (original in colour)
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4.3.2.2 Comparison of nutrient concentrations with flow values

The results of all scenarios were classified under low flow, mid flow and high flow,
similar to the present condition (refer Section 4.1.2), and they were compared with

each other and with the previously published water quality values for the same basin.
a) Results of Nitrogen components

The meanzstandard deviation of TN in different scenarios (concentrations in mg/l)
have been tabulated in Table 4.13.

Table 4.13: Comparison of TN in Different Flows (meanzstandard deviation)

TN Low flow Mid Flow High Flow All Flows
Present | 3.039 £ 0.940 | 2.087 £ 0.414 0.985+ 0.255| 2.155+ 0.765
S4 3.208 + 0.988 | 2.164 + 0.438 0.980+ 0.164 | 2.047 + 0.703
S5 3.077 £ 0.960 | 2.115+ 0.433 0976+ 0.225| 1.960 + 0.654
S6 3.003 + 0.930 | 2.051 + 0.389 0.986+ 0.264 | 1.900+ 0.617
Comparison of nutrient concentration values of all scenarios with the published results

for the low flows, mid flows, high flows, and all flows conditions are shown in Figure
4.70, Figure 4.71, 4.72 and Figure 4.73, respectively.
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Figure 4.70: Comparison of Nutrient Concentration Values (Nitrogen Components)

of All Scenarios with the Published Results for the Low Flows
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Figure 4.71: Comparison of Nutrient Concentration Values (Nitrogen Components)

of All Scenarios with the Published Results for the Mid Flows

Published

(eToz RiEpunsalipg) - 0N

(zToz RiEpuUnsalim) - £ON

(FTOT |2 32 "Bl2iad) - €ON

Present

;Léé

(o ysEiy)
dIM-NL UOIpUS) jJuasald
(mo3 yaiy)
dIN-NEO UoIpUod Juasald
i (o yB1y)
dIAN-Nd UOIHPpUO]) Juasald

54
(Rain_Increa
)

se_All

(ol YY) dIM-NL BS

(o4 Y3Y) dIm-Na ¥S

(Aol YY) dIm-hd s

55
(Rain_Increac
e_Extremes)

(o) YY) dIm-NL 55

(o3 ySiy) d3m-Na 55

(mol) yB1y) d3m-Md S5

I

56

(Temp_lncre
ase_All

(ol yEIy) dIM-NL 95

(w0t Y3iy) d3m-Na 9s

e e S A O U N

(o) YSiy) dIm-Nd 95

=t
—

T T T T T
=)

= —l

(1/3w} vonesuaouody

[ IR = RS S & T =

Mitrogen Component

Figure 4.72: Comparison of Nutrient Concentration Values (Nitrogen Components)

of All Scenarios with the Published Results for the High Flows
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Figure 4.73: Comparison of Nutrient Concentration Values (Nitrogen Components)

of All Scenarios with the Published Results for the All Flows

According to the values given in Table 4.13 and after considering figures from Figure

4.70 to Figure 4.73, it could be stated that the low flow conditions showed better

matching values with the published values, with respect to the water quality results of

all Nitrogen components.

b) Results of Phosphorus components

The meanzstandard deviation of TP in different scenarios (concentrations in mg/l)
have been tabulated in Table 4.14.

Table 4.14: Comparison of TP in Different Flows (meanzstandard deviation)

TP Low flow Mid Flow High Flow All Flows
Present | 0.418+ 0.153 | 0.235+ 0.045| 0.139+ 0.019 | 0.269 + 0.133
S4 0.430+ 0.144 | 0.264 + 0.053 | 0.139+ 0.015| 0.237 £ 0.102
S5 0.421 + 0.154 | 0.240+ 0.047 | 0.138+ 0.018 | 0.213 + 0.080
S6 0.416+ 0.155] 0.231+ 0.044| 0.138+ 0.020 | 0.198 + 0.072
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Comparison of nutrient concentration values of all scenarios with the published results

for the low flows, mid flows, high flows, and all flows conditions are shown in Figure

4.74 Figure 4.75, 4.76 and Figure 4.77, respectively.
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Figure 4.74: Comparison of Nutrient Concentration Values (Phosphorus

Components) of All Scenarios with the Published Results for the Low Flows
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Figure 4.77: Comparison of Nutrient Concentration Values (Phosphorus

Components) of All Scenarios with the Published Results for the All Flows

According to the values given in Table 4.14 and after considering figures from Figure
4.74 to Figure 4.77, it could be stated that, the high flow conditions showed better
matching values with the published values, with respect to the water quality results of

all Phosphorus components.
c) Comparison of percentage difference

The percentage differences of the mean values of all water quality components, with
respect to the present condition have been calculated. The comparison of values in
Scenario 4, Scenario 5, and Scenario 6, have been tabulated in Table 4.15, Table 4.16,
and Table 4.17, respectively.
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Table 4.15: S4 Percentage Difference Compared to the Present Condition ((S4 Average - Present Condition Average)*100)/(Present

Condition Average)

PN DN N PP DP TP Total | Total N Total P
Low Flow 7.983 3.816 5.576 3.178 2.666 2.955 | 26.173 17.375 8.798
Mid Flow 3.726 3.664 3.683 11.295 13.494 12.416 | 48.279 11.073 37.206
High Flow 1.938 -2.352 -0.512 0.199 -0.138 0.067 | -0.798 -0.927 0.128

Table 4.16: S5 Percentage Difference Compared to the Present Condition ((S5 Average - Present Condition Average)*100)/(Present

Condition Average)

PN DN N PP DP TP Total | Total N Total P
Low Flow 1.581 1.019 1.257 0.859 0.651 0.768 | 6.136 3.857 2.279
Mid Flow 0.475 1.714 1.325 2.036 2.535 2.291 | 10.377 3.514 6.863
High Flow 0.154 -1.694 -0.902 -0.083 -0.897 -0.404 | -3.827 -2.442 -1.385

Table 4.17: S6 Percentage Difference Compared to the Present Condition ((S6 Average - Present Condition Average)*100)/(Present

Condition Average)

PN DN TN PP DP TP Total Total N Total P
Low Flow -0.757 -1.519 -1.197 -0.521 -0.318 | -0.432| -4.743 -3.473 -1.271
Mid Flow -0.508 -2.271 -1.718 -1.283 -1.529 | -1409| -8.718 -4.497 -4.221
High Flow -0.204 0.367 0.122 -0.502 0.074 ] -0.275] -0.418 0.285 -0.703




Several conclusions could be made after taking into consideration the percentage
difference values tabulated in Table 4.15 to Table 4.17.

Almost all the Nitrogen water quality parameter concentrations of S4 have increased
with respect to the present condition (except only for DN and TN in high flow
conditions), indicating that the increase in all rainfall values, have an impact on the
concentrations of Nitrogen nutrients, which are increased accordingly. In other words,
the accumulation and dispersal patterns of Nitrogen in the water ways are dependent
on the amount of rainfall received. The maximum increase in all Nitrogen related water
quality concentrations has been obtained in the low flow values in S4. Therefore, it
could be concluded that the accumulation and dispersal amounts of Nitrogen nutrients
in the low flow conditions are more sensitive to an increase in all rainfall values. This
could be attributed to the fact that, during high flow conditions the high streamflow
would induce a washout of the N related nutrients, and hence removing them quickly
from the streams, therefore, most of the nutrients get washed away. Therefore, during
low flow conditions a more prominent increase of the nutrients could be expected, with
the increase in rainfall input. Hence, during high flow conditions the increase of N
related nutrient concentrations are less significant. However, the DN and TN amounts
have shown a decrease with respect to the present condition, during high flow
conditions. This could be attributed to the fact that, since the high amount of dilution
happening during the high flow conditions, the DN and TN nutrient concentrations
have decreased even below their present condition values, with the increase in all

rainfall values in S4.

On the other hand, the values of Phosphorus nutrient concentrations of S4 have
increased significantly with respect to the present condition (except only for DP in
high flow conditions), indicating that the increase in all rainfall values (S4) has a
significant impact on the amounts of Phosphorus. In other words, the accumulation
and dispersal patterns of Phosphorus nutrients in the water ways are dependent on the
amount of rainfall received. Further, the maximum increase in all Phosphorus related
water quality concentrations has been obtained in the mid flow values in S4. Therefore,
it could be concluded that the accumulation and dispersal amounts of Phosphorus

nutrients in the mid flow conditions are more sensitive to an increase in all rainfall
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values. However, the DP amounts have shown a decrease with respect to the present
condition, during high flow conditions. This could be attributed to the fact that, since
the high amount of dilution happening during the high flow conditions, the DP nutrient
concentrations have decreased even below their present condition values, with the

increase in all rainfall values in S4.

When S5 is considered, almost all the Nitrogen water quality parameter concentrations
have increased with respect to the present condition (except only for DN and TN in
high flow conditions), indicating that the increase in the magnitude of rainfall extreme
events, have an impact on the concentrations of Nitrogen nutrients, which are increased
accordingly. In other words, the accumulation and dispersal patterns of Nitrogen in the
water ways are dependent on the amount of rainfall received. The maximum increase
in almost all Nitrogen related water quality concentrations has been obtained in the
mid flow values in S5 (except for PN where it was obtained in low flow conditions).
Therefore, it could be concluded that the accumulation and dispersal amounts of
Nitrogen nutrients in the mid flow conditions are more sensitive to an increase in the
magnitude of rainfall extreme events. However, the DN and TN amounts have shown
a decrease with respect to the present condition, during high flow conditions. This
could be attributed to the fact that, since the high amount of dilution happening during
the high flow conditions, the DN and TN nutrient concentrations have decreased even
below their present condition values, with the increase in the magnitude of rainfall

extreme events in S5.

On the other hand, the values of Phosphorus nutrient concentrations of S5 have
increased with respect to the present condition (except for high flow conditions),
indicating that the increase in the magnitude of rainfall extreme events (S5) has an
impact on the amounts of Phosphorus. In other words, the accumulation and dispersal
patterns of Phosphorus nutrients in the water ways are dependent on the amount of
rainfall received. Further, the maximum increase in all Phosphorus related water
quality concentrations has been obtained in the mid flow values in S5. Therefore, it
could be concluded that the accumulation and dispersal amounts of Phosphorus
nutrients in the mid flow conditions are more sensitive to an increase in the magnitude

of rainfall extreme events. However, the nutrient amounts (PP, DP and TP) have shown
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a decrease with respect to the present condition, during high flow conditions. This
could be attributed to the fact that, since the high amount of dilution happening during
the high flow conditions, the nutrient concentrations have decreased even below their
present condition values, with the increase in the magnitude of rainfall extreme events
in S5.

Further, the N related nutrient concentration values of S6 have decreased with respect
to the present condition (except for DN and TN in high flow conditions), implying that
an increase in temperature would cause a decrease in the accumulation and dispersal
patterns of Nitrogen in the water ways. The maximum decrease in almost all Nitrogen
related water quality concentrations has been obtained in the mid flow values in S6
(except for PN where it was obtained in low flow conditions). Therefore, it could be
concluded that the accumulation and dispersal amounts of Nitrogen nutrients in the
mid flow conditions are more sensitive to an increase in the temperature. However, the
DN and TN amounts have shown an increase with respect to the present condition,

during high flow conditions.

On the other hand, the P related nutrient concentration values of S6 have decreased
with respect to the present condition (except for DP in high flow conditions), implying
that an increase in temperature would cause a decrease in the accumulation and
dispersal patterns of Phosphorus in the water ways. The maximum decrease in all
Phosphorus related water quality concentrations has been obtained in the mid flow
values in S6. Therefore, it could be concluded that the accumulation and dispersal
amounts of Phosphorus nutrients in the mid flow conditions are more sensitive to an
increase in the temperature. However, the DP amounts have shown an increase with

respect to the present condition, during high flow conditions.

When considering the variation of Nitrogen components and the Phosphorus
components, it was observed that in S4 and S5, the Phosphorus components have
shown greater deviation from their present condition values, than the Nitrogen
components. With respect to this difference (regarding N and P), S4 has shown greater
values than S5. Therefore, it could be concluded that the parameters related to
Phosphorus components have more sensitivity to the input rainfall values than the

parameters related to the Nitrogen components, with the increase in all rainfall values
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(S4) having more effect than the increase in the magnitude of extreme rainfall events
(S5).

However, in S6, the Nitrogen components have shown greater deviation from their
present condition values than the Phosphorus components, hence implying that the
parameters related to Nitrogen components have more sensitivity to the input

temperature values than the parameters related to the Phosphorus components.

When considering all scenarios, and the summation of all Phosphorus components are
considered as a whole (column “Total P”) the maximum reduction/increase in the
water quality concentrations have been obtained in the mid flow values. Therefore, it
could be concluded that the accumulation and dispersal amounts of Phosphorus

nutrients in the mid flow conditions are more sensitive to a change in the climate.

However, when considering all scenarios, and the summation of all Nitrogen
components are considered as a whole (column “Total N’), the maximum increase is
found in low flow values in S4 and S5, but in mid flow values in S6. Therefore, it
could be concluded that the accumulation and dispersal amounts of Nitrogen nutrients
in the low flow conditions are more sensitive to a change in the rainfall, but mid flow

conditions are more sensitive to a change in the temperature.

On the other hand, when considering all scenarios, and the summation of percentage
differences in all N and P components are considered together (column “Total”) the
maximum reduction/increase in the water quality concentrations have been obtained
in the mid flow values. Therefore, it could be concluded that the accumulation and
dispersal amounts of nutrients (when all nutrients are taken as a whole) in the mid flow

conditions are more sensitive to a change in the climate.
4.3.2.3 Comparison of spatial variation of results

The seven spatial variation results files chosen for comparison (refer Section 4.1.3) in
all scenarios were compared with each other and with the present condition results.
The summary of the critical months and the percentage differences in the maximum
values in the critical months have been tabulated in Tables 4.18 to Table 4.20. Further,
the percentage difference in the maximum value was calculated as; ((Scenario max

value)-(Present condition max value))*100)/(Present condition max value) .
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Table 4.18: Comparison of Critical Months and the Percentage Differences in the

Maximum Values - Present and S4

Critical Month(s) Percentage
Scenario 4 difference
File Present (Rain_Increase in the
Condition _AII) = | maximum
value
fort.108 (Discharged DN from September September 5,169
each layer) 2012, ANI1 2012, ANI1 '
n-andmlasc (DN in gravity | 0 n0 0019 | October 2012 0671
drain/subsurface losses)
p-apdmlasc (DP in gravity | o ner 0013 | October 2013 24.237
drain/subsurface losses)
n-fxceasc (Mesh influx DN | 5o omber 2014 | December 2014 34.843
guantity)
n-fxpnce.asc (Mesh influx PN | o oher 2014 | December 2014 43.871
guantity)
p-fxdpce.asc (Mesh influx DP December 2014 | December 2014 16.835
guantity)
p-xppce.asc (Mesh influx PP\ 1o o ner 2014 | December 2014 19.497

guantity)

Table 4.19: Comparison of Critical Months and the Percentage Differences in the

Maximum Values - Present and S5

Critical Month(s) Percentage
Scenario 5 difference
File Present (Rain__Increace in the
Condition — maximum
_Extremes)
value
fort.108 (Discharged DN from September September -0.508
each layer) 2012, ANI1 2012, ANI1 '
n-andmlasc (DN in gravity | 000010 | October 2012 0.414
drain/subsurface losses)
p-apdrnlasc (DP in gravity | o 0per0013 | October 2013 17.045
drain/subsurface losses)
n-fxce.asc (Mesh influx DN | 5o o her 2014 | December 2014 6.723
guantity)
n-fxpnce.asc (Mesh influx PN\ 5o o her 2014 | December 2014 7.675
guantity)
p-fxdpce.asc (Mesh influx DP | 5o o her 2014 | December 2014 3.499
guantity)
p-fxppce.asc (Mesh influx PP December 2014 | December 2014 3.985

quantity)
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Table 4.20: Comparison of Critical Months and the Percentage Differences in the

Maximum Values - Present and S6

Critical Month(s) Percentage
S 06 difference
File Present (Ter$1en?rr1lc(:)rease in_the
Condition p_AII maximum
_All) value
fort.108 (Discharged DN from September September 1104
each layer) 2012, ANI1 2012, ANI1 '
n-andrnl.asc (DN in gravity | uone09012 | October 2012 -0.837
drain/subsurface losses)
p-apdrnl.asc (DP in gravity | o.oner9013 | October 2013 5,708
drain/subsurface losses)
n-fxce.asc (Mesh influx DN | o oorner 2014 | December 2014 | -3.390
quantity)
n-fxpnce.asc (Mesh influx PN | oo ner 2014 | December 2014 | -2.264
quantity)
p-fxdpce.asc (Mesh influx DP | hooher 2014 | December 2014 -0.297
guantity)
p-xppce.asc (Mesh influx PP | o omber 2014 | December 2014 -0.856
guantity)

According to Table 4.18, in S4, it is evident that in almost all the parameters (which
were chosen to represent the spatial variation of results) have increased with respect
to the present condition, indicating that the increase in all rainfall values, have an
impact on the concentrations of nutrients, which are increased accordingly. In other
words, the accumulation and dispersal patterns of nutrients in the water ways are
dependent on the amount of rainfall received. The maximum increase in S4 has been
obtained in the “n-fxpnce.asc” results file, which gives influx of PN quantity to grid
cells. Therefore, it could be concluded that the influx of PN quantity to grid cells is

more sensitive to an increase in all rainfall values.

When S5 is considered, according to Table 4.19, it is evident that in almost all the
parameters (which were chosen to represent the spatial variation of results) have
increased with respect to the present condition, indicating that the increase in the
magnitude of rainfall extreme events, have an impact on the concentrations of
nutrients, which are increased accordingly. In other words, the accumulation and

dispersal patterns of nutrients in the water ways are dependent on the amount of rainfall
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received. The maximum increase in S5 has been obtained in the “p-apdrnl.asc” results
file, which gives the DP quantity in gravity drain/subsurface losses. Therefore, it could
be concluded that the DP quantity in gravity drain/subsurface losses is more sensitive

to an increase in the magnitude of rainfall extreme events.

According to Table 4.20, almost all the nutrient concentration values of S6 have
decreased with respect to the present condition, implying that an increase in
temperature would cause a decrease in the accumulation and dispersal patterns of
nutrients in the water ways. The maximum decrease in S6 has been obtained in the “p-
apdrnl.asc” results file, which gives the DP quantity in gravity drain/subsurface losses.
Therefore, it could be concluded that the DP quantity in gravity drain/subsurface losses

IS more sensitive to an increase in the temperature.

The reduction/increase of the critical values in the critical months of these results files
which depict the spatial variation of various nutrient components, are further illustrated
by Figures from Figure 4.78 to Figure 4.84. The practical importance of obtaining
these spatial variation results files is that, after further refinement of data in the future,
these could be used to identify the hotspots of pollutant concentrations with respect to
impending climate change. This would be very much helpful in isolating the areas
where the remedial measures must be carried out. On the other hand, it could be
concluded that the accumulation and dispersal amounts of nutrients are sensitive to a

change in the climate.
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Figure 4.78: Comparison of Discharged DN from each layer (“fort.108 Results File); (a) Present Condition, (b) Scenario 4, (c) Scenario

5, (d) Scenario 6 (original in colour)
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Figure 4.79: DN in Gravity Drain/Subsurface Losses (“n-andrnl.asc” Results File); (a) Present Condition, (b) Scenario 4, (c) Scenario 5,

(d) Scenario 6 (original in colour)
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Figure 4.80: Comparison of DP in Gravity Drain/Subsurface Losses (“p-apdrnl.asc” Results File); (a) Present Condition, (b) Scenario 4,

(c) Scenario 5, (d) Scenario 6 (original in colour)
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Figure 4.81: Comparison of Mesh Influx DN Quantity (“n-fxce.asc” Results File); (a) Present Condition, (b) Scenario 4, (c) Scenario 5,

(d) Scenario 6 (original in colour)
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Figure 4.82: Comparison of Mesh Influx PN Quantity (“n-fxpnce.asc” Results File); (a) Present Condition, (b) Scenario 4, (c) Scenario

5, (d) Scenario 6 (original in colour)
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Figure 4.83: Comparison of Mesh Influx DP Quantity (“p-fxdpce.asc” Results File); (a) Present Condition, (b) Scenario 4, (c) Scenario

5, (d) Scenario 6 (original in colour)
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Figure 4.84: Comparison of Mesh Influx PP Quantity (“p-fxppce.asc” Results File); (a) Present Condition, (b) Scenario 4, (c) Scenario

5, (d) Scenario 6 (original in colour)



5 CONCLUSIONS AND RECOMMENDATIONS

This Chapter elaborates the conclusions obtained by this study, summarises the

findings and gives recommendations for future studies.
5.1 Conclusions

1) The catchment response to the rainfall is highly regulated due to reservoir storage
effect (ungauged basin with regulated/moderated flows).

2) The amounts of N and P in fertilizers applied have significantly exceeded the actual

plant requirement for all crop types considered.

3) In both wet and dry seasons, the differences between the measured water quality

parameters in upstream and downstream were not statistically significant.

4) The WEP model results showed that on average the wet season had about 5~7 times
the dry season value of the Total Suspended Solids (TSS) in the streams, and in both
seasons, the modelled TSS, NOsz and PO4> were within the ranges of the previously
published results.

5) Scenario analysis with respect to reduction of fertilizer input, increase in rainfall
and temperature, has found that, almost all water quality parameters reduced with the
reduction of fertilizer input and with the increase in temperature, but they increased

with the increase in rainfall.

6) The maximum reduction/increase in most of the water quality concentrations were
obtained in the mid flow values. Therefore, it could be concluded that the accumulation
and dispersal amounts of nutrients in the mid flow conditions are more sensitive to a

change in the fertilizer input and climate.

7) The parameters related to P have more sensitivity to the input rainfall values than
the parameters related to the N, to the fertilizer and rainfall input to the WEP model,
with the increase in all rainfall values having more effect than the increase in the
magnitude of extreme rainfall events. However, the parameters related to N have more

sensitivity to the input temperature values than the parameters related to P.

8) The reduction of fertilizer input does not have a significant impact on the
accumulation and dispersal patterns of TSS in the water ways. However, with the
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increase in rainfall the TSS has increased significantly with respect to the present

condition, which was not observed with the increase in temperature.

9)

The findings of this research study will be useful in identifying and for

recommending the best management practices and for coping with the excess

fertilizer/agrochemical usage of this catchment in a more pragmatic manner.

5.2 Summary of Findings

1)

2)

3)

4)

5)

6)

The catchment response to the rainfall indicated the measured spill and total release
data are highly regulated due to reservoir storage effect, confirming that the
catchment needs to be analysed as an ungauged basin with regulated flows and

hence the use of a pre-calibrated HEC-HMS model for verification is justified.

The WEP model streamflow values were reasonably matching with the HEC-HMS
model streamflow values and validation period showed better correlation
coefficients (Pearson correlation coefficient of 0.6875), establishing the suitability

of applying the WEP model for the analysis of water resources in this catchment.

Yield analysis confirmed that there is a water scarcity in the catchment, especially
during the dry season (April-September), even after implementing the proposed
alternative crop pattern. However, an improvement in water resources

management is achievable by choosing alternative crop patterns for this catchment.

A distinct variation of the laboratory tested dry and wet season water quality
parameters was observed in the catchment. In both seasons, the differences
between the upstream and downstream concentration values of the water quality
parameters are not statistically significant, despite the slightly increasing or

decreasing trends shown from upstream to downstream sites.

For this catchment, the applied Nitrogen and Phosphorus amounts (kg/ha) of
fertilizers in almost all months for all three types of crops that were considered
have exceeded the actual plant requirement, confirming the necessity of regulation

of fertilizer usage.

The temporal variation of WEP model simulated TSS showed that on average, the

wet season has about five (calibration) to seven (validation) times the dry season

160



7)

8)

9)

value of the TSS in the streams, establishing that the high washout of nutrients as
suspended matter during the high streamflow values in the wet season causes an

increase in the concentrations of nutrients in waterways.

For the Nitrogen components, the WEP low flow values and for the Phosphorus
components, the WEP high flow values show the best match with the previously
published results. In addition, the water quality values of the WEP model results
shown are the average of a longer time period, and therefore represent a wider and
a more reasonable range of values of water quality parameters in the streams.
Nevertheless, in both Yala and Maha seasons, the WEP model results of NO3™ and

PO4* are within the range of the previously published results.

Sensitivity analysis has shown that the WEP model results have a reasonable
response to all the parameters governing the Phosphorus components in the input
files, and different parameters have different sensitivity levels to the model results.
Although it could be assumed that the pollutant loading due to the point sources in
this catchment are less significant than the non-point sources of pollutants since
this catchment is not a highly urbanized and developed area, the results of the
sensitivity analysis have shown that the parameters governing both point sources

as well as non-point sources contribute to the variation of WEP model results.

Scenario analysis with respect to reduction of fertilizer input (S1, S2, and S3) has
found that, almost all the water quality parameter concentrations have been
reduced with the reduction of fertilizer input (except only for PN in high flow
conditions in S1 and S2). S3 shows the maximum amount of reduction in pollutant
concentrations, when compared to the present condition. In addition, the
Phosphorus components show higher amount of reduction, when compared with
the reduction in Nitrogen components. Therefore, it could be presumed that the
Phosphorus components are more sensitive to the fertilizer input to the WEP

model.

10) When considering all scenarios (S1, S2, and S3), the maximum reduction in most

of the water quality concentrations (DN, TN, DP, and TP) have been obtained in

the mid flow values. Therefore, it could be concluded that the accumulation and
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dispersal amounts of nutrients in the mid flow conditions are more sensitive to a

reduction in fertilizer input.

11) When considering the spatial variation of results in S1, S2, and S3, with respect to
the present condition, the percentage difference (percentage reduction) in the
maximum value (in the critical month), between the percent condition and the
scenarios, have increased with the increase of the reduction amount of fertilizer
input. The maximum reduction has occurred in S3 in the “p-fxdpce.asc” results
file, which gives influx of DP quantity to grid cells, suggesting that Phosphorus

nutrients in the dissolved form are more sensitive to the fertilizer input.

12) The TSS values in S1, S2, and S3 did not show a significant variation with respect
to the present condition, therefore, the reduction of fertilizer input does not have a
significant impact on the accumulation and dispersal patterns of TSS in the water

ways.

13) Scenario analysis with respect to climate change (S4, S5, and S6) has shown that,
almost all the Nitrogen and Phosphorus water quality parameter concentrations
increased with the increase in rainfall (S4 and S5), but they decreased with the

increase in temperature (S6).

14) Parameters related to Phosphorus components have more sensitivity to the input
rainfall values than the parameters related to the Nitrogen components, with the
increase in all rainfall values (S4) having more effect than the increase in the
magnitude of extreme rainfall events (S5). But parameters related to Nitrogen
components have more sensitivity to the input temperature values (S6) than the

parameters related to the Phosphorus components.

15) When considering all climate related scenarios, and the summation of percentage
differences in all N and P components are considered together, the maximum
reduction/increase in the water quality concentrations have been obtained in the
mid flow values. Therefore, it could be concluded that the accumulation and
dispersal amounts of nutrients (when all nutrients are taken as a whole) in the mid

flow conditions are more sensitive to a change in the climate.
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16) With respect to the spatial variation of results, the maximum increase in S4 has
been obtained in the “n-fxpnce.asc” results file, which gives influx of PN quantity
to grid cells. Therefore, it could be concluded that the influx of PN quantity to grid
cells is more sensitive to an increase in all rainfall values. The maximum increase
in S5 and S6 has been obtained in the “p-apdrnl.asc” results file, which gives the
DP quantity in gravity drain/subsurface losses. Therefore, it could be concluded
that the DP quantity in gravity drain/subsurface losses is more sensitive to an
increase in the magnitude of rainfall extreme events, and to an increase in the

temperature.

17) TSS values of S4 have increased significantly with respect to the present condition,
implying that the increase in rainfall resulting in a high streamflow that in turn
would induce a washout of the solids, and hence the increase in TSS. In S5, with
respect to the present condition, only the extreme values of TSS have been
increased, as a result of increasing only the magnitude of extreme rainfall events
in S5. Nevertheless, in S6, a distinct deviation from the present condition values
of TSS was not observed, implying that the increase in temperature values does
not have a significant impact on the accumulation and dispersal patterns of Total

Suspended Solids in the water ways.
5.3 Recommendations for Future Studies

1) It is recommended to conduct further studies and continuous water quality
measurements which are essential when a water quality model is to be calibrated for

river basins.

2) It is recommended to establish physics-based models, which could be used for all
the river basins, as an alternative and remedial measure to address the scarcity of basin

wide river water quality data in Sri Lanka.

3) Since the WEP model has been successfully applied in river basins in Japan, Korea
and China in similar studies, the results of this study could also be generalised and are
applicable to any similar ungauged basin in this region with regulated or unregulated

flows.
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APPENDIX A: ADDITIONAL DATA FOR MATERIALS AND
METHODS

A.1 Data and Data Checking/Data Pre-Processing Procedures
A.1.1 Study Area - Nachchaduwa Catchment Related Data
A.1.1.1 Nachchaduwa reservoir

Inflows:-

(2) Inflow from Malwathu Oya
(2) Rainfall
(3) Feeder Canal
Outflows:-
(1) Ungated spill
(2) Gated spill
(3) Left Bank High Level (LBHL) spill
(4) Left Bank (LB) sluice - High Level Main Canal (HLMC)
(5) Left Bank (LB) sluice - Low Level Main Canal (LLMC)
(6) Right Bank High Level (RBHL) sluice
(7) Right Bank Low Level (RBLL) sluice

(8) Seepage
(9) Evaporation
Spill release =(1) +(2) +(3)
Irrigation release =) +(5)
To NuwaraWewa  =(6) + (7)
@ +@ = Malwathu Oya
LBHL spill = HLMC
- o L S"”.ice ‘ RB Sluices — for augmenting Nuwarawewa
Malwathu Oya <
[(1)+2)] spill Malwathu Oya
(3)spill | Nachchaduwa feeder canal
N ice —for irrigation \
HLMC -
LLMC © -

Figure A.1: Schematic Diagram of the Nachchaduwa Reservoir
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Figure A.2: Schematic Diagram of the Nachchaduwa Irrigation Scheme (Department
of Irrigation, 2012)

FigureA.B. Un-gate spillway

Figure A.4: Gated Spillway (original
(original in colour) i

in colour

Figur A5: LB Hi Level Spill Figure A.6: LB SI»U‘ice (Old) (original
(original in colour) in colour)
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Figure A.7: LB Sluice (New) (LB Figure A.8: RB High Level Sluice
Low Level Sluice) (original in colour) (original in colour)

Figure A9 ow Level Sluice Figure A.10: HLMC and LLMC
(original in colour) (original in colour)

A.1.2 Rainfall Data
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Figure A.11: Single Mass Curve (missing data points are omitted) (original in colour)
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According to the single mass curve (Figure A.11),

(1) (01/01/10 - 02/01/10) Kekirawa corelates with Pelwehera.

(2) (01/09/10 - 30/09/10) Pelwehera corelates with Kekirawa.

(3) (01/01/12 - 31/01/12) Kahatagasdigiliya corelates with Maha Illuppallama.

(4) (01/09/13 - 30/09/13) Kahatagasdigiliya corelates with Maha Illuppallama.

(5) (01/10/14 - 31/10/14) Kahatagasdigiliya corelates with Maha Illuppallama.

(6) (01/03/15 - 31/03/15) Kekirawa corelates with Pelwehera.

(7) (01/05/15 - 31/05/15) Kahatagasdigiliya corelates with Maha Illuppallama.

(8) (01/06/15 - 31/07/15) Pelwehera corelates with Kekirawa.

Missing data in the above given periods were filled using those criteria. Subsequently,

the double mass curves for each station were drawn (Figure A.12 to Figure A.16).

16000
y=11317x-501.88

14000 R*=0.94957
12000

10000

Anuradhapura cummulative rainfall
(mm)

-2000 0 2000 4000 6000 8000 10000 12000 14000

Average of cummulative values except Anuradhapura (mm)

Anuradhapura Double Mass Curve «eeeeeees Linear (Anuradhapura Double Mass Curve)

Figure A.12: Anuradhapura Double Mass Curve
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Figure A.13: Kahatagasdigiliya Double Mass Curve
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Figure A.15: Maha llluppallama Double Mass Curve
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Figure A.16: Pelwehera Double Mass Curve
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A.1.3 Streamflow Data
A.1.3.1 Initial data checking

Tank water balance:-

Inflow — Outflow
Inflow to tank

= change in storage

= change in storage of the tank + outflows from the tank (1)

_ - Inflow from
(Thiessen Malwathu Oya
rainfall) * (return flows Inflow
Inflowto| =4  (total L , ] afterabsorption | from (2)
tank catchment from upstream Kala Oya
area) tanks and paddy
- . fields)
From (1) and (2); ) - .
B (Inflow from
Inflow Change Outflows Malwathu
dueto | = in from the - Oya)+ +~=Q (3)
rainfall storage tank (Inflow from
L Kala Oya)
Runoff coefficient = (0) 4
(Thiessen rainfall) * (Total catchment area)
E 60 -0
50 1 r 40 %f
EE 40 - - 80 E_
= 3
U_% S 30 1 - 120 ;.,
%Fﬁ 20 1 - 160 “3
290 %

10 A

o

01-01-08 01-01-0% 01-01-10 01-01-11 01-01-12 01-01-13 01-01-14

HEC-HMS Simulated Daily Outflow Volume {m?)

Date

—Thiessen Average Daily Rainfall (mm)

r 200

- 240

Figure A.17: Initial Data Checking: HEC-HMS Simulated Daily Outflow Volume
(m3) and Thiessen Average Daily Rainfall (mm) (original in colour)
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A.1.3.2 Developing a streamflow data series for the WEP model

A preliminary analysis was done in order to develop a streamflow data series by using
the envelope values of the following.

(1) Envelope of streamflow values from Kappachchi gauging station

(2) Envelope of streamflow data (Irrigation Department Colombo Division)
(3) Envelope of Thiessen average rainfall

(4) HEC-HMS model (related to Section 3.2.4.2)

\&4 Subbasin  Loss Transform Baseflow Options

Basin Name: Basin 1
Element Name: Total Basin

=Sail (3&) |90
*Groundwater 1 (%) 80
*Groundwater 2 (%) 90
*Max Infiltration (MM/HR) 4.5
“Impervious (%) 9.55
*Soil Storage (MM) | 445
*Tension Storage (MM) |21
“Soil Percolation (MM/MHR) 0,32
*GW 1 Storage (MM) |70
*GW 1 Percolation (MM/HR) 0.3
*GW 1 Coeffident (HR) | 10
=GW 2 Storage (MM) |10
*GW 2 Percolation (MM/HR) 0.3
*GW 2 Coeffident (HR) |30

Figure A.18: Parameter Values used for the Loss Method of the HEC-HMS Model
154 Subbasin  Loss Transform  Baseflow  Options

Basin Name: Basin 1
Element Name: Total Basin

*Time of Concentration (HR) 25.8
*Storage Coeffident (HR) | 19.26835

Figure A.19: Parameter Values used for the Transform Method of the HEC-HMS
Model
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1 Subbasin  Loss Transform Baseflow  Options

Basin Name: Basin 1
Element HName: Total Basin

*January (M3/5) (4.9323
*February (M3/5) (4.9323
“March (M3/S) |4.9323
=ppril (M3/S) |4.9323
May (M3/5) [4.9323
*June (M3fs) 49323
*uly (M3/5) 49323
*August (M3/s) 4.9323
*September (M3/5) 4.9323
*October (M3/S) |4.9323
“Movember (M3/5) |4.9323
*December (M3/5) 4.9323

Figure A.20: Parameter Values used for the Baseflow Method of the HEC-HMS
Model

The results of some of the developed envelope series of streamflow data values are
compared in Figure A.21.

12 0
(o)
=
S
S 10 - - 40
B - - 80

120

{mm)

for a Day) {m?
[a 4]
i
1

160

nvelope (maximum) Thiessen Ralnfall Value

Maximurm Envelope Value {Streamflow Volume

2 200
0 o 240 §
12/31/2007 3/31/2008 &/30/2008 9,/30/ 2008 12/31,/2008

Date
Maximum Thiessen Rainfall Value (mm)
—— Maximum Streamflow Value from Kappachchi {Converted to Nachchaduwa) for 2 Day (m®)
Maximurm Total Outflow (daily) (m?)

—— HEC-HMS Model Qutflow for a Day (m?)

Figure A.21: Comparison of Various Streamflow Data Series (original in colour)
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A.1.4 Reservoir/Streamflow Water Quality Data

Nitrogen and Phosphorus can be found in several different forms in water (Figure A.22
and Figure A.23).

Particulate nitrogen
800G SISIOIIII®N

s . PN
% Particulate ON & :4— | &

% (PON) 3

®scscccgecccnee
Organic
B nitrogen (ON)
Dissolved ON
(DON)
Total nitrogen |_| Decompogjtion
(TN)
Ammonia
— nitrogen
(NH4-N)
norganic p | 5 .
- nitrogen (IN) Oxiflation Reductigin . )
(Emitted into the
P atmosphere as
— Nltr(nﬁc?;}ﬁ)g o —» N2 nitrogen gas)
FITTTTTTTS i et Denitrification
;_““"“: naicales g paerale sk Oxillationl T Reducti¢in
: Indicates a dissolved state < 3
L Nitrate nitrogen
(NO=-N) Dissolved nitrogen

* P:Particle D:Dissolve 0O:Organic I:Inorganic

Figure A.22: Nitrogen Components (HERT, 2012)

Particulate phosphorus
(PP)
:.O.OQ‘..OOOCV I
sParticulate OPs 1
I*  (PoP) i
Organic | Sesessescccces |
—» phosphorus ST TN |
(OP) | i
Dissolved o] || ! |
(DOP) ! i
|
Total Dissolved phosphorus Hydrolysis — |
phosphorus = (ng) S g [ st ense sanen l i
(TP) s Faricalate H 1
+», PO4P o
|2 (P:PQ4R) 2 !
L e
—5 Pngé[:f:;)te gsorption] | Decomposition
Togae L
L—p  phOSPhOTUS  fremmd .PO4-
(iP)
(This substance is not present | Decomposition
in natural water. It usually has
negligible size. It is contained ssescsessesem
in synthetic detergents and H Bissolved .
factory effluents.) —>2 DOlymer ¢
FITTTTITTS ¢ phosphate e
:h"".“: Indicates a particulate state Polymer o SN .
S . phosphorus Particulate
Indicates a dissolved state polymer
phosphate
* P:Particle D:Dissolve 0O:Organic llInorganic

Figure A.23: Phosphorus Components (HERT, 2012)
A.1.4.1 Testing procedures

Testing was conducted according to APHA et al., (2005) (Figure A.24 to Figure A.27).
For determining Nitrogen components;

TN = Total Nitrogen
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PON = Particulate Organic Nitrogen

DON = Dissolved Organic Nitrogen

Check unfiltered sample for TN (using IC, after persulfate digestion) (5)
Check filtered sample for TN (using IC, after persulfate digestion) (6)
Check filtered sample for (without persulfate digestion);

NH4" - N (using Kjeldahl instrument for distillation and back titration by H2SO4) (7)
NO2 - N (using IC) (8)
NOs - N (using IC) 9
Therefore,

(5) - (6) =PON

(6) - [(7) +(8) + (9)] =DON

(7) 2 NHs" - N

(8) > NO2 -N

(9) = NOs -N

Figure A.24: FiItraion by 0.45um Figure A.25: Titration for Determining
Syringe Filters (original in colour) NHa4" - N (original in colour)

180



Flgure A.26: “930 Compact IC Flex — Figure A.27: “UDK 149 Automatic
MetroOhm” Ion Chromatography (IC) Distillation Unit — VELP” Kjeldahl
system (original in colour) Unit (original in colour)

Similarly, for determining the Phosphorus components,

TP = Total Phosphorus
PP = Particulate Phosphorus
P (OP) = Particulate Organic Phosphorus

P (PO4*-P) = Particulate Phosphate Phosphorus
D (PO4*-P) = Dissolved Phosphate Phosphorus

Check unfiltered sample for TP (using IC, after persulfate digestion) (10)
Check filtered sample for TP (using IC, after persulfate digestion) (11)
Check filtered sample for PO4* (without persulfate digestion) (12)
Check unfiltered sample for PO4* (without persulfate digestion) (13)
Therefore,

(10) - (11) =P (OP) + P (PO4> - P) = PP
(13) - (12) =P (PO4*- P)
(12) & D (PO+* - P)

;'&

W 'llm F|
CETHER BORLERE

Figure A.28: Vacuum Filtering by tHe Figure A.29: Colourimetric Testing:
Buchner Funnel to Determine TSS Determining NOs by the Palintest
(original in colour) Nitratest Method (original in colour)

181



A.1.5 Fertilizer Related Data
A.1.5.1 Fertilizer related data for paddy
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Figure A.30: The Temporal Variation of the Applied Urea Amount (kg) for Yala
(original in colour)
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Figure A.31: The Spatial variation of the Applied Urea Amount (kg) for Yala
(original in colour)

182



g

Thousands
5 8 8 8 B

Urea Amount (kg)

8

0

e S0 E K UIEMA
K ekirawa

g 5 rawasthipura
= Muriyakadawala

2011/2012 Maha

g 3 kAN
Maradankadawala
—geAriurad hapura

2012/2013 Maha
GalenbindunuWewa =ge=|palogama

g ladatugama
—ge Palugaswewa

2013/2014 Maha

——Pdihintale
=g Thirappane

Figure A.32: The Temporal Variation of the Applied Urea Amount (kg) for Maha

(original in colour)
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Figure A.33: The Spatial variation of the Applied Urea Amount (kg) for Maha

(original in colour)
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Figure A.34: The Application of Urea in Every Month for Paddy
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Figure A.35: The Application of TSP in Every Month for Paddy

A.1.5.2 Fertilizer related data for other crops
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Figure A.36: The Application of Urea in Every Month for Other Crops (original in
colour)
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Figure A.37: The Application of TSP in Every Month for Other Crops (original in
colour)

A.1.5.3 Fertilizer related data for homesteads
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Figure A.38: The Application of Urea in Every Month for Homesteads (original in
colour)
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Figure A.39: The Application of TSP in Every Month for Homesteads (original in

colour)

A.2 WEP Model Analysis
A.2.1 Preparation of Input Files

N 025 5 10km
b

Legend

[1Grid Boundary

CLogton T g7
- gn: 5

Figure A.40: Altitude of Each Grid Cell (original in colour)
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Figure A.41: Slope in Each Grid Cell (original in colour)
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Figure A.42: Flow Direction in Each Grid Cell (original in colour)
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Figure A.43: River Network for the WEP Model Input Files (original in colour)
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Figure A.44: Initial Moisture Content (original in colour)
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Table A.1: Nitrogen Fixation Amounts

Crop Type Method of N Input Amount Unit
From fertilizer (refer Section 3.2.8)
Lightning 70.05 | kg/km?/month
Other Crops | Plant N fixation 2335.10 | kg/km?/month
Combustion 140.11 | kg/km?/month
Total 2545.26 | kg/lkm?/month
From fertilizer (refer Section 3.2.8)
Lightning 70.05 | kg/km?/month
Paddy Plant N fixation 0.00 | kg/km?/month
Combustion 140.11 | kg/km?/month
Total 210.16 | kg/km?/month
From fertilizer (refer Section 3.2.8)
Lightning 70.05 | kg/km?/month
Homesteads Plant N fixation 467.02 | kg/km?/month
Combustion 140.11 | kg/km?/month
Total 677.18 | kg/km?/month

188




68T

Table A.2: Variation of Total Input and Total Uptake of Nitrogen (kg) in Each Year in Each ASC

ASC Total N input (kg) Total N Output (Plant Uptake) (kg)

2008 2009 2010 2011 2008 2009 2010 2011
Siwalakulama 324,040 324,040 324,040 366,344 301,466 301,466 301,466 301,466
Yakalla 50,025 50,025 50,025 66,335 21,817 21,817 21,817 21,817
Galenbindunuwewa 23,097 23,097 23,097 30,503 7,606 7,606 7,606 7,606
Ipalogama 96,114 96,114 96,114 118,686 20,150 20,150 20,150 20,150
Kekirawa 160,630 160,630 160,630 206,742 86,425 86,425 86,425 86,425
Maradankadawala 341,351 341,351 341,351 423,338 273,000 273,000 273,000 273,000
Madatugama 255,009 255,009 255,009 322,782 116,014 116,014 116,014 116,014
Mihintale 839 839 839 1,254 0 0 0 0
Shrawasthipura 162,474 162,474 162,474 216,407 31,487 31,487 31,487 31,487
Anuradhapura 12,627 12,627 12,627 16,760 6,713 6,713 6,713 6,713
Palugaswewa 399,714 399,714 399,714 465,819 246,264 246,264 246,264 246,264
Thirappane 629,629 629,629 629,629 835,730 472,092 472,092 472,092 472,092
Muriyakadawala 346,154 346,154 346,154 485,063 273,713 273,713 273,713 273,713
Kibissa 122,280 122,280 122,280 128,724 36,038 36,038 36,038 36,038
Total 2,923,983| 2,923,983 2,923,983 | 3,684,488 1,892,784 1,892,784 | 1,892,784 1,892,784
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Table A.3: Variation of Total Input and Total Uptake of Phosphorus (kg) in Each Year in Each ASC

ASC Total P input (kg) Total P Output (Plant Uptake) (kg)

2008 2009 2010 2011 2008 2009 2010 2011
Siwalakulama 79,099 79,099 79,099 118,254 126,819 126,819 126,819 126,819
Yakalla 12,110 12,110 12,110 18,572 9,472 9,472 9,472 9,472
Galenbindunuwewa 6,010 6,010 6,010 8,929 3,260 3,260 3,260 3,260
Ipalogama 20,115 20,115 20,115 29,349 12,404 12,404 12,404 12,404
Kekirawa 37,879 37,879 37,879 57,287 37,183 37,183 37,183 37,183
Maradankadawala 75,015 75,015 75,015 112,156 116,839 116,839 116,839 116,839
Madatugama 61,150 61,150 61,150 88,319 49,552 49,552 49,552 49,552
Mihintale 242 242 242 393 0 0 0 0
Shrawasthipura 42,663 42,663 42,663 65,104 13,438 13,438 13,438 13,438
Anuradhapura 1,719 1,719 1,719 3,129 3,498 3,498 3,498 3,498
Palugaswewa 56,315 56,315 56,315 84,219 130,187 130,187 130,187 130,187
Thirappane 116,874 116,874 116,874 202,774 216,837 216,837 216,837 216,837
Muriyakadawala 75,907 75,907 75,907 128,533 117,035 117,035 117,035 117,035
Kibissa 5,490 5,490 5,490 8,210 32,809 32,809 32,809 32,809
Total 590,586 590,586 590,586 925,228 869,332 869,332 869,332 869,332
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APPENDIX B: ADDITIONAL RESULTS
B.1 WEP Model Results (for the Present Condition)
B.1.1 Temporal variation of results
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Figure B.1: Flow Duration Curve for WEP River Flow - Calibration Period
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Figure B.2: Flow Duration Curve for WEP River Flow - Validation Period
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B.1.1.1 Results of Nitrogen components
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Figure B.3: Comparison of WEP Results, Test Results, and Published Results of
Nitrogen Components - Calibration Period
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Figure B.4: Comparison of WEP Results, Test Results, and Published Results of
Nitrogen Components - Validation Period
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Figure B.5: Comparison of WEP Model Results of Nitrogen Components for FIMS
(Calibration Period) with the FIMS Results of the Published Studies
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Figure B.6: Comparison of WEP Model Results of Nitrogen Components for SWMS
(Calibration Period) with the SWMS Results of the Published Studies
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Figure B.7: Comparison of WEP Model Results of Nitrogen Components for SIMS
(Calibration Period) with the SIMS Results of the Published Studies
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Figure B.8: Comparison of WEP Model Results of Nitrogen Components for NEMS
(Calibration Period) with the NEMS Results of the Published Studies

196



12 +
=10 +
E
5§87
=
g, ==
gl
3 T é
2__
0 f f f f f
i L L - ~ )
: I 3 @ 58 g%
e o = o = 2 Qs
o ] =]
ik w g n 2
oo = 3 = 3
— o = & = &
s . = o
5 X &
= £ =
A
=
[V

Figure B.9: Comparison of WEP Model Results of Nitrogen Components for FIMS
(\Validation Period) with the FIMS Results of the Published Studies
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Figure B.10: Comparison of WEP Model Results of Nitrogen Components for
SWMS (Validation Period) with the SWMS Results of the Published Studies
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Figure B.11: Comparison of WEP Model Results of Nitrogen Components for SIMS
(\Validation Period) with the SIMS Results of the Published Studies
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Figure B.12: Comparison of WEP Model Results of Nitrogen Components for
NEMS (Validation Period) with the NEMS Results of the Published Studies
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B.1.1.2 Results of Phosphorus components
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Figure B.13: Comparison of WEP Results, Test Results, and Published Results of
Phosphorus Components - Calibration Period
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Figure B.14: Comparison of WEP Results, Test Results, and Published Results of
Phosphorus Components - Validation Period
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Figure B.15: Comparison of WEP Model Results of Phosphorus Components for
FIMS (Calibration Period) with the FIMS Results of the Published Studies
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Figure B.16: Comparison of WEP Model Results of Phosphorus Components for
SWMS (Calibration Period) with the SWMS Results of the Published Studies
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Figure B.17: Comparison of WEP Model Results of Phosphorus Components for
SIMS (Calibration Period) with the SIMS Results of the Published Studies
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Figure B.18: Comparison of WEP Model Results of Phosphorus Components for
NEMS (Calibration Period) with the NEMS Results of the Published Studies

201



“;ﬂ."-'l-——
E
= 4
.gﬂ.ﬂu
el
=02+ —
o
Ly
S 0.1 % T
L
l;l L E
ﬂ I I I I I
T T T T T
g g & 3 g z
= = = + . 32 Ty 3
o o o . A | o ™
o (] = ] o = o m
7] oo m
—_ 0 o 4
Il.l";‘ vh & vh &
L= = o = o
TR g o
= £l £
oo
7]
2
(Vi

Figure B.19: Comparison of WEP Model Results of Phosphorus Components for
FIMS (Validation Period) with the FIMS Results of the Published Studies
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Figure B.20: Comparison of WEP Model Results of Phosphorus Components for
SWMS (Validation Period) with the SWMS Results of the Published Studies
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Figure B.21: Comparison of WEP Model Results of Phosphorus Components for
SIMS (Validation Period) with the SIMS Results of the Published Studies
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Figure B.22: Comparison of WEP Model Results of Phosphorus Components for
NEMS (Validation Period) with the NEMS Results of the Published Studies
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B.1.1.3 Results of other parameters
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Figure B.23: Temporal Variation of Daily Groundwater Levels; (a) Calibration
Period, (b) Validation Period (original in colour)

204



CTEAN N 1) | S

= o 9 €@ 9 =% o 9
- H4 A @ © @ o o

00:T0/€Z/TT/110Z
00ET/FT/DT/TT0Z
00:T0/50/60/1T0T
00ET/{T/L0/TTOT
00°T0/81/90/1T02
00°£T/60/50/1T0T
00:T0/T€/€0/1102
00:£1/61/20/1102

. Do°TO/TT/T0/TT0E

D0:ET/T0/TT/0T0L
00:T0/¥2/0T/0T0Z
00ET/¥1/60/0T0T
00°T0/90/80/0T0Z
00:€T/(Z/90/0T0T
00:10/61/50/0T07
D0£T/60/+0/0T0T
00°T0/T0/E0/0TOT
00°€T/0Z/10/0T0T
00°T0/2T/2T/6002
00:€T/20/11/6002
00:10/¥Z/60/600%
00°€T/5T/80/600C
00:10/L0/£0/6002
00:€T/82/50/6002
00°T0/61/F0/6002
00°ET/0T/E0/6002
00:10/0€/10/6002
00:ET/1E/TT/800T
00°T0/TT/TT/8002
00°€T/€0/0T/B00T
00°T0/52Z/80/800T
0O0°ET/9T/L0/8002
00°T0/L0/90/2002
00:€£1/82/r0/800E
00°10/02/E0/8002
00:£T/60/20/8002
00:T0/T0/T0/200T

(Y /ww) vopendsuesodessfuoeidsuel) fuopeiodeay

Date

Average Evapotranspiration in Paddy in 5C 2 (mmj/h)

—— Average Evapotranspiration in Paddy in 5C1 (mm/h)

Transpiration from Paddy Soil in 5C 1 {mm/h)

—— Ewvaporation from Paddy and Leaves in 5C 1 {mm/h)

Figure B.24: Evaporation/Transpiration/Evapotranspiration - Calibration Period
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Figure B.25: Evaporation/Transpiration/Evapotranspiration - Validation Period
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B.2.1 Comparison of fertilizer related scenarios (Scenario 1, 2 and 3)
a) Results of Nitrogen components

B.2.1.1 Comparison of cumulative loading

B.2 Scenario Analysis Results

Figure B.28: Cumulative Loading Comparison of All Scenarios with the Present

Figure B.29: Cumulative Loading Comparison of All Scenarios with the Present
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b) Results of Phosphorus components
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Figure B.31: Cumulative Loading Comparison of All Scenarios with the Present

Condition - PP (original in colour)
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Figure B.32: Cumulative Loading Comparison of All Scenarios with the Present

Figure B.33: Cumulative Loading Comparison of All Scenarios with the Present



c) TSS variation
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Figure B.34: Cumulative Loading Comparison of All Scenarios with the Present

Condition - TSS (original in colour)
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