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N. D. K. Dayawansa

Abstrac | Pollution of surface and sub surface water from agricultural nutrients; especialy from
niti ogen and phosphorusis awidespread environmental problem. Mathematical models play a substantial
role in predicting and forecasting hydrol ogical and water quality related issuesat different spatial scales.
A need of an easily calibratable and minimum information requirement models to be used in predictions
at catchment scale and subsequent policy formulation and management was identified in this study.
I'he existed TOPCAT-N model was further developed to add a phosphorus component and efficient
model-user interface and was named TOPCAT-NP. To study themodel applicability to tropical monsoon
rtlli'i ted climatic conditions, field sampling was carried out at upper Uma Oya catchment and its few
land use specific sub catchmentsin central Sri Lankafor anine month period. Hydrochemical assessment
arnid TOPCAT-NP modelling were performed with collected data. Effect of land use scenarios and the
model and parameter uncertainty were also assessed.

[ he TOPCAT-NP predicts flow, nitrate nitrogen, soluble and sediment attached phosphorus at the
catchment scale witharelatively few key input parameters. The model stands between complex physically
based models such as EPIC and simple catchment scale empirical models such as export coefficient
approach. TOPCAT-NP simulates the flow and nutrients at daily or sub daily time steps provided that
irtinliill and evapotranspiration are input. Improved temporal resolution of the output provides seasona
< hanges in nutrient mobility for better implementation of management strategies at correct time and
|'|.h ¢

I he hydro-chemical assessment in upper Uma Oya suggests that there is no great threat to the surface
uater lrom nutrients though, ground water contains very high levels of nitratesin agricultural areas.
e farmers continueto apply over doses of fertiliser tothe agricultural fields. Land usemainly agriculture
has a prominent effect on surface and ground water nutrient levels. Nutrient release from the land to
utream 1s mainly governed by the storm events. Increasing levels of stream and soil matrix nitrate was
observed following storm events. TOPCAT-NP reasonably simulates the flow and nitrate patterns
[ v ever, the behaviour of Pishighly unpredictable. Land use effect is highly visiblein scenario analysis
and Il also provides guidance to the uncertainty in the predictions. If the rainfall intensity could be
i luded and a direct link to GIS can be established, the model predictions may improve substantially to
bi used in catchment management aspects.

| . Introduction systems. In general, nutrient data are gathered
atalocal ‘plot’ scaeorinlysimeter studies, but it
Monitoring, measuring and modelling of the is oftenthe transport behaviour of pollutants that
g inuy and quality of water have become a is critically important in downstream problems.
major concern to environmentalists in both Plant nutrients leave the land through surface and
developed and developing countries in recent sub surface hydrological pathways and thus enter
times, Water quality datahave been collected and the water system and ultimately trigger aquatic
models have been developed at various spatial plant growth. Undesirable growth of aguatic
rttul temporal scalesto simulate and predict the plants can cause eutrophic conditions in water
pollutant transport behaviour in the terrestrial
and hydrological systems. Surface and ground :
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making it unsuitable for use by humans and
animals.Tracing the local cause and the
downstream impact has drawn less emphasis,
however, it is this scaling up component that is
critical inview of setting strategiesfor catchment
management.

Water quality research has not drawn much
attention in Sri Lanka due to the fact that no
serious water quality problems have been
encountered, probably due to the abundance of
natural water resourcesin the country. However,
this situation has been rapidly changing over the
last decade. High population growth rate and
subsequent pressure on the land have created
water related problemsin major river catchments
inthe country. Further, nutrient transport studies
in monsoon affected mountain regions have
received less attention compared to soil erosion
and sedimentation studies. Water quantity
measurements are carried out in selected rivers
on daily or sub daily intervals mainly for the
purpose of irrigation though continuous quality
measurements have had little consideration.

1.1. Nutrient Pollution

Over exploitationof landresourcesfor agricul ture
is the direct result of ever increasing population
growth, which creates a high demand for food.
An estimated land extent of 8.5x10°% has been
converted to agricultural land globally over the
past 100 years (Vinten & Smith, 1993). The green
revolution in early 1970’s promoted the
widespread use of agricultural inputs such as
fertiliser and agro-chemicals to obtain higher
yields. The world-wide use of fertiliser isrising
steadily. However, the pattern of use within
individual countries varies widely due to a
variety of factors including population growth
rate, the extent of the development of agricultural
technology and the concerns over the purity of
potablewater. Continuousfall infertiliser prices
in the competitive market and government
subsidies have also stimulated the over-use of
fertiliser. Leagreid et 2/ (1999) stated that Asia
uses much more fertiliser than that of Africa and
South America and is biased towards excess N
application compared to P and Potassium (K).

Water quality deterioration is partly an
environmental problem associated with
agriculture, which affects human, anima and
plant health. Sediments, agro-chemicals and

fertilisers from agricultural fields can adversdly
affectthe quality of surface and sub-surface water.
Rising concerns over sustainable agriculture
indicate that the modern agricultural activities
have agreat responsibility of generating point and
non point sources of water pollutants and creating
surface water eutrophication. Among the plant
nutrients, N & P are the mostly responsible
nutrients in terms of water pollution. There is
currently aspecial concern onwater pollution by
nitrate (NO,) since it poses a great threat on
human and animal health (Greenwood & Walker,
1990). N and P together can create eutrophic
conditions in fresh water.

1.2.Objectives

The main objective of this paper is to discuss the
importance of Minimum Information
Requirement (MIR) modelling for catchment
management in the situations where a
comprehensive collection of catchment
information is not adequately available. It also
intends to discuss a MIR model called TOPCAT-
NP and its application to a selected agricultural
catchment in Sri Lanka to simulate the flow,
nutrients (NO3-N & P) and to identify theimpact
of different land use scenarios on stream water
quantity and quality.

2. MIR Modelling

The Minimum Information Requirement (MIR)
approachfor catchment scalemodellingisanovel
conceptputforwardby Anthony e#4/. (199). MIR
models are basically the functional
representations of complex physically-based
models and rely on few key parameters which
aresensitiveto the spatiotemporal variability. The
characteristic features of themodel sarethesimple
model configuration, a minimum information
requirement and a high functionality combined
with the capability of mimicking the results of a
complex physically-based model. This concept
attempts to minimise the parameter-related
uncertainty by keeping the number of parameters
to aminimum and to reflect areas of uncertainty
in a clear way. The question of catchment
heterogeneity is addressed within the MIR
framework by simplestatistical representation of
the model parameters. TOPCAT-N (Anthony et
al.,, 1996, Quinn ef a/,, 1996,1999) isthefirst model
to be developed based on MIR approach to
simulate the river flow and NO, loss at the
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FigureOl: Thestepsin TOPCAT-NP development.

. At hment scale. TOPCAT-N shares anumber of
I IPMODEL (Quinn & Beven, 1993) hydrological
pts ‘and also consists of an empirical
leac hing equation derived by mimicking the
putput of one-dimensional Solute Leaching
Intermediate Model (SLIM) (Addiscott &
Whitmore, 1991). This paper discusses a MIR
model allied TOPCAT-NP which includes
hydrology, NO3-N and P components.

21. TOPCAT-NPMIR M odel

TOPCAT-NP is a simple MIR model that can
almulate the hydrology, NO3-N and soluble &
sediment attached P transport at the catchment
miale The model uses the hydrology and nutrient
transport components of TOPCAT-N (Anthony
¢l al. 1996, Quinn et 4/, 1996,1999) with the
i lusion of critical source areacontributions. The
basle concepts of EPIC (Williams, 1995) physically
based model and simple export coefficient
approach (Johnes & O'Sullivan, 1989 Beaulac &
HReckhow, '1982; Johnes, 1996; Johnes et 4/., 1996)
were used in developing the model. The model
generates the flow and NO,-N at any time step.
The P'transport component consists of soluble P

and sediment attached P transport within the
catchment. Theamount of soil lossper unit runoff
and unit width of hillslope was taken from
another MIRmodel called MIRSED (Brazier ez 4l,
2001) for the purpose of cal culating the sediment
attached P. The steps involved in TOPCAT-NP
development is presented in Figure OL

The TOPCAT-NP compiled on a EXCEL
spreadsheet and the output of the model can be
obtained in tabular or graphical form. Model
works on daily or sub-daily time steps and
rainfall, flow and evapotranspiration data are
needed asinput. Flow, NO,-N, soluble PO, and
sediment attached P are the output of TOPCAT-
NP. The graphical output and the interactive
calibration buttons attached to the parameters are
centraly located in the EXCEL worksheet with
themodel structure (Figure02). The TOPCAT-NP
consists of only 14 calibration parameters. The
interactive parameter buttons are useful to change
the parameter values within a redlistic range to
obtain a proper calibration. The output graphs
located adjacent to the buttons immediately
reflect the model response to parameter change.
Thisfacilitates easier and fast calibration and the
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Figure 022 TOPCAT-NP interactive calibration buttons and the model output.

uncertainty in the output due to parameters are
aso directly visible. TOPCAT-NP which alows
multiple catchment simulation is considered as
an appropriatetool to comparethe performances
of the catchments.

2.2.Relevance of MIR Modelling
ApproachtoSriLankanConditions

Si Lanka is a developing country where alarge
proportion of land is converted to agriculture
annually. Most of these agricultural lands arein
the hill country where the dopes are steep and
very erosive rains occur. Sri Lanka has aradial
pattern of stream network and alarge number of
streams originate from the central highlands.
Therefore, thereisan obviousthreat to theaquatic
resources in this area due to agriculture and
related activities. Nevertheless, the environmental
impact assessments have been only limited to
major projects and no assessments have been
carried out on small scale land use conversions
to agriculture. In this regard, simple catchment
management tools such as MIR models have a
great potential toidentify and predict theexisting
and future problems of stream quality with
relativelylittleavailableinformation.

3. Application of TOPCAT-NP to
Upper Uma Oya

It is important to study the applicability of
TOPCAT-NP model to Sri Lankan conditions.
Accordingly, the model was applied to Upper
Uma Oya catchment in the central highlands of
Sri Lanka. Inview of this, anine-monthlongfield
campaignwas carried out to collect NO,-N and P
data at eight sampling sites at weekly intervals.
The sampling sites represented the major land
use/ cover types of natural forest, tea, agriculture
and mixed land useinthe study area. A sub daily
sampling of flow and nutrients was carried out
at Sandatenna agriculture dominated sub
catchment for fourweeksto study the storm effect
on nutrient mobility. The relevant flow, rainfall
and evapo-transpiration datawere also collected.

3.1. Upper Uma Oya Catchment

Uma Oya is a main tributary of the Mahaweli
river and is the only main stream draining into
Rantembe reservoir; the last of the chain of
reservoirs constructed under the Accelerated
Mahaweli Development Program (AMDP). The
total land extent of Uma Oya catchment is 740
km?2and it starts from NuwaraEliya and extends
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up-to Rantembe area. The Upper Uma Oya
catchment consists of the area above the gauging
station at Welimada, which is maintained by the
Mahaweli Authority of Sri Lanka. Thetotal aerial
extent of Upper UmaOyais 94.5 km? and extends
from Nuwara Eliya to Welimada.

Uma Oya flows through natural cloud forests as
well as highly intensive agricultural landsin both
Nuwara Eliya and Welimada and therefore, has
been identified as an ideal stream to investigate
the nutrient transport behaviour of different land
use/ cover Systems. It has also reported the highest
sediment generation rate compared to some other
sub catchments within the Upper Mahaweli
Catchment Area (UMCA) (Yaawara, 199). Due
to high monsoonal input, the dilution of nutrients
instreamskeepsthe concentrationslow. However,
localised and sporadic eutrophication problems are
often being seen. Thethreat of more eutrophication
isclear duetorapidland use conversion and more
input of fertiliser. It is important to identify the
threshold limit of fertiliser use to keep theNO,-N
and Plevelsin surface and ground water forlong-
term sustainability. The location of UMCA and
Upper Uma Oya catchments are presented in
Figure03.

3.2. General Water Quality Assessment
of Upper UmaOya

Therainfall records of Seetha Eliyaand Welimada
gauging stationsfrom 1994 to 2000 produce aclear
contrastinrainfall in headwater and downstream
areas. Theaverageannual rainfall at SeethaEliya
station of the upper catchment region is 2280
mm/yr, whileit is 1343mm/yr a the Welimada
station at the outlet. Basic water quality statistics
of the eight sampling sites is presented in Figure
04. According to the statistics, vegetable sites
produce relatively higher mean and median
concentrations of NO,-N, PO,, and TDS. Thesite
variations of the concentrations are also observed.
The mean concentrations of NO,-N and PO, at
the Uma Oya sub catchment outlet are 1.952 and
0.6 mg/1 respectively. None of the sampling sites
exceeds the recommended WHO concentration
of 10 mg/l. However, the soluble PO,
concentrations always exceed the recommended
limit of 0.1 mg/1 stipulated by USEPA (1986).
Forests have the lowest and consistent
concentrations of measured parameters. The
higher standard deviations which indicate high
fluctuations in concentrations in vegetable and
mixed land use/cover sites can be due to the
fluctuations in point and non-point discharges
according to the changing climatic conditions.
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Figure 03: Location of Upper Uma Oyawithinthe UMCA.
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Figure 04: General water quality statistics of Upper Uma Oya.

Accordingto the statistical assessment of sampled
nutrient datato identify the land use and spatial
effect onsurfacewater quality reveal ed that there
isasignificant effect between water quality and
theland use. The spatial effectisalso significant
within the same land use/ cover class except for
forests. The vegetables contribute greatly to the
surface and sub surface (well) water quality in
the catchment. Though, teareceivesasubstantial
quantity of inorganic fertiliser, the contribution
of tea towards water quality is significantly
minimum. Forestisthelowest contributingland
use class according to the sampled data.

3.3.Hydrological and Water Quality
Modelling

The unavailability of adequate catchment
information on hydrology, water quality and soil
nutrient status were the main limitations in
applying complex physically based models to
simulate catchment dynamics.. Inthisparticular
case aso, information for the Upper Uma Oya
catchment wasvery limited hence, theapplication
of a MIR model was the feasible option. In
hydrological and watre quality modelling, the
entire Upper Uma Oya catchment and a small
agriculture dominated sub catchment called
Sandatenna, near Nuwara Eliya, were modelled
for flow and nutrients. The model can closely
simulate the observed pattern of flow at Upper
Uma Oya catchment outlet (Figure 05). It is
apparent that themodel efficiency improveswith
the wetting up of the catchment. The major

hydrograph peaks during the rainy season and
produces an excellent agreement with those of the
measured. The model overestimates the flow
during the 98/99 rainy season. In this season,
the volume of water in the system is relatively
low. Storm flow largely dominates the stream
flow and therefore, individual storm events
produce a sharp recession immediately after the
rainfall events.

Figure 06 shows the pattern of NO,-N transport
in the catchment from March, 2000 to August
2000. Inthemodelling resultsfrom January, 1996
to August, 2000 period, the annual NO,-N
leaching cycles were prominent, however,
differentleachingrateswereobserved. Thesharp
downward peaks occur due to dilution of NO,-
N. According to the Figure 06, the recession of
NO,-N with the recession limb of the annual flow
hydrograph is very prominent. The outcome of
the Pmodelling is presented in Figure 07. Sudden
peaksin observed PO, may bearesult of localised
events such as point source discharges. The
farmers in the lower region of the catchment
irrigatetheir rice and vegetabl e fiel dswith stream
water and redirect the excess water back to the
stream. Usually, thiswater isextremely sediment
rich and could be equally high in P as the
sediment is derived from P rich soils. This aso
could be a reason for suddenly elevated soluble
PO, instreamwater. Since, leachingisan equally
important phenomenon for P in Upper Uma Oya
catchment due to P saturated soils, the stream P
levels seemto belinked with the ‘event’ discharge
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Figure 05: Rainfall, simulated and observed flow hydrographs for calibration.
period at Welimada gauging station (Jan 1997-Dec. 1997).
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The modelling results at the Sandatenna site
revealed the importance of the availability of
accurate flow records and data of high intensity.
The flow was approximated using velocity area
method at Sandatenna and the daily rainfall
records had to be fragmented to obtain sub daily
rainfall. The sub daily data of the catchment
provide agood simulation of flow and nutrients.
However, due to inadequate rainfall records the
peaks of the measured flow and nutrients do not
coinside with that of the measured. The results
suggest the need for the rainfall and
evapotranspiration records at the required time
steps for modelling.

In the land use scenario analysis, four land use/
cover types have been selected to best represent
the padt, current and possible future land use/
cover transformations that can occur inthe study
area. The land use/ cover has been transformed
from natural forest cover to plantation agriculture;
mainly tea during the British colonial period
(Wickramagamage, 1998). The 100% forest and
100% tea scenarios represent the past catchment
conditions which reflect the stream quality
characteristics when the catchment was less
disturbed.

The stream NO, and P levels are highly sensitive
to agricultural land use. According to the model
predictions, even if the catchment is entirely
converted to agriculture, the stream NO,-N level
does not exceed the WHO drinking limit of
10mg/1.. Given the uncertainty, thisvalue could
be well above therecommended limit. Generally,
the stream PO, exceeds the levels to cause
eutrophic conditions (0.01 mg/1 dissolved P &
0.02 total P) even with the natural forest
conditions. Nitrogen may act as the limiting
nutrient as there is no apparent eutrophication
threat even in the agricultural catchments at
present. The average concentrations of NO,-N,
soluble PO, and total Pin mg/1 under four land
use/cover categories change according to the
following sequence.

» Agriculture (6.6355)> Mixed (2.664)> Tea
(0.763)> Forest (0.0855) -NO,-N

» Agriculture(2.0658)>Mixed (1.8362)> Forest
(0.1225)> Tea (0.0638) - Sol. PO,

» Agriculture(0.7473)>Mixed (0.5519)> Forest
(0.2092)> Tea (01518) - Totd P

The direct results of the modelled scenarios
suggest the possibility of further conversion of
catchment land to agriculture while keeping the
stream NO,-N level at admissible limit. This is
further supported by the lack of evidence for
eutrophication, even with very high P levels.
However, the model forecasts should not be solely
considered for recommendations, as an
integration of factors may decide the ultimate
nutrient content in streams. Land use/cover
scenario analysis reveals the inherent uncertainty
associated with these parameters. Initia N and
Plevels are the mostly sensitive parameters and
obtaining representative effective values for the
entire catchment will always be associated with
a high degree of uncertainty. Landscape
heterogeneity plays a great role in nutrient
distribution making it hard to upscale the soil test
N and P values estimated for a small sub
catchment. Field scalevariability may be caused
by fertiliser distribution or movement within the
field while farm scale variability occurs due to
distance to road or manure storage facilities
(Needelman e£4l, 2001). Natural factorssuchas
weathering conditions, soil parental material,
erosion and water movement pattern can
influence soil P distribution. The agricultural
catchments located at the headwater region of the
Upper Uma Oya, exhibit significant climatic and
land management differences compared to the
lower region. Therefore, generalisation of the
modelling results for land use/cover
management planning would need great care.
The high soluble and total P levels under dl four
land use/cover imply the necessity of interactive
management strategies for these two nutrients
(Heathwaite et 22, 2000). Although, the 100%
agriculture scenario does not exceed the
recommended stream NO,-N levels (with the
calibrated parameters), together with increasing
P level it can stimulate eutrophic conditions in
the streams and open water bodies. However,
this model does not address the possible deep
groundwater contamination of NO,. The
measured well water at Sandatenna agricultural
catchment produced extremely high NO,-N
values. According to the observations, ground
water contamination is inevitable under
agriculture. These high NO, levels may appear
in background flow of the streams and may
elevate the stream NO,-N levels above the
recommended concentrations. Almost al the
suitable lands are under subsistence agriculture
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in the area. If the catchment is entirely under
agriculture, conversion of unsuitable slopes to
arable landsis unavoidable. Thiswill aggravate
the existing soil erosion problem (Rajapakse, 1998)
and will also lead to generate new critical source
areas. Therefore, the ultimate effects may be more
serious compared to theforecasted stream quality
status. On the other hand, other environmental
problems, such assiltation of reservoirsand heavy
metal pollution, which are not addressed by this
model can appear along with the land use
changes. Further, the contribution of rainwater
NO,-N was not considered in modelling,
however, itissignificant inthearea. It has been
reported that an average concentration of 153
mg/1 (0-3.05mg/1) NO,-N waspresentintherain
water at Horton Plains which is at a close
proximity to the study site (Gunawardene et 47,
1998). In thiscontext, aproper land management
strategy to generate a balance between natural
and agricultural land use system should be
suggested along with proper management
strategies to conserve the soils and steep slopes.

4. Discussion and Conclusions

Agriculture related environmental and water
quality problems are spreading beyond the
geographical boundaries of countries and have
now become aglobal concern. The prediction of
the catchment behaviour is essential for proper
decision making in sustainable management of
water resources, Majority of the catchments in
the world are [data limited and, therefore,
application of physically based complex models
ispracticaly difficult. Inthissituation, thesmple
catchment management toolssuchasM IR models
are more effective since they can work with
limited information while producing usable
results.

The Upper Uma Oya catchment situated in the
central hills of Si Lankais a classic example of
the rapid land use conversion due to extensive
agricultural practices. The catchment has
undergone extensive land use/cover changes
from natural cloud forests to plantation
agriculture (tea) and then to vegetable and potato

farming. In Si Lanka, the catchment research is
mostly confinedto soil erosionrel ated studiesand
the concern on agriculture related water pollution
is seemingly neglected. Water quality data are
mostly limited to few irregular measurementsin
major rivers or reservoirs. Lack of flow and
nutrient time series of a considerable length
hinder the application of hydrological and water
quality modelsfor catchment management.

The application of TOPCAT-NP model to the
Upper Uma Oya catchment and its Sandatenna
sub catchment produced good resultsin terms of
flow and nutrient transport. The model output
provides an indication towards the on-going
catchment processes and the possible future
changes.

Land use/cover scenario analysis provides an
insight to the effect of land use/cover changes
on flow and surfacewater quality. A proper land
use/ cover scenario analysisis possible only with
distributed physically-based modelling.
However, with the parameters that are sensitive
to land use/cover and management practices in
TOPCAT-NP, themodel canpotentially simulate
stream flow and nutrients under various land
use/cover options. The model results may be
used as aguideline to identify the most suitable
land use options and management criteria.
However, the user should be well aware of the
uncertainty associated with the parameters and
its propagation to the final model output.

Finally, it should be emphasised that the
catchment scale models should be simple and
user friendly, while being comprehensive with
multiplecapabilities. They should appropriately
address the issues prevailing in the catchments
such as data limitations and errors in data, and
also should be able to calibrate within the
available information and in a reasonable
computational time. The model should inspire
an understanding of agriculture and hydrology
and the threat of unmanaged land use changes
onwater resources. Inthisregard theMIR models
may effectively be used in catchment planing and
management.
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