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et al. 2003) “Drinking water sources should be protected by
developing watershed-based source protection plansll

conditions. Canadian Biosystems Engineering/Le génie degatersheds in Ontario (O’Connor 2002).” Source wate
biosystemes au Cana8@: 1.1 - 1.11. In the current exploration Ofprotection relates to the protection of all watee wsources

source water protection in Canada, a number ofrala¢éel models are
being evaluated by different provincial and murétiprganizations.
The Annualized Agricultural Nonpoint Source mod®hAGNPS),
widely used in the USA, was evaluated in the Cagiage watershed
situated in the Grand River basin of southern Gmtahe model was
run for a period of ten years (1991-2000) to sirrmuthe hydrology
and sediment yield from nonpoint sources. Datalfeffirst five years
(1991-1995) were used for calibration and thatlferlast five years
(1996-2000) for validation. The hydrology componefthe model
performed very well for the calibration and validatphases, while the
sediment component performed better during thbielon phase than
the validation phase. The results of this study @islicated that the
hydrology and sediment components need improvefoewinter and
early spring periods. The possible approachesndlbahis situation
may be to adjust the monthly curve number valuestae RUSLE
parametersKeywords: AnnAGNPS, calibration, validation, water
balance, surface runoff, sediment yield, springdéton.

Différents organismes municipaux et provinciaux entrepris
d’évaluer un certain nombre de modéles de basgrsants dans le
cadre du projet de protection des sources d’e&@aaada. Le modéle
‘Annualized Agricultural Nonpoint Source (AnnAGNPS)es utilisé
aux Etats-Unis, a été évalué dans le bassin vedeaftanagagigue
situé dans le bassin de la riviere Grand dansdedsu’Ontario. Ce
modéle a été utilisé pour simuler I'hydrologie atdroduction de
sédiments de sources non ponctuelles durant uiedpéde dix ans
(1991-2000). Les données des cing premiéres afh@es-1995) ont
été utilisées pour la calibration du modeéle etesetles cing dernieres
années (1996-2000) ont servi pour sa validation.chmposante
hydrologique du modeéle a trés bien performé posrgbases de
calibration et de validation tandis que la compésde sédimentation
a mieux performé durant la phase de calibrationdyrant celle de
validation. Les résultats de cette étude ont aimbgué que les
composantes d’hydrographie et de sédimentation les$oin
d’amélioration pour les périodes d'hiver et de détmiprintemps. Des
approches possibles pour remédier a cette situgt@arvent étre
d’ajuster les valeurs numériques des courbes méesansi que les
paramétres RUSLBVIots clés AnnAGNPS, calibration, validation,
bilan hydrique, ruissellement, production de séditsecondition
printaniére.

INTRODUCTION

Protection of source water is now of prime impoctarin
Ontario, particularly in light of the Walkerton gady when the
impairment of water resulted in the loss of sewezsl (Hrudey
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(surface and ground) from all possible sourcesodififants.

In Ontario, agricultural activities such as livet@long with
population and industrial growth are the major searof point
and non-point pollution. A number of water quagitudies have
been conducted in the Grand River basin, one obtpgest
basins in southern Ontario and a tributary to LEke (GRCA
1998; GRIC 1982). These studies reveal that watglitg in the
Grand River is under increasing threat, and pawtrces and
nonpoint sources are the main causes of the degradawater
quality. Significant progress has been made toestt&t amount
of pollution coming from point sources, includingigroved
treatment of industrial and municipal wastewatat;tbe level of
success in controlling and reducing pollution frawn-point
sources is still not encouraging. Indeed, the piolufrom
agricultural activities has been a source of wattiaity problems
in the Grand River and many other river basins imafo
(GRCA 1998). Many parts of the Grand River are euily
experiencing low dissolved oxygen levels, high ieutr and
suspended sediment concentrations, and degradddhdrivater
quality and habitats for fish and other aquati@oigms (GRCA
1998).

To achieve clean and safe surface water, it hasnbec
necessary to identify source areas of contaminaéisponsible
for the impairment of water bodies and their refationtribution
to impairment.After identification of pollution sources, best
management practices can be applied systemattcadigntrol
the contaminant concentrations and loads at watdrshtlets.
The deliberate targeting of non-point pollution sms has been
demonstrated to be an efficient and cost effectheans to
reduce pollution from nonpoint and contained adtizal
sources (Dickinson et al. 1990).

Numerous NonPoint Source (NPS) models are being
considered and used to estimate runoff, soil empsediment
yield, pesticide, and nutrient loads transportedrddream from
various spatial scales, and these models are leipigred as
tools for the development of management strategi@seliorate
effects of NPS pollution on water quality. Beforgyanodel can
be used for this purpose, however, it must undegeful
calibration and validation to ensure that pertimaocesses and
parameters have been included and can be ascdrtairably.
The Annualized Agricultural NonPoint Source (AnnABS))
model has received considerable attention in thieedStates for
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Fig. 1. Location of the study area.

management of pollution from agricultural activitie
AnnAGNPS was developed by the USDA-ARS researchgro
and values of the model parameters are availaldatabases
developed by NRCS for any location in the Uniteat& (Yuan
et al. 2001). For application to Ontario conditiotiss model
needs careful and thorough evaluation. The objeativthis
study has been to examine the applicability oAheAGNPS
model in Ontario conditions.

AnnAGNPS model

The AnnAGNPS (Bingner and Theurer 2001) is a coiotirs
simulation, daily time step, watershed scale, pafittioading
model developed to simulate long-term runoff, segimand
chemical transport from agricultural watershedss & direct
replacement for the single event model, AGNPS (goeinal.
1989), and retains many features of AGNPS (Yuah €001).
Bosch et al. (1998) described the model as a flexdrcurate
tool for watershed management and for the develaoprog
criteria for the determination of total maximum/gldoads to
receiving water bodies. AnnAGNPS uses and combimeasy

calculate Soil Conservation Service (SCS) curvebamn(CN),
which serve as the basis for determining surfacesaibsurface
runoff quantities for each day. After percolation,
evapotranspiration, and drainage from the soil asarfand
subsurface have been satisfied, the remainder lecemface
runoff.

Subsurface flow takes into account either tile mage or
lateral flow, and occurs only if an impervious layg present
within the soil profile. The widely used Houghouwsdfuation is
used to calculate the tile flow amount; and whenwiatertable
is below the drainage depth, lateral flow is calted using
Darcy’'s equation. Subsurface flow is added to #lereach at
the same time as runoff.

AnnAGNPS uses the Revised Universal Soil Loss Egquat
(RUSLE) (Renard et al. 1997) for the calculationsefliment
delivered to a field edge as a result of runoffifrany type of
precipitation. The Hydro-geomorphic Universal Sadibss
Equation (HUSLE, Theurer and Clarke 1991) is usezbtimate
the total sediment yield leaving each field to geeam reach
after deposition. The model calculates nitrogen pRpsphorous
(P), and organic carbon (OC) concentrations witkach field
using a mass-balance approach based on the s@turoand
environmental conditions in the watershed. AnnAGNIRS has
the capability to simulate pollution loads from centrated
nutrient sources (feedlots and other point soureas) other
concentrated sediment sources such as gullies amd n
precipitation water additions like irrigation prees.

Three sets of data are required to run the AnnAGNB&el.
They are topographic data, soil and land-use rtldéta, and
climate data. Input data preparation is organizdgithe tools
and/or models contained in the AnnAGNPS package.

Description of the study area

The Grand River is one of the largest rivers intlsern Ontario
and is a tributary to Lake Erie. The selected veded
(Canagagigue Creek, a minor tributary of the GrRinkr) is
located in the northwest part of the Grand Rivesilbhetween
43°36N-43°42’ N latitude and 80°33'- 80°38" W longitude
(Fig. 1). The watershed can be considered “typicatinadian”,
as it was formed by glaciations. It is roughly eegjular in shape
and is about 150 kfin area. About 80% of the land within the

modules of other widely used models (such as RUSLWatershed is under agricultural activities and 1i8%oodlot

CREAMS, EPIC, and GLEAMS); and the model can beluse
locate possible locations of contributing areasciwhmight be
responsible for the impairment of water quality.

AnnAGNPS is a distributed parameter model in whiadh
watershed is divided into several small areaseddltells”,
which are often grouped into hydrologically simitaeasThe
water balance in the model accounts for the inpdtautput of
water on a daily basis. Water inputs include rdinsaowmelt,
and irrigation water; while water outputs involweface runoff,
percolation, evapotranspiration, tile drainage, amout to
ground water. Generated runoff and sediment ateddabrough
the in-cell watershed flow-system on a continuoasid and
allow for moisture stored in the soil to be asdeed for the
next day. The soil moisture can be calculated brdaily time
steps (up to 24 times in a day), which is a uskfature to
represent nonlinear rates of percolation and evapspiration
within the soil profile. Soil moisture conditionsegthen used to
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(Carey etal. 1983). The average annual precipitatinges from
750-1000 mm, of which 100-200 mm falls as snow. average
annual temperature of the area is abouf@.@nd annual
evaporation is about 65% of the annual precipitatiuly and
August are the warmest months of the year and tirehm with

the highest rates of precipitation. In contrasthuday and
February are the coldest months of the year.

The area upstream of the Floradale reservoir iw#ttershed,
with a total contributing area of about 53%nwas selected for
this study. This selection was primarily basedtanavailability
of observed data. The topography of the study ardiat to
gently undulating with a slope of 1.5% towards dhilet in the
south. The elevation in the watershed ranges fre@®t& 470 m,
and the average elevation is 417 m. A dominantaserfoil
(200-600 mm depth) in the watershed is loam otalin of the
Huron and Harriston series overlying a loam tiliggant and
Wicklund 1971; Hoffman et al. 1963). About 90% thie
selected subwatershed area is under agricultusatipes. The

DAS, et al.



Table 1. Sequence of the management operations ireth

study area.
Crop Date Operation
May 7 planter
July 18 fertilizer application
Corn grain October 20 harvest
October 30 manure application
November 7 chisel disc
April 15 manure application
April 30 cultivator
May 7 planter
Com silage July 18 fertilizer application
9 September 25 harvest silage
October 15 killing forage
October 30 manure application
November 7 chisel disc
May 10 harrow
May 20 drill plant
Soybean July 25 fertilizer application
October 10 harvest
October 30 manure application
April 7 drill plant
June 15 harvest hay
Alfalfa September 15 harvest hay
October 30 manure application
April 7 drill plant
June 15 harvest hay
Alfalfa-red July 25 harvest grain
clover September 25 harvest hay
October 30 manure application
November 7 chisel disc

dominant agricultural land use includes mixed fagnwith
predominantly dairy farming and cropping of comad grains,
other row crops, and hay. Cash crops cover a velsti
insignificant portion of the watershed. Most of ttr@ps are

grown for livestock feedSo and Singer 1982). General tillage

practices within the watershed vary from converglde no
tilage. Manure spreading on agricultural land iscammon
practice. Generally the manure is applied two timggar in
April-May and July-November.

Five flow gauging stations and three water quatiéasuring

stations are situated in the Canagagigue Creekstete area.

The current study used the observed flow data fiom gage
station No. 02GAC17 and sediment data from quajdge
station N0.16677600502.

Input data preparation

AnnAGNPS requires more than 400 input paramete34 otata
categories, including landuse, topography, hydmglapils,
feedlot operation, field management, and climate @limate
data file and the AnnAGNPS input file are two majgout files
required for application of AnnAGNPS. For the AnnKBS
input file, the watershed and subwatershed boueslaaire

delineated by using the TOPAGNPS and AGFLOW modul%

integrated with the AnnAGNPS Arc View interface.rRbis
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study, cells were hydrologically determined based threshold
critical source area (CSA) of 100 ha and a mininsource

channel length (MSCL) of 200 m. Each cell was gimeamumber
for identification as an individual unit. The nunneas also used
as a reference number for the receiving cell/subrsaed

attribute. Physical properties of each cell (adeagth, and
slopes) were determined by the module AGFLOW. Tdmeidant

soil and land use for each cell were predetermirad the soil

and land use shape files over the delineated sebstetd. A
digital elevation model (DEM) for the whole Canamgpg

watershed was obtained from the Grand River Coaserv

Authority (GRCA). The DEM in 10-m resolution wassea on

the contour data and digital terrain data from QAL@BMs

(Ontario Base Map).

GIS layers for soil and landuse were obtained fiitwen
Ontario Ministry of Agriculture, Food and Rural Affs
(OMAFRA) soils and landuse databases. These indwskies
of county-wise geo-spatial soil survey data. Thésshape file
required rearrangement according to the input reqents of
the model. Most of the physical properties of seise obtained
from the Canadian Soil Information System (CanS{3jtario
Soil Survey Report No.35 (Hoffman et al. 1963), @mtario
Soil Survey Report No.44 (Presant and Wicklund }971
Fourteen types of dominating soils were identifiexin the soil
shape file over the delineated watershed. The Bdireries
(loam textured) soil was the most dominant (28%hef study
area), followed by the Brady series (sandy loari)$8% of the
study area).

The AnnAGNPS input accepts five types of landuseiifier
(cropland, pasture, forest, rangeland, and urtzarg,hence the
seven types of landuse in the subwatershed weftass#ied
according to the model requirement. Each landupe tyas
included under a land use identifier during theuingata
preparation. A mixed system of agriculture was @ered to
cover 48% of the watershed, followed by a cornesys{21%)
and woodlot (11%). Crop rotations were determined
consulting OMAFRA and respective Conservation Autiyo
personnel. The crop information was collected frahe
OMAFRA Publication 811 (Agronomy guide for fieldogy) hand
book. The management operation for each crop impartant
factor for calculating the sediment yield as ittaiibs both the
soil surface and subsurface. The detailed managepenation
data were prepared as required by the model irmd, as
described in Table 1. Management operation andcegsed
parameters were obtained from the RUSLE guideliard,the
database was included in the data preparation rfaiflehe
model.

SCS curve number (CN) is one of the key hydroldaitors
for estimating runoff volume and peak as well alirsent yields
(Yuan et al. 2001). The transport of pollutantsoasged with
runoff and/or sediment is also largely affectedtfey CN. The
CN for different hydrologic soil groups related éach crop
operation was selected from the National Engingetiandbook,
Section 4 (SCS 1985), and are shown in Table 2.

Tile drainage is a common water management praatice
covers about 60% of the watershed area (Dorner )20%gl
details regarding tiles were not available forghaly watershed,
it was assumed that the 60% coverage of the artie lolyainage
as equally distributed over the entire watersiibd.parameters
quired for the tile drainage system were obtaiftech the
Ontario Drainage Guide (OMAFRA 1997).

CANADIAN BIOSYSTEMS ENSEERING 1.3



Table 2. Selected SCS curve numbers for the study ea.

Curve number

Land cover class Hydrologic soil group

A B C D
Corn straight row poor 72 81 88 91
Soybean straight row poor 72 81 88 91
Continuous forage poor 68 79 86 89

Two options are available in AnnAGNPS for the pragian
of the climate file. Option one includes generatibthe climate
file by using the weather generator available @mAnnAGNPS
package. In the second option, the historical datebe used to
prepare the climate input file. As the weather gatien
approach has not been validated for Ontario canditi the
climate file was prepared using historical datae Thoolwich
rain gauge station, located close to the study nstaéel, was
selected for the historical rainfall and daily teemgture data.
The climate parameters not available from the Wadiwstation
(wind speed, sky cover, and dew point temperatwele
obtained from the weather station at the Waterlaglivgton
Airport which is about 10 km south of the watershed

RESULTS and DISCUSSION

Sensitivity analysis

A sensitivity analysis was performed to ascertaisé sensitive
parameters, which when modified in value causedyteater
variation in the model output. This step was takenthat
attention could be focused on these key parameharisg

calibration and validation of the model. AlthoughrfAGNPS
requires a large number of input parameters, méttyem are

extracted from the DEM by TOPAZ and AGFLOW module

and were not considered for sensitivity analysis.phblished
literature is available on detail sensitivity arsdy for
AnnAGNPS; however, various modules in AnnAGNPS aedp
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Fig. 3. The sensitivity of sediment yield to curve umber,
hydraulic conductivity, bulk density, and tile depth.

undergone comprehensive sensitivity analyses (Badchl.
1998). Based on the review of literature, it wasidied to
explore the sensitivity of the AnnAGNPS runoff asetliment
yield outputs to variations in 16 parameters ferchll and reach
data. Each selected parameter was changed by ramigict of
+5%, while fixing the values of the other paramstand the
gradient of the output response with respect tosilected
parameter was used to quantify the degree of sétysiSelected
examples of the sensitivity analysis are shownigs.R2 and 3.

Results reveal that for both total runoff and sedityield,
model outputs are sensitive to the SCS curve nursbérbulk
density, soil hydraulic conductivity, and tile depfThe peak
runoff volume is also sensitive to Manning'’s ‘ni faoth cell and
reach flow, and hydraulic conductivity; and theiseht yield is
also sensitive to soil erodibility (k) factor, supppractice factor
(P), and the cover management factor (C). Thesétsagere not
too surprising and seemed to make good sense. Baisah
(1998) also noted that runoff and associated vkasaliere most

ensitive to runoff curve number. Gifford and Jen§Ed77)
ound that soil compaction and associated increasdsulk
density had important hydrologic implications reigtto reduced
plant growth, reduced infiltration rates, and irxged runoff

from the CREAMS. GLEAMS. RUSLE . and EPIC modelsdayPotentials. Such effects may have resulted in fiaraf sediment

Fig. 2. The sensitivity of runoff amount to curve nunber,
hydraulic conductivity, bulk density, and tile
depth.
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yield being sensitive to bulk density. AnnNAGNPS siders tile
flow to reach the outlet the same day. While wHiat enters the
tile will enter the reach the same day, the subserfvater does
not all drain into the tile in one day. Hence i@ surprising that
runoff was sensitive to tile depth. Soil hydradanductivity is
used in the model to calculate the amount of patizoi.
Therefore, an increase in hydraulic conductivitguteed in a
marked decrease in surface runoff. As Manning'syhoess
factor is an important parameter for calculatiofi@iv velocity
and time of concentration, this parameter has féigmt impacts
on runoff peaks and sediment loads.

Calibration and validation of AnnAGNPS

AnnAGNPS was run for a period of ten years (199069Qto
simulate hydrology and sediment yield. Data froA1181995
were used for calibration, and from 1996 to 2000ewesed for
validation purpose. For both the calibration andichadion
phases, the hydrology outputs and sediment outmifits

AnnAGNPS were compared with the observed data, and

calibration of the model input was done to matchdprted

DAS, et al.
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Fig. 4. Annual water balance for the calibration plase.

values with the observed data. Calibration wasoperéd by
changing the sensitive parameters within their piad®e ranges
to best fit the model output with the observed d&mce
AnnAGNPS has a limitation in accounting for grouneter
flow and thus not representing any output as base, fthe
calibration was done only for surface runoff. Thedflow was
subtracted from the observed runoff using the refjdnterval
method. The surface runoff calibration also affdcthe
sedimentyield, and thus the parameters specifisafisitive for
sediment yield were also adjusted at the same tifhe
optimized parameters were used for the validatizasp with
only the climate and crop rotation files being dalah for the

1995

amount for the respective “water year” to minimize
the storage effects. However, this consideration
might lead to an overestimation of the observed ET
as the interception is neglected.

The data in Fig. 4 indicate that for the
calibration years the simulated evapotranspiration
is always slightly less than the observed
evapotranspiration. The possible overestimation of
observed ET described before might be a reason
behind it. The difference between the simulated and
observed evapotranspiration varies from 2.4 to
7.6%, with a mean difference of 4.2%. For the
validation period (Fig. 5), simulated
evapotranspiration is also less than observed
evapotranspiration with the difference ranging
somewhat more widely from 2.1 to 9.5%, with a
mean difference of 3.1%. The simulated annual
evapotranspiration ranged from about 57 to 64% of
the annual precipitation, and the observed

evapotranspiration ranged from 60 to 64% in thébcation
phase. For the validation period, the simulategetranspiration
ranged from 54 to 69%, whereas the observed eapagiration
ranged from 55 to 73% of the annual precipitatior. both the
calibration and validation phases these resultpenatavorably
with the long term mean value of 65% of annual jpitation
results reported by Rudra et al. (2000).

Table 3 shows the seasonal water balance for theataon
and validation periods. The seasonal amounts afigitation,
surface runoff, and evapotranspiration being exa@sas
percentages of the respective annual amounts. &firétabn of

validation periodCalibration and validation also focused on th6€asons, i.e. spring from February to May, sumneen flune to

water balance. Since identifying source areaskisyastep in
source water protection, the output was also aerdlyzidentify
sediment source areas.

Water balance

Figures 4 and 5 show the annual water balance r8@1i to
1995 for the calibration and validation phases.tRese results
the observed evapotranspiration was computed hyasiimg
the observed annual stream flow from the annuatipitation

O Sim_ET mObs_ET M Sim_runoff M Obs_runoff

80 ~

70 A

Percent of total precipitation

September, and fall from October to January has beggested
and rationalized by Dickinson et al. (1990). Itcsimmon in

Ontario that the surface runoff is more duringspeng season
than during any other season of the year. In cefytegaporation
is much less in that period. The simulated resitsv the same
trend, and a water balance comparable to thateobbizerved
data.

As noted earlier, AnnAGNPS does not have an explici
computation of the base flow contribution to streflow,
therefore, contributions to and from the ground
water and their changes due to precipitation are
difficult to quantify. This indeed is a limitaticof
the AnnAGNPS model.

Surface runoff

The comparisons between daily simulated and
observed surface runoff amounts are presented for
the calibration and validation phases in Figs. 6
and 7, respectively. In general, the comparative
results reveal that the daily simulated surface
runoff matches the observed record of surface flow
reasonably well except for some differences. In
some cases the simulated peak occurred one or two
days earlier than the observed peak. In other cases
the model did not predict any surface runoff while
the observed data indicated the occurrence of a
runoff event. There were some occasions when the

1996 1997 1998 1999 2000 /

. o model simulated a runoff event where there was

Fig. 5. Annual water balance for the validation phae. neither a precipitation event nor an observed funof
Volume 50 2008 CANADIAN BIOSYSTEMS ENSEERING 1.5



Table 3. Seasonal water balance for the calibratioand validation phases simulated by the model.

Seasonal water balance

Year Spring Summer Fall
P(%) TR(%) ET (%) P(®) TR(%) ET (%) P(%) TR(®%) ET (%)
1991 37.9 76.0 18.5 39.6 7.9 76.3 22.5 16.2 4.7
Calibration 1992 28.0 61.3 28.7 49.5 20.0 66.6 31.7 68.4 6.2
1993 21.8 20.7 24.7 46.5 10.9 69.0 17.2 15.2 4.6
phase
1994 46.2 83.0 22.6 36.5 1.7 72.8 29.4 33.2 5.4
1995 35.0 64.0 20.5 355 2.8 74.0 22.4 16.0 5.1
1996 38.4 61.4 19.9 40.0 6.3 76.7 215 32.2 3.4
1997 44.6 86.7 23.2 36.7 0.8 715 18.6 125 5.2
Validation phase 1998 37.3 63.0 27.6 28.9 2.3 67.2 33.7 34.7 5.1
1999 25.8 61.3 28.1 47.5 15.7 67.9 26.7 22.9 3.9
2000 32.8 49.6 30.4 50.8 32.1 63.6 16.4 18.2 5.9
C—1 Precipitation ------- Sim_runoff Obs._runoff event. Such discrepancies could be due to many
35 Turpr ‘ r 0 factors. AnnAGNPS considers all generated
| 10 surface runoff to be delivered at the outlet on
30 1 the same day. In reality, it may not happen for
% the size of watershed used in this study. The
Sl r30 _ time lag between the occurrence of a rainfall
E 40 E eventand the peak flow at the outlet and the
20 = spatial distribution of rainfall over the
g 5
z | 1% §  watershed (here the precipitation data from one
£ - 60 § climate station has been used for the whole
2 10| | ;0 & watershed) could result in mismatch between
< the occurrence of observed and simulated
s & - 80 peaks. During the late winter and spring
L ’\ S L 90 months the model did not always simulate
ANV AL AN A A | 100 surface runoff when runoff was observed. Such
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1.6

observed runoff events were generally
associated with snowmelt. In ANnAGNPS the
curve number is adjusted for frozen soil
conditions, but this adjustment may not
adequately represent the spring conditions.
Also in AnnAGNPS, the snowmeltis computed
using a temperature-based approach and the
daily temperature estimated from the monthly
maximum and minimum temperature may not
correspond to the actual temperature. Such
variations in temperature could result in
incorrect estimation of snow melt. The
snowmelt routine clearly needs careful
examination to improve upon the above-
mentioned discrepancies.

Figures 8 and 9 present comparisons
between monthly simulated runoff and observed
runoff for the calibration and validation
periods. Overall, the simulated monthly runoff
values were about 3.3% more than the observed
runoff; however, the simulated amount was
generally less than the observed during the late
winter months. Further, the observed runoff was
sometimes greater than the simulated even
when there was a small amount of precipitation.
During late winter and early spring most of the
runoff events occur as a result of snowmelt, or
rainfall on snow, or rainfall on ground with
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output indicates that spring runoff accounts for 35

T
80 A

70 4

100 |||l|||||
i

60 -

Runoff amount (mm)

| | to 42% of the spring precipitation. The spring
- 50 surface runoff ranged from 50 to 80% of annual
runoff during the calibration phase and from 55 to

75% during the validation phase. These results

- 150 matched the observed runoff amounts very well.
These results also agree with the observations of
Rudra et al. (2000). They reported that most
surface runoff occurs in the late winter and early
spring in southern Ontario, and could account for
up to 80% of the annual surface runoff. They also
L 350 observed that runoff is generally produced within
a very short period during very few events in the
& spring. The model output confirms such trends, but
o b 450 the values were somewhat less than the long-term
\ average values (Rudra et al. 2000). The deviations
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between simulated runoff and observed runoff
were greater during the summer season, and could
be partially due to a lack of spatial coveragénin t
rainfall data. In this study, one rain gauge waslus
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Fig. 8. Comparison of the simulated and observed maémly runoff for for the rainfall data and rainfall was assumedgo b

the calibration phase.

snow patches, or rainfall on ground when thereneasnow on
the ground but the soil was still frozen at shalldepth.
AnNnAGNPS does not have the capability to addrdssuah
conditions. One possible approach to handle thistson may
be to adjust the hydraulic conductivity value dgrthe winter
and spring period on the basis of bulk density] s@iter
content, and the number of freeze-thaw cycles.

The model simulated less surface runoff from May
September than other months of the year. Thesdisegiree
with the observation of Yuan et al. (2001). Theyared that
runoff generation is less from the fields when ¢hare high
evapotratspiration demands during the growing seaBais is
also true for Ontario as the growing season expands May
to October. However, some big rainfall events dysommer
months can generate runoff, which was observe®? land
2000, and the AnnAGNPS also simulated such a patter

uniform over the entire watershed.

Figure 11 represents the comparison between sieduatd

observed annual surface runoff values for the catiin and

validation phases. Overall, the model underpredicterface
runoff in most (four out of five) years. The diféerce between
the observed and simulated surface runoff ranged 6.2 to

7.8% with a mean difference of 2.4%. A similar paitwas
observed during the validation period. During tlukase
tANNAGNPS slightly over predicated annual runofftieo years
and underpredicted for three years. The differdrateveen the
observed and simulated annul runoff for the valeaperiod

ranged rather widely from -17.6 to 19.6% with a mé#ference
of 2.2%.

A number of numerical approaches have been used to
evaluate the performance of hydrologic and nonpsmirce
pollution models (Fitz et al. 2002). This study agestigated
the Nash-Sutcliffe statistical measure which ionamended by

The simulation of seasonal runoff amounts was alsoSCE (1993), regression coefficient, average diratand

investigated and the results are presented inBigrhe model

[—1 Precipitaton  ------- Simulated Observed

model efficiency. Table 4 represents the outputs of
the mentioned statistical analysis for both
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Sutcliffe coefficient provides a useful index to
quantify the utility of a model, a value of 1

- 150 indicating best performance and 0 being worst
performance (Evans et. al 2003). The coefficient
was computed for both daily and monthly
comparisons. The Nash-Sutcliffe coefficient of 0.2
was not encouraging for daily simulation. It
appeared that the main reason for such a low value
was that the timing of the simulated and observed
- 400 peaks seldom matched. Clearly the daily time step
| 450 used in the model created some difficulties in
simulating the runoff events which continued more

I 100

ﬂ'ﬂl IIHl ————— I ° calibration and validation phases of this study.
‘ ”l | ””l |l L 50 A positive and non-zero value of the Nash-
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Fig. 9. Comparison of the simulated and observed maimy runoff for

the validation phase.

TR T e e 500 than one day. To explore this hypothesis further,

daily simulated event peaks were shifted forwards
or backwards in time by one day to match the
timing of those peaks. When such adjustments
were made, the Nash-Sutcliffe coefficients
increased to 0.58 and 0.50 for the calibration and
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Fig. 10. Comparison of the simulated and observed asonal

runoff for the calibration and validation phases.

Fig 11. Comparison of the simulated and observed amal runoff

for the calibration and validation phases.

validation phases, respectively, confirming thahAGNPS had
difficulty in simulating the timing of runoff peakf®r events
continued past midnight. The coefficients for monttunoff

outputs were 0.79 for the calibration phase an@® @08 the
validation phase reflecting a lumping out of ddilyctuations,
a reduced influence of snowmelt, and a minimizihie effect
of mismatching of peaks.

Sediment

The monitoring station at the outlet of the watersh
used for calibration and validation of the hydrglog
component had adequate flow and sediment data from
1974 to 1984, but the sediment data were not dlaila
after 1984. Analysis of land use in the watershechf
1970 to 2000 indicated that there was no significan
change in the land use between 1974 and 2000;
therefore, the sediment and flow data for the 1874
1984 period was used to develop a relationship doetw

sediment

concentration and stream flow. This

relationship was then used to estimate sediment
concentration (from stream flow rates) for the 1991
2000 period (calibration and validation period$)eTise

of this type of relationship may have certain latibns,

but can be helpful to capture the general streamflo
sediment trend.The developed relationship is:

S=6247Q 1)

where:

S =sediment (mg/L) and
Q = flow rate (n¥s).

Sediment loads were computed from the product of

sediment

concentration and flow volume. An

examination of loads obtained by Eq. 1 indicated ith
gave reliable results up to event sediment loadbofit
200 tonnes.

Figures 12 and 13 show the comparisons between

simulated and estimated monthly sediment loadthfor
calibration and validation phases. These compasison
revealed that the simulated and estimated monthly
sediment loads follow similar trends with certain
exceptions. The model did not simulate any sedinment
February 1993, January 1994, February 1995, and
September 1995 for the calibration phase and i Jun
1998, October 1998, and October 2000 in the vatidat
phase. The hydrology results indicated that theffun

amounts during these months were also negligible.
Sediment yield also varied throughout the year and

land use and management practices are one of jbe ma

reasons behind it. The difference in total betwidenmonthly

simulated and estimated sediment yield for thébcation phase
was 6.1% and for the validation phase was 28%oth bases,
the simulated sediment was more than the estinmsgdinent
yield. This may be due to presence of riparianavetland/or the
estimated sediment values being low. The AnnAGN&ss dhot
have the capability to simulate riparian wetlande Tvatershed
has a number of wetlands at the eastern part. Véreppediction

Table 4. Statistical analysis for model performancen hydrology

of sediment yield may be due to wetlands which
were not explicitly considered in the AnnAGNPS

component. model. Though riparian wetlands also work as

Event Model Average Nash sinks for thg .rte)zldu%tlon ofhruno_ff blljt th;\t pattlern

efficiency  deviation  coefficient was not visible from the simulated results.

Indeed, the model over-predicted the runoff at the

Calibration ph Daily 0.38 0.25 0.42 0.58 outlet of the watershed during the validation
alibrafion phase Monthly ~ 0.80 0.79 2.83 0.79 phase. It is possible that the western part of the
watershed, without wetlands, was dominant

- Daily 0.40 0.31 0.40 0.50 during the validation phase. The Nash-Sutcliffe

Validation phase g the ! phase.
Monthly — 0.75 0.69 2.90 0.69 coefficient is 0.53 for calibration and 0.35 foeth
1.8 LE GENIE DBBOSYSTEMES AU CANADA DAS, et al.



Fig. 12. Comparison of simulated and estimated (obsged) monthly

sediment for the calibration phase.

validation period. These values are not too engpogabut are
acceptable when comparing the simulated value \aith
estimated observed value. Also, the model simulatiod the
observed results show the same trends and, theréfoan be
assumed that the model simulation of the sedimeid is at a
satisfactory level.

average of 48% for the same season. Studies
found that the long term sediment yield in Ontario
in the spring is about 70% which is more than the
model simulated average amount. Hence the
model requires more attention in evaluating the
sediment yield during the spring period in Ontario.
A possible approach for this improvement can be
by adjusting the seasonal soil erodibility factor
prepared for Ontario conditions.

Both the simulated and estimated values again
show summer and fall to be less sediment yield
periods with some exceptions (in the years 1999
and 2000). Climate data show some big rainfall
events during summer of those years which may
be the reason behind the higher amount of
sediment yield.

Sediment source areas

Figure 15 shows the spatial distribution of the
sediment source areas in the study watershed, and
the sediment load being divided into five class&smajor
percentage of the study area showed the sedinmhtdss than
1 t/ha. There is no database to validate this alpdistribution.
However, the AnnAGNPS simulation in this regardresponds
well with the results reported by Cook and Dickimgb986) for
upland watersheds in southern Ontario. The areagupimng

Model simulated sediment yield was also investigatesediment loads from 1.5-5.0 t/ha were considerduetoritical

seasonally and was compared with the calculateerebd data.
Figure 14 represents the seasonal fraction of sitedland
observed sediment yield for both calibration antidesion
phases. Both simulated and estimated sediment s/alew
spring to be the dominant time for sediment agrg&iith but
slightly less than Rudra et al. (2000). Simulatediment in the
spring season ranged from 38 to 73% with an averb§8%
and observed sediment ranged from 31 to 73% witvarage
of 67% during the calibration phase. In the valmtaphase, the
simulated sediment ranged from 50 to 72% with araye of
58% and estimate (observed ranged from 30 to 70 avi

---s--.Simulated —a— Observed
1400 A

1200 -

Py

=
o
o
o
L

800 -

600

400 A

Amount of sediment (tonnes)

200 J€ ;

for this study and a total of six cells (cell #33, 53, 183, and
232) produced yields within this range as showhign 15. The
maximum sediment load of more than 4 t/ha was pedun

cell #32.

Data regarding the cells with high sediment loads a

presented in Table 5. It can be noted that thelieresponsible

for high sediment load had erodible soil conditi¢ns. with

moderate percentages of silt and fine sand) ané sdithe most

erodible slope conditions (i.e. slope lengthsanfl when this

kind of spatial distribution is validated (i.e. tvita small

percentage of the area contributing most of thensent),
remedial measures could be targeted to the
critically erosion-prone areas.

CONCLUSION

The performance adhe AnnAGNPS model was
evaluated for hydrology and sediment yield on
Canagagigue watershed in the Grand River basin
of southern Ontario. The model was applied on a
. daily basis for ten years. The model output was
calibrated for the first five years (1991-1995) and
it validated for the next five years (1996-2000). The
P results of the study indicate that the model
performed fairly well in simulating the runoff and
sediment yield for Ontario conditions. For annual
water balance, the model underpredicted the
evapotranspiration, but the average difference was

Julog ph...

o S k2L x P WL under the acceptable value (3.1%). For surface
8§ 8 885 55 5 8 3 & 8 3888 8 388 8 runoff, the average difference between the
c = = ° c = = ° c = ° c = = ° c —= = ° .

5 23368 2306 8 2 S § 236 & 23 ¢ observed and simulated annual runoff for the

Fig. 13. Comparison of simulated and estimated (obseed) monthly

sediment for the validation phase.
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validation period was 2.2%. The simulated
monthly runoff values were about 3.3% more than
the observed amount. The Nash-Sutcliffe
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Fig. 14. Comparison of simulated and observed seast sediment
yield in the calibration and validation phases.

Fig. 15. Model sediment load from different cells othe
watershed.

Table 5. Critical sediment source areas with assodid

parameters.
Cell Area . LS Sediment  Concentration
Soil type
ID (ha) factor (t/ha) flow length (m)
32 26.26 silt loam 0.887 4.08 391
33 30.10 sandyloam 0.560 1.23 622
53 161.2 sandyloam 0.440 1.03 855
183 34.56 sandyloam 0.367 1.13 513
232 165.6 silt loam 0.500 1.02 1359

coefficients for monthly outputs were 0.79 for the
calibration phase and 0.69 for the validation phase
The simulated spring runoff pattern matched fairly
well with the observed data but was somewhat less
than the long term average found in Ontario. The
contribution to groundwater was difficult to quédti

as the model does not have an explicit computation
the base flow.

A significant challenge in calibrating and
validating the sediment portion of the model was a
shortage of observed sediment data, leading tosthe
of a prediction equation to estimate the obsenatd.d
It might lead to the over-prediction of sedimerlgi
by 28% during the model validation. The monthly
Nash-Sutcliffe coefficient was 0.53 for calibratemd
0.35 for the validation period. As found in surface
runoff, the seasonal sediment yield in spring veas |
than the long term average found in Ontario. Laedus
type, topography of the soil surface, and threshold
values for cell delineation were some of the key
parameters affecting the sediment yield. Also, fluno

curve number, soil bulk density, and tile depthar®ng
the sensitive parameters in the model simulation fo
hydrology and sediment. Hence, selection of thautinp
parameters need careful attention.

Although the simulated stream flow and sedimeritlyie
showed similar trends to observed data, late wiaiet
spring conditions require improvement to applyrttaziel
for Ontario conditions. In addition, effective dalbase
flow separation technique is required to represent
hydrologic processes in the study region.
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