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ABSTRACT 

The environmental impact of agridtural activities on water qualiw was 

shidied on two sub-watersheds of the L'Assomption river in Quebec, over a 3 

year pend The sub-watersheds studied were the Saint Esprit (26.1 hnz) 

and Desrochers (17.9 kmz). Development of a methodobgy and associated 

tooIs for targeting conservation activities and assessing the potential impacts 

of consemation practices was one of the study's wmponente. A goal of this 

research was the development of a tool using NPS modelling capability and 

GIS tools. The ANS\IVEIIS 2000 model and SPANS GIS s h a r e  were 

selected for integration. 

Using the advanced SPANS operation and EASI script language, the 

ANSWERS 2000 mode1 was integrated into the latest version of SPANS GIS 

(Explorer ver. 7). Integration of these two software packages provided 

assistance in creating and handling the extensive input and output data for 

models, evaluating of model output, and delineating of aitical areas. A 

sensitivity analysis of the ANSWERS model was pertormed on thirteen 

parameters to determine their effects on runo& ANSWERS 2000 was found 

to be most sensitive to depth of soi1 horizon, silt and clay contents of s d  

texture, and solar radiation. Four years of mmff pdct ions  by the model 

were analysed using observed data. Overall, the model was in good 

agreement with observed runoff in the Saint Esprit watershed, particurlarly 

in the years with above the average preeipitation. The d c i e n t  d 

performance (CP'A) between predicted and o b s e ~ e d  runoff values was 0.5 and 

1.5 for 1994 and 1995, respectively. The model predictiom of total cumulative 

runoff were 66.6% in 1994, 54% in 1995, 71.7% in 1996, and 42.4% in 1997, 

of measured cumulative runoff values. 



Une étude de trois ans sur l'impact de Fagriculture sur la qualité des eaux 

fut enterprise au  Québec sur deux bassins versants tributaires de la 
rivière l'Assomption. Les bassins étudiés fken t  ceux de St. Esprit (26.1 
km? et de Desrochers (17.9 kmz). Le développement d'une méthode et 
d'outils connexes pout viser les activités de conservation et d'évaluer les 
impactes possibles de ces activités fut un des volets de l'étude. Le but 

principal de ces recherches fut le développement d'un outil informatisé 
intégrant la capacité de modéliser la pollution SNP avec des outils de 
système d'information géographique (SIG). Le modèle informatid de 

pollution SNP, ANSWERS 2000, et le logiciel de SIG, SPANS, furent 
sélectionnés pour une telle intégration. 

Se servant d'opérations avancées dans SPANS et du language EASI, le 

modèle ANSWERS 2000 fut intégré dans la version la plus récente de 
SPANS EXPLORER GIS. L'intégration de ces deux logiciels nous a permis 

de créer un outil qui permet de manipuler plus aisément les nombreuses 
données d'entrée et de sortie des modèles, d'évaluer les résultats, et  de 
circonscrire les zones critiques. Une analyse de sensibilité sur 
l'écoulement prédit par le modèle ANSWERS fut entreprise pour treize 
paramètres d'entrée. Les prédictions d'écoulement du modèle ANSWEXS 
furent le plus in£luencées par l'humidité précédante du sol, la profondeur 
de la section de sol, le contenu en limon du sol, et l'irradiation solaire. 
Quatre années de données hydrologiques mesurées sur les lieux furent 

analysés par rapport aux prédictions du modèle pour cette même période. 
En général, pour le bassin versant St. Esprit, la prédiction de l'écoulement 
concorda relativement bien avec les mesures prises sur les lieux de St 
Esprit pour les années plus humides que la moyenne. Le coéfficient de 

performance (CP'A) entre les valeurs prédites et mesurées tut de 0.5 et  1.5 
en 1994 et 1995, respectivement. Les prédictions de l'écoulement 
cumulatif, furent de 66.6% en 1994, 54,9% en 1995, 71,7% en 1996 et 42,4 
% en 1997 par rapport à l'écoulement cumulatif mesuré. 
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CONTRIBUTIONS TO KNOWLEDGE 

The following contributions to knowledge were achieved h m  this study: 

1- An integration of ANSWERS 2000 and SPANS GIS was suceeasnilly 

undertaken. A problem fkquently encotmtered when using mmplex 
NPS pollution distributed parameter models such as ANSWERS had 

been their inability to efficiently handle, manipulate, and manage large 

v01umes of spatially variable input and output data. This software 

integration providecl a tool to spatially organize and effectvely manage 

large input and output data sete. 

2- A methodology within SPANS GIS was developed to mate  spatial data 

layers for agricultural watershed delineation. Applying GIS tooh fm 
agricultural watershed management is a new area, and was 

investigated in this study. This study demonstrated the capability of 
using SPANS (one of the strongest GIS soRware packages on the 

market) for watershed management. The GIS techniques allowed for a 

deeper understanding of the influence of agricultural practices on water 

quality . 

3- The ANSWERS 2000 model was m&ed in order to run on an IBM 
compatible PC. The model was validateà for the Saint Esprit 

watershed. ANSWERS 2000 is the only physically based, distributal 

parameter, watershed scale model that simulates hydrologie events 

continwusly. 

4 A database was organkd based on the previous application of the 



ANSWERS mode1 This database serves in the selection d input 

parameters for the modeL Most d the NPS pollution modeIs need a 

large amount of input data to obtain acceptable results. Data 

acquisition and entry are pmbably the moet expensive part of using 

NPS models auch as ANSIVERS. 
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1.1 Background and statement of the problem 

The intensi6cation of agriculturd production and the assochted increased 

applications of agrochemicals has caused water pollution to becorne a serious 

threat to the environment, and consequently, to humans and animaln. 

Sources of water pollution are either point or nonpoint. Nonpoint source 

(NPS) pollution has been recognized as an important environmental pmblem 

with negative effects on agricultural pmductivity, and soil and water quality 

(USEPA, 1993). Sediment, nutrients, and pesticides are the main NPS 

pollutants h m  agricultural watersheds @lankenship, 1994; La1 and Stewart, 

1994). Control of poIlutants h m  agricultural watersheds presently focusses 
- 

on these parameters. A major objective of pollution control is to pmtect water 

quality h m  adverse effects of agriculture by limiting pollutant levels in the 

waters that receive runoff fiom nonpoint sources (Mannion, 1995). A 

conceptual basis for efficiently attaining this objective views the watershed as 

a hydrologic system of interconnected components overlaid with agricultural 

and other activities on the land m h e  et al., 1995). 

There are about 3.7 million hectares of farmland in Quebec, mostly dong the 

St. Lawrence river and its tributaries (CCREM, 1994). Close to 600,000 

hectares of this area are subsurface drained, much of which are intensively 

cropped to cemals and grsins. The potential e* to drain at least twice this 

area in the future (Niadramootoo, 1990). significant quantities of 



agrochemicals, e s p d y  fertilizer, are aie in in production. In Quebec, 

the consumption of fertllizers is reported to be constant at about 260,000 

tonnes (Statistics Canada, 1992). Studies by the Quebec Ministry of the 

Environment have shown that most of the rivers draining agridtural  lands 

have elevated nitrate, phosphorous and pesticide concentrations (Simoneau, 

1996). In the L'Assomption, Yamaska and Chaudiere River watersheds, 

elevated concentrations of sediments, nutrients and pesticides are found in 

the areas where agridtural  activity is most intensive (J3erryman and Giroux, 

1994). The Ministry of Agriculture of Quebec (MAPAQ) stated that 85% of 

agricultural pollution resulted fimm non point sources (Gagné, 1995). 

A combination of method01ogies collectively known as best management 

practices (BMP) is expected to control and reduce pollutants (Bailey and 

Waddell, 1979). BMPs are alternative combinations of land use, soi1 andlor 

water conservation practices, and management techniques. The application 

of BMPs on agricultural watersheds wiU result in the opportunity for a 

reasonable economic return within acceptable environmental standards 

(Gregersen et aL, 1987). The United States Congreas has BMPs as 

the standard for controhg NPS pollution (CAST, 1992, cited in Muchovej 

and Rechmgl, 1994). 

The concentrations of water pollutants produced by agricultural nonpoint 

sources are ditncult to quanti@ since pollutant loads are costly to 

measure. Modelling and monitoring are two general methods of 

estimating BMP effectiveness (Beasley et al., 1982). Compared to 



monitoring, m o d e h g  is an inexpensive and quick technical tool to 

quant* results in time and space, but it lacks the credibility of actual 

measured data. However, monitoring cannot be applied to every site 

because of the time and cost involved (D'Elia et al., 1989). Models can 

evaluate alternate management praetices for c o n t r o h g  soi1 erosion, 

sediment transport, and loss of agrochemicals. They provide a basis for 

guiding management and regdatory decision-making processes. They can 

also be used to help plan where, when, and what to monitor, thus making 

monitoring more effective and less costly. 

A major problem facing modellers has been the inability to efficiently handle, 

manipulate, and manage large volumes of model input parameters. Recent 

developments in Geographic Idonnation Systems (GIS) provide the 

opportunïty and tools to spatially organize and effectively manage data for 

modelling. GIS also has took to analyze and visualize model outputs. 

To reduce the environmental impact of agricultural activities on water 

quality, a three year study of agricultural NPS pollution was initiated on two 

sub-watersheds of the L'Assomption river in Quebec. The sub-watersheds 

studied were the Saint Esprit (26.1 kmz) and Desrochers (17.9 kmz). 

Development of a methodology and aSSOCi8ted tmIs for targeting conservation 

activities and aaseasing the potential impacts of conservation practices was 

one of the study's components. Integration of a NPS model with a GIS can 

provide assistance in creating a tool to handle the extensive input and output 

data for models, delineation of critical areas, and assassrnent of the long term 



effectiveness of BMPs for NPS pllutant mitigation. Development of such a 

tool using modelling ability and GIS tools was the goal of this resemh. 

1.2 Objectives 

The broad objective of this research was to link a GIS, Spatial Analysis 

System (SPANS), and a continuous hydrologic model, Areal Nonpoint Source 

Watershed Environment Response Simulation (ANSWERS 2000). This 

integration would serve to map the agridtuial activities on the watershed, 

analyse the measured water quality parameters, and provide input data for 

hydrologic and water quality models. The s p d c  objectives of this research 

were to: 

1- Create a spatial database in SPANS. This database is to accommodate 

both public domain and site s p d c  information. 

2- Develop appropriate methods for creating new information layers 

(maps) such as rechssified mil and land use. 

3- Reorganize the ANSWERS 2000 source d e  into a better structure, 

debug it, and make it executable on a personal cornputer. 

4 Validate ANSWERS 2000 for use on the Saint Esprit watershed 

Compare predicted runoff with observed data and modi@ ANSUTERS 

2000 as needed - 



5- Integrate the ANSWERS 2000 model and the SPANS GIS to make a 

tool with sufllicient flexibility that: 

it modifging, updating a d o r  creating new input data for the 

model can be mutinely orgaoized, 

f the user interaction and time requirement to prepare the related 

ANSWERS 2000 input data h m  a SPANS spatial database is 

* ANSWEXS 2000 output can be visualized and analyzed in 

SPANS. Maps produced h m  subsequent simulations can be 

compared by SPANS modelling overlay. 

1.3 Thesis organization 

This thesis is comprised of nine chapters. Chapter 1 introduces the 

background and states the problems dealt with in this work. Chapter 2 is a 

review of the literature on three aspects of the pmject. Chapter 3 desQibes 

the study area and the Saint Esprit project. Chapter 4 discusses the 

development of a spatial database for the Saint Esprit watershed. Chapter 5 

describes the use of the database in different applications. Chapter 6 outlines 

the integration of the ANSWEXS 2000 model with the SPANS GIS software. 

Chapter 7 presents an evaluation of the hydrologie components of the 

ANSWERS 2000 model, using the integrated tooL Chapter 8 summaiizes and 

draws conclusions h m  the Gndings of this study. Finally, Chapter 9 propoees 



recommendations for future research. A CD ROM is included on the cover of 

the thesis. The following chapters will refer to material on this CD ROM. 

There ex& five directories on the CD ROM, containing: 

i. 
. . 
Il. 

m . .  

111. 

iv. 

v. 

ANSWERS: al1 files related to the modeL 

Climate data: a l l  iiles related to climatic data for the Saint Esprit 

watershed 

GIS: the digitized format of the Merent information layers of the 

Saint Esprit watershed and the final database in SPANS format. 

ANSWERS and SPANS integration: al l  the files for installation of the 

ANSWERS-SPANS integrated tooL 

Thesis: the text of this thesis in different chapters 

1.4 Scope 

The development and testing of the integrated software was undertaken on 2 

watersheds north of Montteal, Canada. The complete SPANS database in 

this study includes layers of information for the upper Ruisseau Saint 

Esprit watershed in Quebec. Information available for the Desrochers 

watershed, which is adjacent to Saint Esprit watershed, is &O included 

within the database. 

The ANSWERS 2000 mode1 is made up of 3 components: hydrology, sediment, 

and nutrient. This thesis only evaluated the first of these components. 



CHAPTER 2 

LITERATURE REVIEW 

This literature review adresses three main topics: nonpoint source pollution 

models, geographic information systems, and integrated NPS modeIs and 

GIS. 

2.1 Nonpoint source pollution models 

2.1.1 Mode1 dennition and history 

A model can be de£ined as an imitation of the real world for the purpoee of 

understanding a phenornena. During the past two decades there has been an 

increase in the development and application of hydrologic and NPS models to 

quanti& pollution, and assess management practices. 

Novotny (1986) divided the history of NPS models into four periods: 

The first period (1900-1950): the preeomputer age or the age of empirical 

hydrology. During this period, many mathematical modeIs with no 

consideration of such issues as the environmental aspects of water quality 

were developed These included the Green Ampt (1911) model of infiltration, 

followed by th- of Horton (1939) and Philip (1954). 

The second period: the transition of the 19508. Hydrologie data collection 

amlerated during this period but the analysis was slm and d y .  Small 

basin studies of hydrologic proceases began during this peRoè 

The third period: the early years of amputer use during the 1960's. 

Cornputer modeh began to be developed during this pend The Soil 

7 



Conservation Service (SCS) n w e  number model for determinhg runoff 

(Mockus, 1964), the Universal Soil Loss Equation (wischmeier and Smith, 

1965), and the Stanford Watershed Mode1 (Cradbrd and Lindey, 1962) are 

examples of this period. 

The current period: the mid 19708 to present. With the rapid development 

of inexpensive microcornputers, a new generation of models was developed. 

ACTMO (Frere et al., 19'75), NPS (Donigian et aL, 1977), CREAMS (Kinsel 

1980), ANSWERS (Beasley et al, 1980) are the models developed since 1970. 

Novotny (1986) indicated that the succeas of these early models was I;mited 

From the latter half of the 1980's, new model development bas slowed and the 

focus has k e n  on adapting existing models to personal and work station 

cornputers. Tim (1995) described how new technologies like GIS, User 

Interface (UI), Expert System (ES), scientSc visualization (Animation and 

VVhial Reality), soRware engineering (Object-(3liented Fkogramming), and 

Remote Data Acquisition (Remote Sensing) will influence hydrologie and 

water quahty modelling research. 

2.1.2 Types of models 

Depending on the definition of a model and the need of a particuk discipline, 

several criteria have been used to classify models. Mathematical models can 

be grouped into empirical and theoretical (WooIbiser and Brakensiek, 1982). 

Empmcal modeis omit the physical law that relates to the system pmoesses. 

They are often referred to as cause and effect models. Theoretical models can 

be further subdivided into detenainistic and indete rministc (Chow, 1972). 



Nonpoint source models are usually M e d  into screening and hydrologie 

assessment types (Novotny, 1986). Screening models are based on a simple 

value or fiinction that expresses pollution generation per unit area and unit 

time of each typical land use. They are used to identify critical areas that 

contribute the most to the total loading of poliutants. Hydroiogid 

assessment models can be fuither subdivided into lumped and distributed 

models, depending on the h a n h g  of spaœ. Lumped and distributed modeIs 

can be subsequently classifiecl as event-base and continuous, depending on 

the time seale. More diseussion about different types of modeIs is avaikble in 

Woolhiser and Brakensiek (1982), Chow (1972), Clark (1973), F m  (1982), 

and Novotny (1986). 

2.1.3 Mode1 selection 

Several factors should be taken into a m u n t  for selecting a modeL These 

factors include the definition of the problem to be solved, model assumptions 

and limitations, previous model validation, data availability, and precision of 

the output desired This research needed an NPS pollution model which 

could meet the following requirements: 

* Potential for integration with GIS. It means the model should be of a 

distributed parameter type. 

* Facility to provide information relevant to the effects of soi1 and 

water conservation BMP on reducing water resources pollution. The 

facility must include Merent components for computing surfkce and 

subsuIface water quanti@ and nonpoint source pollution h m  nutrient, 

pesticides, and sediment. 



* Operate at the watershed scale and handle hzen soil conditions. 

There are several hydrologie and NPS cornputer modeh available h m  

various agencies and individuah (Ghadm and Rose, 1992; Novotny and Olem, 

1993; DeVries and Hiornadka, 1993). Table 2.1 presents some of these 

models. They Mer in their modelling concepts, and the proames and 

parameters to be considerd 

They may be classikd as field or watershed scale, lumped or distributed 

parameters, event-base or continuous modeIs. These modeIs can be used to 

i d e n e  NPS pollution problems and environmental impacts of alternate 

agricultural management practices. They simulate physical, chernical, and 

biological in agricdtural watersheds. These models vary h m  

simple screening models to very detailed and mmplex research tools. A few of 

these models have only hydrologie wmponents (e.g., HYDROTEL). Some 

have hydrologie and sediment transport components (e-g., ANSWERS), 

whereas others (e.g., CREAMS) have hydrologie, sediment, nutrient and 

pesticide components. Different aspects of the models in Table 2.1 are 

reviewed in Appendix A Appendix A shows that the abilities of the models 

are different. However, none of them supports all the above mode1 selection 

requirements. Table 2.2 gives a cornparison of three models which best 

address the above criteria. The Finite Element Storm Hydragraph Mode1 

(FESHM), Agricultural Nonpoint Source (AGNPS), and Aieal Nonpoint 

Source Watershed Environment Response Simulation (ANSWERS) are three 

distributed parameter watershed models available for NPS modelling. AU 



Table 2.1 Hydrologie and NPS modeIs 

1- ACTMO, Agricultural C h e m i d  Transport MOdel 

2- AGNPS, AGricultural Non-Point Source 

3- ANSWERS, Areal Nonpoint Source Watershed 
Environmen t Response Simulation 

5- ,MW, Agricultural Runoff Management 

6- CREAMS, Chernical, Runoff and Emsion h m  
Agricultural Management Systems 

7- EPIC, Erosion Productivity Impact Calculator 

8- FESHM, Finite Element Storm Hydrograph Mode1 

9- GAMES, The University of Guelph mode1 for 
evaluating effect of Agriculture Management 
Systems on Erosion and Sedimentation 

10- GLEAhlS, Groundwater Loading EEects of 
Agricultural Management Systems 

11- HSPF, Hydrologie Simulation Program Fortran 

12- HYDROTEL, 

13- LEACHM, Leaching Estimation and CHemistry Model 

14- PERFECT, Productivity, Erosion, and RunoE 
Func tion to Evaluate Conservation Technique 

15- PESTFADE, PESTicide FADE and Dynamics in the 
Environment 

16- PRZM, Pesticide Root Zone Model 

17- SWRRB, Simulation for Water Resources in Rural Basins 

18- TOPMODEL, TOPography based hydrological MODEL 

19- WEPP, Water Erosion Prediction Project 

Reference 

Frere et  aL, 1975 

Young et  d, 1985 

Beasley et al., 1980 

Bouraoui, 1994 

Donigian et al., 197'7 

Kinsel, 1980 

Williams, 1983 

Ross et ai., 1979 

Cook et aL, 1985 

Leonard et al., 1986 

Johanson e t  a i ,  1984 

Fortin et al, 1991 

Wagenet et ai., 1989 

Littleboy e t  al, 1989 

Clemente et al. 1993 

Carsel e t  ai., 1984 

Arnold et al, 1988 

Beven and M y ,  1979 

Lane & Nearhg, 1989 

three models have the potential for integration with GIS. FESHM has not 



Table 2.2 Mode1 wemiew 

Y=yes N=no ?=no information found 

been widely validated (Heatwole et al., 1982; Hession et al. 1987; Hession 

et al. 1994), while AGNPS (Young et al., 1987; Panuska and Moore, 1988; 

Young et al., 1989; Summer et al., 1990; Bingner et al., 1992; Mitchell et 

al., 1993; Wu et al., 1993; Arakere and Molnau, 1994; Park and Kim, 1995) 

and ANSWERS (Park et al., 1982; Griffin et al., 1988; Breve et al., 1989; 

De Roo et al., 1989; Razavian, 1990; Connolly et al., 1991; Montas and 

Madramootoo, 1991; Rewerts, 1992; Ritter, 1992) have been validated 

under different conditions and used successfully for BMP assessment. 

FESHM does not simulate nutrient transport. AGNPS is probably the 

most widely used distributed parameter NPS model. The latest version of 



AGNPS is event-oriented. It uses the SCS curve number to calculate 

rainfall excess, which limits its application for Quebec conditions 

(Madramootoo and E ~ g h t ,  1988). The SCS curve method's limitation are 

based on the use of soil infiltration, soil moisture, and raiddl coefficient 

classes, rather than a physically based description of these parameters. It 

uses four hydrologic soil groups, and three antecedent soi1 moisture 

conditions. However, a physically based model like ANSmRS 2000 uses 

an empincal equation (Green-Ampt, 1911) to calculate soil infiltration and 

soil moisture. The seniment subrouthe of AGNPS is based on the 

empirical Modined Universal Soi1 h s  Equation. 

2.1.4 The ANSINERS 2000 model 

ANSWERS 2000 (Bouraoui, 1994) is the latest version of the ANSWERS 

model (Huggins and Monke, 1966; Beasley et al, 1980; Dillaha and 

Beasley, 1983; Storm et al. 1988). It was developed to simulate the 

effectiveness of selected BMPs on runoff, sediment, and nutrient losses 

fkom agricultural watersheds. It is a physically based, distributed 

parameter, continuous simulation, watershed scale model. 

The ANSWERS model is based on the hypothesis that: "at every point 

within a watershed, relationships exist between water fiow rates and those 

hydrologic parameters which govern them. These water flow rates can be 

utilized in conjunction with appropriate component relationships as the 

basis for modehg  other transport related phenornenon such as soil ermion 

and chernical movement within that watershed" (Beasley and Huggins, 

1991). 



The model consists of three interfaced components; hydrology, sediment 

and nutrient (transformation and transport). Based on the model 

hypothesis the hydrology component is the most important. 

Mathematically, each element's hydraulie response is computed, as a 

function of tirne, by an explicit, backward ciifFerence solution of the 

continuity equation: 

where: 

1 = i d o w  rate to an element from rainfall and adjacent elements, 

Q = outflow rate, 

S = volume of water stored in an element, 

The model combines the continuity equation with a stage-discharge 

relationship. Manning's equation is used as the stage-discharge equation 

for both overland and channel flow routing. 

Afker ra infd  begins, some precipitation is intercepted by the vegetative 

canopy, until the interception storage potential is satisfied. As rainfall 

proceeds, infiltration decreases until it equah the rainfall rate. At this 

point water begins to accumulate on the surface in micro-depressions. 

Once the capacity of the micro-depressions is exceeded, runoff begins. The 

accumulated water in exceas of surface retention capacity and surface 

detention, produces s d c e  mnoff. When rainfd ceases. the water in 



surface detention begins to dissipate until surface runoff ceases altogether. 

However, infiltration continues until a l l  the depressional water has 

i d t r a t ed .  Tnfiltration is modeled using Holtan's (1961) infiltration 

equation: 

where: 

FMAX= hiïltration capacity with the land surface inundated ( c d ) ,  

FC = steady state infiltration capacity ( c d ) ,  

A = maximum infiltration capacity in excess of FC (cdh), 

TP = total porosity within the control depth (cm), 

PIV = air remaining in the control depth before saturation (cm), and 

P = empirical coefficient. 

Water in the soi1 moisture control zone in excess of field capacity drains 

fiom the control zone in accordance with the Huggins and Monke (1966) 

equation: 

where: 

DR = drainage rate of water from the control zone (cm/h), and 

GWC = gravitational water capacity of the contxol zone (cm). 

Between r r i i n f '  events, the model maintains a water balance. 

Evapotranspiration is computed and if soi1 moisture exceeds field capacity, 

the model aLso wmputes percolation. Evapotranspiration is computed 



using Ritchie's method (1972): 

where: 

E = potential evapotranspiration (cm), 

H = net solar radiation (Ly), and 

A = slope of the saturation vapor pressure cuve at the mean air 

temperature. 

Percolation varies fiom zero when soil moisture is close to field capauW. to 

a maximum rate when the soil pronle is saturated. 

ANSWERS 2000 uses the expanded sediment transport model based on 

the Yalin (1963) equation that simulates dinerent detachment and 

transport of the various particle size classes. Soi1 detachment, transport, 

and deposition are modeled as a function of the precipitation and the 

runoff process. The model simulates nitrate, dissolved and sediment- 

bound ammonium, sediment-bound total Kjeldahl nitrogen 0, and 

dissolved and sediment-bound P losses in surface runoff. The nutrient 

transformation model was adapted nom the GLEAMS and EPIC models. 

Detailed description of the equation and methoch discussed above are 

available in Bouraouî (1994) and the ANSWERS User's Manual measley 

and Huggins, 1991). 

2.1.6 ANSVERS 2000 validation 

Validation of ANSWERS has been conducted at various stages of model 

development (Beasley et al., 1980; Shichani 1982; Storm et al., 1988, 



Bouraoui, 1994). ANSWERS 2000 was vdidated using two watersheds in 

Watkinsville, Georgia and one watershed in Virginia. Overall, the mode1 

appeared to perform well in predicting mnoff, sediment. nutrient, 

dissolved ammonium, sediment-bound total Kjeldahl nitrogen, and 

dissolved labile phosphorous, with some inaccuracy noted in the prediction 

of sediment-bound ammonium (Bouraoui, 1994; Wolfe et al. 1995). 

Zahradka et al. (1994) described that output values produced by the 

ANSWERS 2000 are most sensitive to the input parameters of total 

porosity, depth of the A horizon, clay content, saturated and effective 

hydraulic conductivity, and field capacity. The preliminary study by Yom 

and Rawls (1995) showed that ANSWERS 2000 could be applied to a 

mixed land use watershed with acceptable results. 

2.2 Geographic Information Systems 

2.2.1 Introduction 

Geologists and geoscientists have been using cornputers for manipulation 

of spatial data since the 1960s. During the 19808, advances in computer 

hardware, particularly proceasing speed and data storage, catalyzed the 

development of software for handling spatial data. The emerging 

capabilities for graphical display played an important role in this 

development. One of the significant products of this period of rapid 

technologieal change was Geographic Information Systeins 

(Bonham-Carter, 1994). GIS is a helpful tool in every field requiring the 

management and analysis of spatidy distributed data (Laurini and 

Thompson, 1992). It has been defined in various ways. A simple dehnition 



is that a GIS is a cornputer system for managing spatial data (Star and 

Estes, 1990). It is a system for capturing. storiag, integrating. andyzing, 

and displaying data that are spatially referenced. The primary purpose of 

such systems is to be able to read geographical data from one or many 

digital maps or statistical sources and selectively measure, combine. 

compare and analyze those data to produce information for the decision 

making prmess (Tonilinson and Toomey, 1995). GIS combines elements of 

database management, mapping, image proces8îng and statistid analysis 

(Aronoff, 1991). 

GIS technology is now used by different public and private organizations 

throughout the world, for a wide variety of applications (Burrough, 1986; 

Maguire et al., 1991; Sample, 1994; Heatwole, 1995). The field has been 

growing at a rate of about 25 to 40% per annum. If trends continue, more 

than one million people will be using GIS technology by the year 2000 

(Johnson et al., 1992). At the same time the techniques have become 

important in the areas of: water resources planning (Ferreira and Faber, 

1994; Negahban et al., 1994; Srinivasan et al., 1995); soi2 and water 

contaminutwn (Ghidey et al., 1994; Cho et al., 1995; Searing et  al., 1995); 

nitrogen managemen (Gomes et al., 1994; Zhang et  al., 1994); erosion 

control (Mellerowicz et al., 1993; Batty, 1994); and environmental 

monitoring and andysis (Hudak et al., 1993; Ston et aL, 1994). 

With the analytical power of GIS, it is possible to merge information 

assembled using traditional field-data collection methods with other 

information sources, such as remote sensing and global positioning 



systems (GPS) technology (Muhr et al., 1994). These technologies allow 

farmers to manage a field on a "site-speeinc" basis instead of using "field 

average" methods (Oiu et al., 1995). Farmers will be able to manage fields 

in accordance with the variability in yield potential, soi1 properties, and a 

host of other agronomie factors. Runyon (1994) described the process used 

to integrate soi1 information, GIS and GPS, and aerial photography to 

provide an effective approach for managing agrochemicals. He reported 

that this approach helped the f m e r  to provide nutrients at a uniformly 

optimum level. He mentioned that the expense of the data collection and 

analysis was offbet by the reduced chernical costs. 

2.2.2 GIS sofkware 

The number of GIS s o h a r e  packages has rapidly increased since 1990. 

These packages have different levels of functionalities. Among these 

software; ARCIINFO @SRI, 1992), GRASS (USACERL Army, 1988), 

IDRISI (Eastman, 1995), and SPANS m A C  Technologies Inc., 1992) are 

the most popular and widely used. 

ARC/INFO is designed by Environmental Systems Research Institute 

(ESRI). It is a vector based GIS and is composed of two primary 

components. ARC is used to store cwrdinate data and perform al l  the 

operations on that type of data. INFO is a relational database 

management system used to store and perform operations on the 

attributes. 



GRASS (Geographical Resources Analysis Support System) is a raster 

based public domain s o h a r e  developed and supported by the United 

States Army Construction Engineering Research Laboratorg (USACERL). 

GRASS provides the source code to the user. This is advantageous 

because additions and modifications can be made by the user to fit specidc 

needs. Version 4.0 of GRASS was completed in July 1991 and is being 

distributed with source code; reference, tutorid and programmer 

documentation; and an extensive sample data set. Version 4.1 of GRASS 

was completed and released in May 1993 and is available on the Intemet. 

IDRISI is a low-cost, geographic information and image processing 

software system developed by the Graduate School of Geography at Clark 

University. Since its introduction in 1987, IDRISI has grown to become 

the most distributed raster-based microcornputer GIS and image 

processing system on the market. During its early development, partial 

support was provided by the United Nations Environment Programme 

Global Resource Information Database (UNEPGRID), the United Nations 

Institute for Training and Research (UNITER), and the United States 

Agency for International Development (USAID). Today, all support comes 

through software sales. The latest version of IDRISI was developed for the 

Windows operating system. The software is not expensive, as it is 

supported and sold on a non-profit basis. 

SPANS is a collection of GIS software tools. It is a modular system. The 

basic s o h a r e  modules, SPANSIGIS, includes a set of GIS tools for 

building databases, constructing analytical models and the visualisation 



and querying of data. Additional modules for digitizing, desktop mapping, 

image processing, and data translation are also available. SPANS 

provides a modelling language within the system which allows users to 

combine multiple layers of spatial data and other entities using a range of 

spatial and non-spatial operations -AC Technologies Inc., 

1992:Modelling Handbook of SPANS manu&). The modehg ability is a 

useful tool to create desired maps fkom existing maps, targeting sources of 

pollution, determinhg critical areas, and evaluating the effectiveneas of 

BMPs. 

2.2.3 SPANS applications in water resources 

SPANS is used in different countries throughout the world. Most SPANS 

customers are involved with management and study of natural resources, 

including water resources, forestry, agriculture, geology, and oceans. A 

smaller but growing number are users in the business seetor who perform 

economic analyses ~omi inson  and Toomey, 1995). Landreville (1990) used 

SPANS to determine physiographic parameters for hydrologie modelling in 

southeastem Quebec. Applying the SPANS m o d e h g  module, Stempvoort 

et al. (1993) produced maps by comparing and merging with other GIS- 

referenced information. They used the maps to determine the areas 

where, dong the Saskatchewan-Alberta boundary, gmundwater 

contamination would most likely occur. Bajjali and Daneshfar (1995) used 

SPANS to determine the suitability of groundwater resources for drinking 

purposes in North Jordan by using a fuzzy logic mode1 inside SPANS. This 

was achieved by creating several maps showing distribution of different 



chernical and isotopic data in the study area. The geo1ogy of the study area 

was also digitized, transformed and used ae a basemap in display these 

different parameters. Gasser (1995) used SPANS with an intensive soil 

experiment designed to evaluate two common methods of soi1 sampling, in 

order to generate variable rate phosphorus maps for precision farming. He 

describes how they used SPANSIGIS in thei.  evaluation of the methods. A 

methodology was developed by Luo (1995) for the use of SPANS in the 

analysis of erosion risk in Snowdonia National Park, U.K at various 

degrees of detail, taking into account Meren t  options with respect to the 

availability of input data. Based on th& method, a user can select the 

optional analysis approaches which c m  be applied in his particular case. 

Forty years of daily meteorological and river discharge data were analyzed 

(Telmer, 1995) using SPANS to caleulate the water loas due to evaporation 

and evapotranspiration for the entire Ottawa River basin. This includes 

both open water and terrestrial areas. Ghallab et al. (1994) used SPANS 

to develop sirlinity hazard maps by creating various soi1 sa'tinity parameter 

maps and interrelationships between soil and groundwater properties in 

Mo provinces of Egypt. 

2.3 Integrated NPS models and GIS 

Increasingly over the past 10 years, GIS is being used for agricultural 

watershed delineation and integration with NPS pollution distributed models. 

According to Maidment (1993), hyàro1ogichKater quality modelling in 

combination with GIS can be ranked as (1) hydrologie asseasment, a weighted 



and summarized index of the influence of hydrologie factors that pertain to 

some situation; (2) hydrologie parameter determination, using GIS to poll a 

layer or combination of laye- to extract or de* input f a  modeIs; (3) 

hydrologie m o d e h g  within GIS; and (4) lioking GIS and hydro1ogic modeIs. 

The following discussion presents the effoits of integration of NPS models 

with GIS. These works are examples of one or mom of the classi;fication steps 

listed above. 

Since 1985 the Information Support Systems Laboratory at Virgiaia Tech has 

developed a large sale (4.8 million hectare) GIS database of the Chesapeake 

Bay drainage basin et al, 1991, Yagow and ShanhoItz, 1992). Their 

primary goals have been to develop procedures for iden-g and prioritizhg 

agricultural land areas needing improved management for NPS pollution 

eontrol and evaluating the effectiveness of BMP. 

Hodge et al. (1988) described the linkage of the ARMSED watershed mode1 

with GRASS. The linkage output included total runo& runoff for sub- 

watersheds, hydrograph data, and sediment yield for Storm events. 

De Roo et al. (1989) developed methods to use ANSWERS with the MAP 

Analysis Package @WP)GIS. W G I S  was used for stoiage, t rdormation,  

retrieval, and display of digital data. The authors point out that with GIS 

techniques, modification of inputs (for example, simulating diffierent land use 

or conservation measurea) are pogsible in a short time. Feemr et al (1989) 

developed a method to intediace ARC/INF'O output with AGNPS input data 



files. Needham and Vieux (1989) employed a senes ofARC/INFO commands 

to generate input files for AGNPS. 

Delimand and Wolte (1990) used the GRASS GIS analysis tods to assese the 

effect of dairy Eanas on the NPS pollution potential of suIface waters. Using 

input maps based on sds ,  elevation, dairy location and streams, they were 

able to make -cations such as "dairies located on sails unfit for h d  

disposal of agricdtural wastesn, as well as assess the djstance of the dsiries to 

the stream network, and the volume of runoff h m  the study area. Using 

GRASS, Haliday and Wolfe (1991) employed the DRASTIC methodology to 

combine map layers and determine the availabiliitg of nitrugen fertilizers, and 

its iduence on groundwater contamination. Hamlett et al. (1990) integrated 

a NPS model and a GIS to rank the agricdtural pollution potentid of a 

watershed in Pemsylvania. They developed a screening model which 

combines runo& sediment production, land use, and animal loading indices 

into a single index. Stuebe and Jobaston (1990) used GRASS to compare 

manual and GIS methoàs of rainLll nuioff estimations using the SCS runoff 

curve method They reported that the GIS method was a satishctory 

alternative to the manual method for watersheds lacking relatively flat 

terrain. Zhang et aL (1990) interfaced a onedimensional solute transport 

model with ARCANFO to form an agricdtural chexnical impact evaluation 

and management system. 

Moeller (1991) successfully used GIS to derive aeRally-weighted hydrologic 

parameters for input to the HEC-1 hydrologie model fm a large b h .  Scott et 

al. (1991) utilized GRASS tooh to analyze the relationship between nitrateN 



concentration in web.  springs, and various landscape parameters in a 

watershed. Utilizing GRASS. Srinivasan and Engel (1991) estimated SCS 

curve numbers using mil, land use and management-ptactice layers for each 

cell. They implemented the SCS curve numbers on GRASS to estimate rund  

for each cell and also for the whole watershed. They reported that their 

techniques could be integrated with AGNPS and could be used as input for 

lumped parameter models like SWRRB, CREAMS, EPIC, and GLEAMS. 

Kiker et a l  (1992) linked the CREAM-WT model with ARC/LNFO to show the 

effeets of phoephomus control practices. Montas and Madramootoo (1992) 

developed a d e o n  support system for the planning of soi1 conservation 

systems for an agricultural watershed in southwestern Quebec. The system 

integrated a simple GIS, ANSWERS, and an expert system. Srinivasan 

(1992) developed a Spatial Decision Support System (SDSS) for assesshg 

agricdtural NPS pollution by linking the AGNPS model with GRASS. The 

SDSS creates 22 AGNPS inputs for each cell of a watershed h m  eight 

GRASS input layers (mil, elevation, land use, management practice, fertilizer 

or nutrient inputs, type of machinery used for land preparation, channel 

slope, and slope length factor). He reported that the tool allowed the use of 

AGNPS with a significant savings of tirne, labour, and expertise over 

traditional AGNPS usage methods, and felt that the tool wdd serve as an 

effective and efficient management tool to control NPS pollution. 

Corwin et al. (1993) coupled a one dimensional solute transport model to 

ARC/INFO. In their appraach, simulation modelling of water and salt 

movement and GIS techniques were used to integrate and summarize the 



large scale behaviour of spatially-variable soils. This provided management 

guidance on issues related to salt loading to the pundwater. They ~ported 

that the appmach could be used to predict solute loading for various irrigation 

scen-. SCS initiated the Hydrologie Unit Water Quality (HvwQ) pioject 

to provide took to assess the effects of agricultud activities on water 

resources at the hydrologie unit leveL A model intefice was designed 

(Drungil et al., 1993) to LinL AGNPS, SWRRBWQ, EPIC and GLEAMS to 

GRASS. The interface &&tates the input data assembly and sïmpMes 

interpretation of model output. Richards et aL (1993) integrated a three 

dimensional, f i t e  dlfference, groundwater flow model (MODFLOW) to a GIS. 

They used GIS as the primary tool in the development of the model grid, 

performance of the modelling procedure, and model analysis. 

Arakere and Mohau (1994) developed an interface between IDRISI and 

AGNPS to assess the performance of AGNPS on a s m d  watershed. IDRISI 

was used to create a database containing input data usefd for AGNPS. Chen 

et al. (1994) developed a UNE-based Windows to integrate a phosphorus 

transport model with GRASS. The integrated GRASS-modehg system 

prioritized potential phosphorus loading h m  fields or cells in a watersbed 

and could evaluate the effects of alternate management practices on 

phosphorus yield Fraisse et al (1994) integratm3 ARC/LNFO and G W  

for alternative <14W waste management analysis. Al-Abed and Whiteley 

(1995) wmte a simple macm program to mate an interface between the 

HSPF model and ARC/INFO, to model irrigation water quality parameters. 

They plan to use ARC/INFO to generate an input data file for the HSPF 



2.4 Summary and Conclusions 

This study required an NPS pollution m a  meeting certain criteria. Several 

NPS models were considered. FESHM, AGNPS, and ANSWERS 2000 were 

three distributed parameter watershed d e  modeIs available for NPS 

rnodelling. ANSmRS 2000 is the only continuous s i m d i o n  modeL As 

well, it does not rely on the SCS curve nmber  method to simulate nino& It 

simulates mn* erosion, transport of dissolved and sediment-bound 

nutrients, and transformation of nitrogen and phosphorus for unguaged 

watershed ANSWEXS 2000 was selected as the NPS model for t h .  study. A 

GIS software which would work on an IBM compatible PC was also needed for 

the research. It needed to support a raster data struetuie to allow for the 

exchange of data and links with the NPS modeL It also needed to have strong 

modelling capabilities to tabulate baseline statistïcs and interpret different 

measured water quality data on the watershed. SPANS GIS met these 

requirements and was selected as the GIS platform. 

NPS models such as ANS\NERS 2000 are cornplex. They need a very detailed 

input data, which is impractical to handle and manipulate in the txaditional 

way, by hand. They can be effectively managed in a GIS p l a t f i .  GIS also 

provides tools to analyze and visualize NPS model outputs. Integration of a 

NPS model and a GIS could provide a tool to use GIS techniques for NPS 

modelling. Such a tool was not previously developed for agricultural 

watersheds in Quebec. 



CHAPTER 3 

SAINT ESPRIT PROJECT 

3.1 Site description 

In January 1994, a three year study on the impacts of agricultural production 

and conservation practices on water quality was initiated on two sub- 

watersheds of the L'Assomption river in Quebec. The L'Assomption river 

basin had been identified by the Quebec Ministrg of the Environment as a 

watershed where a significant portion of the pouutant load came h m  

agricultural sources (Simoneau and Grimard, 1989). The two selected sub- 

watersheds were the RuissBau Saint Esprit and the Cours d'eau Desrochers, 

h e r e h r  referred to as the Saint Esprit and Desrochers watersheds (Figure 

3.1). The basins are located between 45°55'00" and 46"00'00" north latitudes 

and 73"41f32" and 73*36'00" west longitudes. There are no industries nor 

village within either watershed. The area's climate is temperate. Average 

annual precipitation, potential evapotranspiration, and temperature are 1087 

mm, 572 mm, and 5.2 OC, respectively ml?, 1995). To a great extent, moat 

of the activities in the watersheds are agricultural. The total human 

population of th Saint Esprit watershed is approximately 700 @ ~ g h t  et 

al., 1998). 

3.2 The project objectives 

The Gestion de I'aau par basin versant de la partie supérieur du ruisseau 

St-Esprit [watershed scale management of the waters of the upper reaches 

of the Saint Esprit Creek] project was fùnded by the Canada-Quebec 
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Location of the 
SAINTmESPRlT and DESROCHERS 

L'A om tlon Y 

LAVAL 

Figure 3.1 St.-Esprit and Deerochers watershed locations 
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subsidiary agreement on environmental sustainabili@ in Agriculture - 
Drainage Basin Management Program; a joint effort of Agriculture 

Canada and the "Mïnistère de l'Agriculture, des Pêcheries et de 

l'Alimentation du Québec" (MAPAQ). The global objective of the 

agreement, which is part of the Green Plan, was to reduce the impacts of 

agricultural activities on water quality. The Drainage Basin Management 

Program was one component of the agreement. The objectives of the 

Drainage Basin Management Program were to: 

1. support the actions of the watershed uirming community to improve 

integrated water management and environmental quality; 

2. develop technoiogical expertise in integrated water management within 

individual agricultural drainage basins; 

3. accumulate koowledge on agricultural technology and the proeesses 

that cause contamination of surfiice waters; 

4. develop an intervention strategy applicable on other small watersheds 

in Quebec with sunilar environmental problems. 

The project had to take place on a small watershed with intensive agricultural 

activities where the water quality was significantly degraded. The actions to 

be taken to achieve the goals were: 

1. d e h e  the environmental problems related to agriculture on the 

watershed, and develop an environmental plan of action for each 

b e r  participating to the pmject; 

2. implement activities and promote conservation practices that would 
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correct the environmental problems idenaed on the basin; 

3. ensure that an agronomist would do a follw-up of all soil and water 

conservation activities taking place on the basin and support the 

farmers in the implementation of their environmental plan; 

4. promote enWonmentally sound agridtutal practices; 

5. evaluate the economic impacts of each activity a t  the Earm and 

watershed scale; 

6. monitor intensively the water quality on two adjacent watersheda 

and develop tools that would permit the identification of the m a t  

efficient conservation practices for redueing the environmental 

impacts of agricultural production (Enright, 1995). 

McGill University was the scientinc partner in the pmject. Several research 

teams h m  the Department of Agricultural and Biosystems Engineering 

(Enright et al, 1995; Lapp, 1996; Enright et al. 1997; Perrone et al., 1997, 

Papineau and Enright, 1997a and 1997b, Enright et aL, 1998) and the 

Department of Agricultural Economics (Dissart, 1998) were involved in the 

project. Four tasks were assigned to McGill University. They were: 

1. d e h e  and characterize the environmental problems related to 

agricultural activities on the watershed, and based on the initial 

findings, suggest remedial actions; 

2. monitor discharge and water quality at the outlet of the two watersheds 

and analyze the data as a function of the agridtural activities; 

3. develop a methodology and associated tools for targeting conservation 
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activities and agseasing the potential impacts of conservation practices; 

4. assess the economic impacts of the soi1 and water conservation 

projects implemented at the farm and watershed sales. 

The work in this thesis was undertaken as part of the third task above. 

3.3 Instrumentation 

The stream gauging station a t  the outlet of the watersheds and a 

meteorological station on the Saint Esprit basin were installed by staff and 

students of the Department of Agricultural and Biosystems Engineering. The 

instrumentation for the gauging station was housed in a s m d  building (1.8 m 

2.4 m) adjacent to a culvert (Figure 3.2). The building was supplied with 

AC power and heating. The stream gauging stations were equipped with: 

a tipping bucket rab gauge, water and air temperature sensors, a water level 

sensor installed on the stream bed bottom, an ultrasonic water level sensor 

mounted over the culvert (Figure 3.3), a datalogger located in the building to 

record and store data h m  al1 instruments, and a backup system consisting of 

a Flowlog datalogger. An automatic water sampler was also installed within 

each gauging station (Figure 3.4). The meteomlogical station was equipped 

with: sensors for air and soi1 temperature, s o h  radiation, wind speed and 

direction, snm accumulation, a tipping bucket rain gauge, and a datalogger 

(Figure 3.5). 

3.4 Data collection 

To accumulate Bnowledge on agricultural technology and the pn>cesses that 
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Figure 3.2 Saint Esprit gauging station 

Figure 3.3 Ultrasonic level sensor over the Saint Esprit outlet culvert 
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Figure 3.4 Water sarnpler and datalogger in the Saint Esprit gauging station 



Figure 3.5 Saint Esprit meteomlogical station 

cause contamination of surface waters, a wide range of data was collected 

(Papineau and Enright, 1997b). The data consist of: 

- water quality m o n i t o ~ g  

- climatic parameter measurement 

- soi1 sampling 

- field activities such as management practices, cmp yield data, fertilizer, 

maure, and pesticide application, etc. 



Box 3.1 shows chernical and physical parameters that were analyzed in water 

samples. 

Box 3.1 Chemid and physical parameters measured 

Nutrients: 

- nitrates (Nû-3-N) - alllmonia (NH4-N) 

- total phosphornue (PJ - ortbopho~phate @O24-P) 
- total Kjeldahl nitmgen RN) 
-potassium(IQ 

Pesticides: - atrazine - deisopropyl atrazine 

- deethyl atrazine - metolacblor 

- metribuzin - cyanazhe 

- carbofuran - chlorthalonil 

- dactal - linuron 

Biological parameters: 

- f d  coliforms 

- total coliform bacteria 

- fecal stxeptoeoeeus bacteria 

-biological oxygen demand @OB) 

Physical parameters: 

- suspended sediment 

- dissolved oxygen 

- PH 



Discharge, rainfall air temperature, and water temperature were measured 

at each gauging station. The foUowing chmatic data were measured at the 

meteom1ogical station: 

- air temperature - soil temperature at three depth 

- wind speed and direction - relative humidity 

- precipitation intensity - snow depth - solar radiation 

A complete description of the project organization and sampling methodology 

can be found in Enright et al (1995). Also, a detailed discussion of the 

seasonal variations of some of the 1994 measured water parameters is 

presented in Lapp et al. (1995). Papineau and Enright (1997a and 199713) 

reported a detailed diseuasion of wllected data, precipitation, nutrient, 

sediment concentrations, pesticides, and biological parameters. A detailed 

analysis of the pmject execution and results can be found in the final report 

mnright et al., 1998). 



CHAPTER 4 

DEVELOPMENT OF THE SAINT ESPRIT SPATIAL DATABASE 

4.1 Introduction 

The development of the Saint Esprit spatial database was one of the 

objectives of this study. It  was deemed necessary to: 

i. tabulate b a s e h e  statistics for the intervention and control basins, 
. . 
u. establish a clear portrait of the agricultural activities on the 

watersheds, 

iii. interpret the measured water quality results a t  the outlet of each 

watershed, 

iv. prepare the input data to run hydrologie and water quality models. 

The database was developed within SPANS GIS. Based on the literature 

review, SPANS GIS met the research requirements and was selected as 

the GIS software. In 1994, the first year of the study, version 5.2 of 

SPANS runnïng under OS/2 version 2.1 was used. Through the years, it 

was upgraded to versions 5.3, 5.4 (running under OS12 Warp), and in 

February 1997 version 6.0 (the Explorer) which ran under OS12 Warp and 

Windows 95 was released. The last version of SPANS Explorer (version 

7.0) was released in November 1997. The Saint Esprit spatial database 

was also continuously updated to taLe advantage of the lastest s o h a r e  

improvements. 



Collection of the spatial data was conducted at two d e s .  In the initial 

phases of the project, general data, most of it public domain, was collected 

for both watersheds. In the second phase, field level management data 

were collected on a field-by-field basis for the Saint Esprit basin. 

In 1994, when the development of the database was initiated, none of the 

maps of interest were available in digital form. To establish the database 

the following public domain hardcopy maps were used: 

Saint Esprit 1:20000 rnap number 31H 13-200-0202, published by the 

Service de la cartographie, Ministère de l'énergie et des ressources du 

W b e c  in 1993, and Hydruulique agricole 1:20000 rnap number 31 W13 

NE.,  published by the Ministère de l'qgriculture du Québec, were used to 

extract the watershed boundaries, streams, roads (Figure 4.1), and 

elevation information (Figure 4.2). 

L'Assomption-Montcalm Counties Soils (1:63360) rnap published by the 

Research Branch, Canada Department of Agriculture, Ottawa in 1962. 

This rnap was used to extract natural drainage conditions, soil texture, 

and soil series information (Figure 4.3). 

Cadastral 1:20000 rnap number 31 H/13 N.E. published by the Ministère 

de l'agriculture du Québec in June 1975. This rnap (Figure 4.4) was used 

to develop the Grst landuse rnap for both the Saint Esprit and Desrochers 
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Figure 4.1 Digitized watershed boundaries, etream, and road data 

Figure 4.2 Digitized elevation data for both watersheds 



Figure 4.3 Digitized soi1 texture and senes information for both watersheds 

Figure 4.4 Digitized cadastral data for both watsreheds 
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in 1994 (Figure 4.5) and landuse map for Desrochers in 1995 and 1996 

(Figure 4.6). It was also used to develop a field map of individual farms 

(Figure 4.7). 

The f h t  step was to transfer the information fkom hardcopy maps to 

proper format files for use in SPANS GIS. SPANS TYDIG was selected to 

digitize these maps and make the necessary mes for further work in 

SPANS GIS. The second step was to select and apply the SPANS GIS 

tools to build the database. Each of these steps is explained in detail in 

the TYDIG and SPANS GIS procedures below. 

4.2 TYDIG procedures 

SPANS TYDIG is a digitizing and editing system designed for 

manipulation of cartographie data and its related attributes. It provides a 

number of tools to create digital mes nom hard copy maps. The most 

important of these are related not only to the initial data capture but also 

to subsequent editing of the digital me. One of the main advantages of 

TYDIG compared to other digitizing and editing systems, such as 

AutoCad, was its ability to assign attributes to Merent  entities. 

For developing the database, three b d s  of spatial entities had to be 

digitized. They were points, lines, and areas. TYDIG offers different 

methods to digitize these entities. Elevation (Figure 4.2), weather and 

stream gauging stations were digitized as points. The watershed 
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Figure 4.5 Digitized 1994 Landuse data for both watersheds 

Figure 4.6 Digitized 1995 and 1996 Landuse data for the Desrochers watershed 
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Figure 4.7 Digitized field data for the Saint Esprit watershed 

boundries, streams, and roads (Figure 4.1) were digitized as arcs. The arc- 

nodepolygon method was selected to digitize diaerent areas on soil, 

cadastral, and landuse maps for both watersheds in 1994, landuse for 

Desrochers in 1995 and 1996, and fann field maps (Figures 4.3, 4.4, 4.5, 

4.6, 4.7 respectively). Arc-node polygons are formed ikom arcs intersecting 

at  nodes. This system stores the vertices of arcs de-g the polygon, 

rather than a clased set of x,y pairs. Polygon attributes were assigned to a 

special point digitized inside each of the polygons. Digitizing each layer of 

the above information was pedormed by: 



1. selecting a project name (whether new or existing), and recording 

the appropriate data for the layer king digitized, 

2. calibrating the digïtizing tablet, 

3. digitizîng ground control points, 

4. digitizing the entities, 

5. assigning attributes, and 

6. exporting data to SPANS GIS. At  the end of the 6Rh step once 

digitizing was completed and attributes assigned. five types of nle 

were created. 

A brief description of each type of file and its contents is given below: 

1. 1ayername.hdr A header nle containing the information entered 

during the Project Setup, Project Description Entry and Ground Control 

Point Entry screens. This data were recorded for reference only. 

2. Zayername-crd A coordinate file to store x,y coordinate pairs of 

digitized points and vertices. 

3. layernamafmt A format file to hold key project information. 

including ground control points. 

4. 1ayername.dir A directory file containing a list of al1 the 

digitized entities m e s  and points) , dong with any attribute codes, and 

the information about their spatial relationships to each other (i.e. their 

topology). 

5 .  layername-hst A history nle which recorded all operations that 

took place in the project. 
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TYDIG has three options for exporting the digitized layers to SPANS GIS. 

They are: exporting without topology, with arclnode topology, and with 

leftkight topology. Of these, exporting without topology gave the best 

results. This step also created a file pair with extensions of ".vecn and 

".veh and a nle with extension of ".OR" for each layer. The ".vecl.vehn nle 

pair is the ASCII format for vector archiving and data interchange. The 

".veh (header) file describes the global parameters of the ".vecn (data) file, 

as well as the data itself. The ".vecn me consists of one or more data 

sections which are described by the corresponding header records in the 

".veh" me. The data sections of the ".vecJ' 61e may contain data for nodes, 

points, arcs or areas. Each section consists of records that m u r  on a 

separate line. Only the ".vec/.veh file pair was exported to SPANS GIS. 

4.2.1 Common digitizing errors 

In principle, digitizing is easy. In practice, a number of difficulties are 

encountered and a number of errors can be introduced into the digital 

files. Digitizing the nodes and luie segments makiag up the raw vector 

data of the maps requïres concentration and a steady hand. If either is 

lacking, errors can result which may only show up later in SPANS GIS 

procedures, when building topology, for example. Dan gles , 

non-intersecting or croasing lines (also known as spaghetti), and b o t s  

were the most common dîgitizing enws that occurred. Sometimes finding 

and correcting the errors took the same amount of time as the digitizing 

itself. To avoid this problem, especially with maps contaiaing a 
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significant numbers of polygons, i.e. farm field data (Figure 4.7), each 

polygon was assigned a unique identiv number to facilitate error checking 

and data correction. 

4.3 SPANS GIS procedures 

Al1 the layers necessary to build the Saint Esprit spatial database were 

successfully digitized with TYDIG. The appropriate ".ved.veh" file pairs 

were imported into SPANS GIS to create the dinerent data layers. They 

were then copied to the correspondhg SPANS GIS sub-directory to create 

the Saint Esprit study area. 

4.3.1 Study area setup and basemap creation 

In SPANS GIS, a study area is a directory that contains a complete set of 

files pertaining to a specinc geographic area. Defining the Saint Esprit 

study area involved three steps: 

1. Identifing the directory that holds a l l  imported ".ved.veh" nle pairs. 

2. Establishing the projection: A projection is a mathematical formula 

which is used to reduce the amount of distortion appearing when 

the three dimensional, curved surface of the earth is projected onto 

a fîat, two dimensional surface. Universal Transverse Mercator 

(UTM), zone 18, was selected. 

3. Setting the extents of the study area: The extents defhe the 

physical limits of the area. The digitized ".veel.veh" 61e pairs of the 

cadastral map were used. 



These setup steps were required only once. Once the Saint Esprit study 

had been dehed, al1 other operations were done in the same study area. 

The following SPANS GIS functions were used, in respective order for the 

steps: 

'File \ New Study arecl \ Create* and "File \ New Study a r a  \ Open" 

'File \ New Study area \ Establish projection \ Interact ively " 

'File \ New Study area \ Set extents \ From vector: 

Many SPANS functions require a basemap. A basemap is a quadtree map 

which represents the boundaries of the area. The basemap of the Saint 

Esprit watershed (Figure 4.8) was created afker definhg the study area. 

Figure 4.8 Saint Esprit basemap 
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4.3.2 Development of spatial data layers 

The Saint Esprit spatial data layers were grouped into three categories. 

The first group contained all of the point and line layers. They were 

weather and gauging stations, watershed boundaries, streams, and access 

roads. AU of the area layers such as soi1 texture, soi1 series, subwatershed 

areas, and farm ownership were listed in the second group. Contour, dope 

and aspect layers which needed to be created fkom elevation points, were 

assigned to the third group. 

Some of the SPANS GIS functions were recognized as the best tooLs to use 

for developing the data layers. They will be mentioned within each group 

below. The &st group of data layers @igue 4.9) was created as a vector 

using the "lYansforrn \ Import \ Vèctors" function. 

Assigning a topology to Merent areas, i.e. in soi1 and farm data, inside 

TYDIG was tedious and prone to errors. The following technique was 

found to be the best method: 

i. digitking the area as vectors without topology; 
. . 
II. digitizing a point within each area, assigniag the polygon attribute 

to a level or feature associated with the point; 

iü. assigning the point attributes back to the polygons using the 

following SPANS GIS functions: 

' 7 h u f o r m  \ Import \ Vitors" 
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'7Yansform \Data types \ Vectors to Polygons" 

'Transform \Data types \ Polygons to map" 

'Transform \ Import \Points". 

The same technique was used to create the data layers in the second 

group. Once these steps had been completed, the following functions were 

used to build soi1 texture (Figure 4.10), soi1 series (Figure 4-11], 

subwatershed (Figure 4.12), and farm (Figure 4.13) maps: 

"Edit \ Libraiy \ -end \ Create" 

"Model \Points \Append class" 

"Model \ Reclassification \ Build map \ From table" 

"Edit \ Library \ Map information" 

" Visllalize \ Entities \ Maps't 

Contour (Figure 14), dope (Figure 15), and aspect (Figure 16) maps were 

in the third group. They should be made from digitized elevation points 

(Figure 4.2). Three surface interpolation methods are available in SPANS 

GIS. They are Contouring, Potential Mapping and Point Aggregation: 

1. Contouring: The Contouring method uses a triangulated irregular 

network nIN) algorithm. The TIN algorithm works on the basis of a 

distribution of points. AU points are connected to their nearest points to 

form a TIN. Each triangle in the network forms a plane (Figure 4.14) with 
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the value a t  each point represented by the height of the plane at the point. 

The surface is thus constrained to pass through the data points. 

2. Potential Mapping: Potential mapping applies a moving weighted 

average fiuiction to the point data to derive a surface for the 

attribute of the point king mapped A circular sampling window is 

moved over the data points, and at each position of the window the 

contained points are weighted. 

3. Point Aggregatwn: This method generates a map by aggregating 

points based on spatial criteria. The map is comprised of variable shed 

cells. The size of each cell is determined by a criterion based on the 

number of points occurring within each cell. 

The Contouring method was found to be the most appropriate for 

elevation point data that represents a continuous phenornena. This 

method generated reasonable contour, slope and aspect maps (Figures 

4.14, 4.15, and 4.16). The following SPANS GIS funetions were used: 

' ~ a n s f o r m  \ Import \ Vectors" 

'lYansform \ Import \Pointsm 

'Edit \ Library \ Classifiation" 

'Edit \ Library \ kgend  1 From Classification" 

'lYansform \Data type \Points to map \ Contouring " 
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Figure 4.9 General view of both basins 

nd io sandy laam 

1 Scale 4 
2 km 

Source The Reseerch Branch, Ottawa. 1962 
Tha Dcpartman of Mtnes and Technical Survys 

By M H Mousmzad&.June 1995 

Figure 4.10 Soi1 texture map 



Figure 4.1 1 Soi1 series map 

Figure 4.12 Saint Esprit subwatershed map 



/--L St- Es~rit 

Novemba. 1995 

Figure 4.13 Field map 

Figure 4.14 Contour map 
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Esprit and Desrochers Watershed 

Slope map 
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Sources: 1 - St-Espi t map no. 31 H 1 3-2KW2Q2 
2- Profis des cours d'eau agricoles 

MAPAQ.Hy&adique agricole 

Figure 4.15 Slope map 

1 North 

Figure 4.16 Aspect rnap 



The elevation data (Figure 4.2) was digitized h m  the national 

topographic map. Topographie information on the national topographic 

maps is limited, with the contour intemal being 10 m. On the Saint 

Esprit basin, a relatively small watershed, this provided only a minimum 

level of detail. We investigated the possibility of having a new map 

developed for the area with a contour interval of 2 m, but it was 

prohibitively expensive. Additional elevation data were obtained fiom the 

watercourse profiles. The combination of the watercourse pronle and the 

national topographic map data provided a reasonably accurate picture of 

topography. It was used to develop acceptable contour, slope, and aspect 

maps. 

4.3.3 Development of a methodology to create new data layers 

The collection of the spatial data was conducted a t  two scales. In the 

initial phases, general data were collected. They were converted to 

SPANS GIS format as descrîbed in section 4.3.2. In the second phase, 

field level management data were collected on a farm-by-farm basis on the 

basin. The amount of data collected was huge. It included: availability of 

field data; landuse in 1994, 1995, and 1996; a detailed portrait of 

fertilizer, manure and herbicide application practices in 1994, 1995, and 

1996; phosphorous and soil organic matter information fiom 1994 soil 

fertility analysis; and subsurface drainage information. It was practically 

impossible to digitize this huge amount of data. To manage and use this 

data the field attribute database was created. Air photos, at a scale of 
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1:15000 were obtained for each farm. These photos were enlarged to 

1: 5000 and a farm plan was developed for each f m ,  to identify each field. 

Based on these photos, the cadastral rnap and land ownership 

information, the fields were loeated, idensed ,  digitized, and wnstructed 

in SPANS GIS format. Once the field rnap (Figure 4.13) was created, a file 

containing the field label, location, and an ID number was exported fkom 

SPANS GIS, and imported into a spreadsheet. All data collected at the 

fann level were coded and entered into the spreadsheet database by their 

farm ID identiner. The result was a large table that contained a wide 

range of spatial information. Table 4.1 shows only a few rows and 

columns of this information. The whole table is available on the Saint 

Esprit spatial database on the attached CD ROM. An advanced SPANS 

"PNIIBA" utiliw was used to convert the information table to a SPANS 

ASCII table fîle C.tban). The "Tkansform \Import \Points" function was 

used to import the table file ".tba" as a binary table fîle ".tbb" into SPANS 

GIS. Then the "Points \ Append class" and "Model\ Reclassificatwn \ Build 

rnap \ From table" SPANS GIS functions were used to create the following 

maps fkom imported ".tbbn mes: 

landuse maps for 1994, 1995, and 1996 (Figure 4.17), 

the data availability field data rnap (Figure 4.18) which shows 

participating verses non-participating f m s ,  

the subsurface drainage rnap Figure 4.19), 

the soi1 phosphorous fertility rnap (Figure 4.20), 

and fertilizer application maps (F'igure 4.21 and 4.22). 
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Table 4.1 The field attribu te database 
" Mohamrnad H. Mousavizadeh - July 6, 1997 Il 4 5 . 9 5 5 7  - 7 3 . 6 8 6 9  123 fl 30 1 30 1 FORESTM 2000 31 2 2  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  N 45.9573 -73 .6042  129 II 11 1 11 1 FARMER #1 " 300 11 1 2  

"This i s  README for data.pnt file. It "45 .9307  -73 .6312  3780 fi 30 2  30 2  RESIDENTIAL." 2500 32 2  2 
Wescribes each column in the file. For eachn 45 .9315  -73 .6324  3761 30 2  30 2 RESIDENTIAL." 2500 32 2 2  
ncolumnls legend description refer to " 4 5 . 9 3 1 2  -73 .6326  3782 rn 30 2  30 2  RESIDENTIALN 2500 32 2  2  
"the attachment at the end of this file. " 45.9318 -73 .6337  3783 fl 30 2  30 2 RESIDENTIAL" 2500 32 2  2  
n " 45 .9320  -73 .6333  3784 " 3 0  2  30 2 RESIDENTIAL"2500 32 2  2  
"The origin of this file is ffeld.pnt. Aftern 45 .9329  -73 .6346  3785 "0 2  30 2  RESIDENTIALR 2500 32 2  2 
"the filed map is digitized it has been usedN 45.9327 -73 .6348  3786 " 30 2  30 2 RESIDENTIAL* 2500 32 2  2  
"to develop other maps based on the field 45 .9329  -73 .6352  3787 " 30 2  30 2  RESIDENTIALn 2500 32 2  2  
"information from different resources. n 45 .9340  -73 .6367  3788 " 30 2  30  2 RESIDENTIALn 2500 32 2  2 
n " 45.9336 -73 .6348  3789 " 30 2  30 2 RESIDENTIALn 2500 32 2 2  
ncol. 1  is thie column (readme) " 45.9344 -73 .6375  3790 " 30 2  30 2 RESIDENTIALn 2500 32 2 2 
n " 4 5 . 9 3 4 8  - 7 3 . 6 3 7 1  3791 " 30 2  30 2 RESIDENTIAL" 2500 32 2 2  

%ol. 2  is latitude " 45 .9347  -73 .6379  3792 rn 30 2  30 2  RESIDENTIALn 2500 32 2 2  
n ' 45.9354 -73 .6389  3793 " 3 0  2 30 2 RESIDENTIALn 2500 32 2  2 

"col. 3 is longitude " 45.9364 -73 .6408  3794 n 30 2  30 2 RESIDENTIAL" 2500 32 2  2 
II " 45.9376 -73 .6426  3795 " 30 2  30 2  RESIDENTIAL" 2500 32 2  2  

Vol. 4 is SPANS code fi 45 .9382  -73 .6431  3796 " 3 0  2 30 2 RESIDENTIAL"2500 32 2  2  
II " 45.9407 -73 .6472  3797 " 30 2  30 2  RESIDENTIAL" 2500 32 2  2  

Ncol. 5  and 6  are Paul Lappts code for each 45.9414 -73 .6482  3798 30 2  30 2 RESIDENTIALn 2500 32 2  2  
II farm 45 .9420  -73 .6492  3799 " 30 2  30 2 RESIDENTIALn 2500 32 2  2  
N " 45.9426 -73 .6498  3800 30 2 30 2 RESIDENTIAL" 2500 32 2  2  
Vol. 7  and 8  are modified Paul code by " 4 5 . 9 4 4 1  -73 .6510  3801 " 30 2 30 2 RESIDENTIALN 2500 32 2  2  
II Mohammad " 45 .9440  -73 .6520  3802 rn 30 2  30 2 RESIDENTIALI~~ 2500 32 2  2  
n ' 45.9457 -73 .6542  3803 ' 30 2 30 2 RESIDENTIAL" 2500 32 2  2  

"col. 9  is farm ownerehip N 45 .9477  -73 .6559  3804 tv 30 2  30 2 RESIDENTIALn 2500 32 2  2  
II ' 45.9484 -73 .6572  3805 " 30 2  30  2 RESIDENTIAL" 2500 32 2  2  
ncol. 10  ie Mohammadls code for each farm " 45 .9482  -73 .6594  3806 30 2  30 2 RESIDENTIALn 2500 32 2  2  
II (for legend discription see Attac. 1 )  45 .9488 -73 .6608  3807 30 2  30 2 RESIDENTIALn 2500 32 2  2  
N " 45 .9501  -73 .6607  3808 " 30 2  30 2 RESIDENTIAL" 2500 32 2  2  

ncol. 11 is Land Ownership (Attach. 2 )  rn 45.9503 -73 .6599  3009 w 30 2  30 2 RESIDENTIAL" 2500 32 2 2  
u ' 45 .9512  -73 .6602  3810 " 30 2  30 2 RESIDENTIALn 2500 32 2  2  

Vol .  12 is availability of Field Plan " 45 .9518  -73 .6622  3811 " 30 2  30 2  RESIDENTI&" 2500 32 2  2  
N l œ y e s ,  2 4 0  " 45 .9523  - 7 3 . 6 6 3 0  3812 " 30 2  30 2 RESIDENTIAL" 2500 32 2  2  



. 1996 LanduseMap 
- - St Esm t Watorshed 

Figure 4.17 1996 Landuse map 

Figure 4.18 Data availability map (schematic of fields that have 

data available fkom participating farmers) 



Subsurface drainage r n a p  
Saint Esprit basin 

Figure 4.19 Subsurface drainage map 

Phosphorous map ~wona 
1994 soi1 fettility analysis 10-25 

Figure 4.20 1994 Soi1 phosphorous fertility analysis map 
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Total applied N fertlizer in 1995 
Saint Esprit basln 

Figure 4.21 1995 applied N fertilizer map 

Total applied P fertlizer in 1996 
Saint Esprit basin 

10-25 wma 
25-50 icgha 
50-75 mma 

by: M .H . Mousavireadeh 

Figure 4.22 1996 applied P fertilizer map 
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This technique eliminated the need for hrther digitizing and was selected 

as a method to develop new data layers. 

4.4 Discussion and conclusions 

Appmximately 300 ho- were spent to complete the digitizing phase. To 

perfom further effective operatio- with digitized files in SPANS, they 

should be fme of any mistakes or errors. Our experience indicates that 

digitizing the different layers in separate directories is helpnil Digitizing 

cornplex layers such as the frvm field map (Figure 4.7) or soi1 map Vigure 

4.3), which has numemus irregular areas, usually involves errors. Finding 

the errors is a tedious job. In order to 6iid the errors easily and 6x them, it 

is recommended that each polygon be assigned an identity attribute. 

When the project began in 1994 consideration was given to scanning the 

maps, instead of digitizing them. Digitizing was selected because at the 

time scanning software was expensive to both purehase and support, and 

commercial scanning services were not readily available. A second 

consideration was the fact that we had only four maps to digitize. Today 

with improved scanning software and the relative reduction in costs, it is 

recommended that scanning be considered in projects when data must be 

transfemed nom many maps. 

AU of the necessary information layers to build the Saint Esprit spatial 

database were successfdly digitized and appropriate ".vecl.vehn file pairs 
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were exportecl. They were copied to the corresponding SPANS GIS sub- 

directory. AU digitized layers are stored in the TYDIG dwctory on the 

attached CD ROM. 

SPANS met all of the research GIS s o h a r e  requirements. It provided a 

wide variety of tools and by selecting the most appropriate one, different 

data layers were created. Approxhately 1000 hours were spent to create 

the Saint Esprit spatial database in SPANS GIS. It was also necessary to 

invest a great deal of time and energy to become sufnciently familiar with 

SPANS to M y  utilize its maximum capabïlities. 

The field attribute database method was developed. it was selected as a 

method to create new data layers. With this method it was possible to 

manage large amounts of field-by-field information. It a h  eliminated the 

need for further digitizing. 



CHAPTER 6 

APPLICATION OF THE SAINT ESPRIT DATABASE 

6.1 Introduction 

The Saint Esprit spatial database was used in four applications. There 

was a need to establish a clear pictue of the agricdtural activities and 

derive various statistics on both the intervention and control watersheds. 

In the £irst application (section 5.2) the required statistics were provided. 

In the second application (section 5.3) non-numerical modeling was 

performed to delineate the area with high erosion potential. This type of 

application helped to interpret the water quality measurements. 

A research team f?om the Department of Agricultural Economics of McGiU 

University was also involved in the project. Their task was to assess the 

economic impacts of the soil and water conservation projects implemented 

at the farm and watershed scale. One of their approaches was to use the 

Revised Universal Soi1 L a s  Equation for Application in Canada 

(RUSLEFAC). The third application was to create the required database 

to build different RUSLEFAC tactors. This is presented in Figures B1 and 

B2 in Appendix B. 

Complex NPS models such as ANS\NERS 2000 need a very detailed input 

file. Preparing such a file without GIS is impractical. In the fourth 



application, the Saint Esprit spatial database was used to prepare the 

mode1 input. This application is described in Chapter 7. 

5.2 Baseline statistics for the study area 

The Saint Esprit watershed is 26.1 km' in area and the Desrochers basin 

17.9 km? Figure 4.12 presents the physical layout of the watersheds. 

Because of the size of the basins, it is impossible to comprehend the 

different layers of information and land management characteristics 

without using maps, and summary statistics. Subsequent sections 

describe how the GIS presented spatially varying information, and 

tabulated baseline statistics. Information for the Desrochers basin is 

presented when the data were available, such as soil texture, soil series, 

land use, etc. 

5.2.1 Field data availability 

Most of the activities taking place on the Saint Esprit basin are 

agricultural. There are no industries and no villages within the limits of 

the basin. The total population is approximately 700. There are 27 farms, 

of which 18 are participating in the project. The participating producers 

account for approximately 67 % of the agricultural land of the watershed. 

The location and boundaries for each field of the cooperating f m e r s  were 

developed on the "Field map" (Figure 4.13). The field map contains 1185 

plots. A total of 812 plots were agricultural fields and 373 plots were forest 

and non-agriculturd areas. Of the 812 fields, 514 belong to farmers 
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participating in the project and 271 were non-participating farmers' fields. 

A wide range of field level data was collected on a field-by-field basis fkom 

the participating f m e r s  on the Saint Esprit watershed. Figure 4.18 

shows the data availability within the watershed. Table 5.1 indicates that 

data was collected for about 40 % of the basin. Taking into account that 

36 % of the basin is non-agricultural, the data collected covered a good 

portion of the watershed. 

Table 5.1 Saint Esprit data availability analysis 
- - -- . - -  - 

Map Legend t ha 

available field data 
no data collection 
forest 
non agricultural 

Total 100.0 2607.9 

5.2.2 Soi1 series and textures 

There are twenty-one soil series in the Saint Esprit watershed (Figure 

4.11). Table 5.2 shows the soil series analysis for both watersheds. 

About 44 percent of the total area is covered by Perrot (P), Ste-Rasalie 

(Rl), Belle-Riviere (Br), and Aston (Ac) selies. The Perrot (P), by itself, 

covers 20.2 percent of the Saint Esprit watershed. It is a sandy loam soil 

texture with good natural drainage. The Desrochers watershed has 

seventeen soil series. Ste-Bernard (Bn), Baudette (Bd), Achigan (Ad), and 

Ste-Rosalie (R1) cover 72 percent of the watershed. Ste-Bernard (Bn) , the 

most dominant, is a loamy textured soil with good natural drainage. 
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Table 5.2 Soi1 senes analysis 

Map Legend St. Esprit 
Area 

% ha 

Desrochers 
Area 

% ha 

Achigan (Ac 1 - - -  
Achigan ( A C ~  ) - - - 
Aston (Ac ) 7 . 9  
Al luvium (Auhl 4.5 
Alluvium (Au1 ) 2.1 
Baudette (Bd) 1.6 
Ste-Bernard (Bn) 4.0 
Ste-Bernard ( B n s  1 0 ,  1 
 elle-Riviere (Br) 13-1 
Chicot (Cl 0-7 
Châteauguay (Ch) 0.6 
Coteau (Ct) - - - 
Dalhouse (Dl 0.5 
Joliette (JO) 1.5 
Laplaine (Lp) 1.8 
Ste-Laurent (Lr) 9.1 
Ste-Laurent (Lrl) 9.1 
Morin (Mo ) - - - 
Perrot (Pl 20.2 
Péningue (Pg) 4.5 
Ste-Rosalie (RI 10.7 
Ste-Rosalie (RI) 3 - 4  
Ste-Rosalie (Rs) 1.0 
Soulanges (S 1 O. 7 
Ste-Urbain (U) 3.3 
Vaudreui 1 (VI - - - 
Escarprnent & Gullies (Xs) - - -  

Total 100.0 2611.4 100.0 1793.3 

Soi1 textures in both watersheds Vary fiom light to heavy (Figure 4.10). 

Table 5.3 shows the soi1 texture map analysis for both watersheds. 

To further facilitate the presentation of the soil textural information, they 

were reclassified as light, medium, and heavy soils. The reclassifîcation 

was based on the percentages of sand and clay of each soi1 series. Table 

5.4 presents the grouping of the various soil textures in the new 



Table 5.3 Soi1 texture analysis 

- 

Map Legend St- Esprit Desrochers 
Area Ares 
k ha t ha 

Sand 
Escarpment sandy surface 
Loamy sand 
Loamy v . f . sand to sandy loam 
Sandy loam 
Fine and v. f. sandy loam 
Sandy clay loam 
Loam 
Loam to sandy loam 
S i l t  loam to silty clay loam 
Sandy clay 
Silty clay loam 
Clay loam 
Clay to clay loam 
clay 
Stony land 

Total 

classification. According to this classincation a reclassified soil map for 

both watersheds was developed (Figures 5.1 and 5.2). 

Table 5.4 Reclassifïed soil texture groups 

-- 

Light 
- -  

Medium 

escarpment sandy surface, loam to sandy loam, Clay, 
very fine sand, 3-sand, loam , sandy clay , clay to clay loam 
fine and very fine sandy loam, sandy clag loam, clay loam 
fine sand to loamy sand, siity surface, silty clay l m ,  
sandy loam, loamy sand, silt loam to silty clay loam, 
loamy very fine sand to sandy l m ,  



The reclassified seil texture map 

Saint Esprit watershed 

1 North 

Figure 5.1 St. Esprit reclassified soil map 

Figure 5.2 Desrochers reclassified soil map 
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Table 5.5 shows the area analysis of the reclassiîied soil map for both 

watersheds. 

Table 5.5 Reclassined soi1 texture analysjs 

Map Legend St. Esprit 
Area 

5- ha 

Desrochers 
Area 

5- ha 

Light soil 
Medium soil 
Heavy soi1 
Stony land 

Total 100.0 2611.4 100.0 1793.3 

About 50 percent of the total area of the Saint Esprit basin has light soüs; 

coarse sand to sïlt. In the Desrochers watershed most of the area, 53 

percent, has medium soils; loam to silty clay loam. 

5.2.3 Topography and slope 

The topography of the Saint Esprit watershed is flat to rolling. The drop 

in elevation fiom the highest point at  the top of the basin to the outlet is 

about 40 meters (Figure 4.14). Most of area of the watershed, 87.25 %, 

has slopes ranging nom O to 3 % (Figure 4.15). The Desrochers basin 

(Figure 4.15) is flatter than the Saint Esprit basin. More than 99 percent 

of the Desrochers basin has slopes ranging &om O to 3 %. Slope variation 

on both basins is described in Table 5.6. 

Table 5.7 summarizes the result of the slope map overlay with the 

reclassiîied soil map. Only 0.13 % of the Desrochers basin has a dope 
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Table 5.6 Slope analysis 

Map Legend St- Esprit Desrochers 
Area Area 

t ha t ha 

Total 100.0 2611.4 100.0 1786.6 

Table 5.7 Slope and reclassified werlay analysis 

Map Legend St. Esprit Desrochers 
Area Area 

% ha % ha 

Slope<l% and light 
Slope<l% and medium 
Slope<l% and heavy 
Slope 1-3 k and light 
Slope 1-3  t and medium 
Slope 1 - 3  % and heavy 
Slope 3-5  t and light 
Slope 3-5 t and heavy 
Slope 3-5 % and heavy 
SlopeSt and light 
Slopew50 and medium 
Slope>S% and heavy 

Total 100.0 2611.4 100.0 1776.0 

greater than 5 %, compared to 5.03 % for the Saint Esprit watershed. 

More than half of the Desrochers basin, 53 %, has medium soi1 textures, 

on dopes between O to 3 %. 

5.2.4 Land use 

The detailed analyses of annual land use for the Saint Esprit (Figure 4.17) 

and Desrochers watersheds are presented in Tables 5.8 and 5.9. They are 

summarized in Table 5.10. Although the Desrochers basin is 860 ha 
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Table 5.8 Saint Esprit land use analysis 

Map Legend Saint Esprit watershed 
Area - 1994 Area - 1995 Area - 1996 
t ha t. ha t ha 

Corn 
Cereal 
Soya 
Vegetable 
HaY 
Forest 
Pasture 
Non agri. 
Res ident 
C r u c i f  eres 
Cuks 

Total 

Table 5.9 Desrochers land use analysis 

Map Legend Desrochers watershed 
Area - 1994 Area - 1995 Area - 1996 

t ha t ha t ha 

Residential 
Forested 
Vegetable 
Soya 
Corn 
Hay, Pasture 
Forage 
Cereal 
Potato 
Sod 
Pasture 

4 -2 73.8 Noqualified 
16.3 284.5 data available 
6.4 112.6 for 1996 
13.5 236.4 
32.3 564.2 
12.1 211.2 
1.0 17.7 
8.0 139.2 
0.5 9.5 
1.8 30.7 
4.0 69.3 

Total 100.0 1748.5 100.0 1746.7 

Table 5.10 Land use distribution for both b h s  

St. Esprit Desrocherss 
% ha % ha 

Agricultural area 64 1669 80 1398 
Non agridtural area 36 939 20 349 
Total area 100 2608 100 1747 



smaller than the Saint Esprit basin, the difference in the agrieultural area 

was only about 270 ha. Corn was the major m u a l  crop in both 

watersheds. The total area under corn in both basins was similar; about 

600 ha, between 1994 to 1996. An overlay of land use and reclassined soi1 

texture map was performed for both watersheds. 

Table 5.11 shows the condensed land use distribution on the different soi1 

textures for both basins. In the Saint Esprit basin, it was found that 

about 37 % of the agricultural area was on heavy, 21  % on light, and 5 % 

on medium textured soil. In the Desrochers basin, the distribution of 

agricultural land over soil texture was about 41 % on medium, 23 % on 

heavy, and 16 % on light soils. 

Table 5.11 Land use and reclassined soi1 overly analysis 

-- . . 

Esprit Desrochers Esprit Desrochers 
light medium 

k ha t ha t ha t ha 
corn 7.8 202 6.5 114 1.6 41 19.3 340 
cereal-soy 5.1 133 3.3 59 1.4 35 8.3 146 
vegetable 3.0 7 9  2.1 38 0.6 16 4.6 80 
hay-pasture 5.5 143 4 . 4  77 1.6 43 8 -6 152 
forest  19.8516 3 .7  66 1.231 10.0175 
non-agri . 9 .3  242 1.2 21 0.2 5 2.6 46 

Esprit Desrochers 
heavy 

% ha t ha 
15.1 393 9 . 4  165 

9 . 5  247 6.1 107 
4.7 123 2.5 45 
8.0 208 4.7 83 
4.2 109 2.3 40 
1.5 40 0.4 7 

5.2.6 Natural soil and subsurface drainage conditions 

Almost 45 % of the Saint Esprit watershed area has naturally poor 

drainage. Figures 5.3 and 5.4 present the natural soil drainage conditions 

of both basins. 



Naturai darinage map 

Saint Esprit watershed 

vaI(QDl0 

Sourœ: The R-th 8i 
ûnak t 962 
The Dsgaman d Miie 
T m d  Swws 

Figure 5.3 St. Esprit natural soi1 drainage 

,andi. 

s and 

Figure 5.4 Desrochers natural soü drainage 



Table 5.12 shows the soil natural drainage map area analysis for the both 

watersheds. 

Table 5.12 Natural soil drainage analysis 

Map Legend St. Esprit  Desrochers 
Area Area 

% ha t ha 
- 

very poor 1.8 4 6 . 3  
poor 43.5  1136.0 
imper£ ect 4.3 113.0 
good 39.3 1025.4 
excess ive 4 - 5  117. O 
variable 6.7 173.7 
unknown ---  - - - - - -  

Total 100.0 2611.4 100 - O  1793 -3 

Figure 4.19 and Table 5.13 illustrate the subsurface tile drain intorrnation 

of the Saint Esprit watershed. About 50 % of the agricultural land is tile 

dr ained. 

Table 5.13 Saint Esprit land drainage andysis 

Map Legend Area 
% ha 

subsurface drainage 
no subsurf ace drainage 
no data collection 
not cultivated 

Total 100.0 2607.9 

5.2.6 1994 soi1 fertility analysis 

In the fall of 1994, the comité d'àdministration (CA) gave priority to 

development of fertilizer management plans for each f m .  There was a 

general lack of soil fertilty data to develop these plans. The CA therefore 
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supported a soil sampling program in the Saint Esprit watershed. Soil 

samples were collected fiom 403 fields, mainly h m  annual crop fields, 

and analyzed for total available phosphorous and percentage of organic 

matter. Table 5.14 shows in detail the soi1 fertilîty map area analysis. 

Table 5.14 1994 Saint Esprit soi1 fertility area analysis 

Pho.photous OrgrPic matter 
Legend % ha Legend % ha 

10-25 kg/ha 
25-50 kg/ha 
50-75 kg/ha 

75-100 kg/ha 
100-125 kg/ha 
125-150 kg/ha 
150-175 kg/ha 
175-200 kg/ha 
200-225 kg/ha 
225-250 kg/ha 
250-275 kg/ha 
275-300 kg/ha 
300-325 kg/ha 
325-350 kg/ha 
350-375 kg/ha 
375-400 kg/ha 
400-425 kg/ha 
425-450 kg/ha 
450-475 kg/ha 
475-500 kg/ha 
500-525 kg/ha 
525-550 kg/ha 
550-575 kg/ha 
650-675 kg/ha 
675-700 kg/ha 
750-777 kg/ha 
775-800 kg/ha 
900-925 kg/ha 
no data collection 
not cultivated 

Total 

0-0.5 t 0.03 
1.0-1.5 t 0.1 
1.5-2.0 * 0.1 
2.0-2.5 t 3.1 
2.5-3.0 t 2.2 
3.0-3.5 t 4.5 
3.5-4.0 t 6.0 
4.0-4.5 t 7.2 
4.5-5.0 t 4.1 
5.0-5-5 % 2.3 
5.5-6.0 k 1.1 
6.0-6.5 t 0.7 
6.5-7.0 t 0.5 
7.0-7.5 t 0.04 
7.5-8.0 t 0.4 
8.5-9.0 % 0.1 
9.0-9.5 t 0.1 
11.5-12.0 t 0.1 
12.0-12.5 O 0.03 
no data collection 31.3 
not cultivated 36.2 

Total 100.0 2607.9 

About 30 percent of the Saint Esprit agricultural fields had organic matter 

between 2 to 6 % in 1994. The total avaüable phosphornus levels ranged 
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from O to 925 kgha. Figures 4.20, 5.5, and 5.6 delineate the distribution 

of soi1 organic matter and phosphorous in the basin. 

Organic matter map 
1 984 r o i 1  kr(Slity aalysis 

Saint Esprit basin 

r is  

Figure 5.5 1994 Saint Esprit organic matter map 

Table 5.15 summarizes the results of overlay of the soi1 organic matter 

and phosphomus maps with agricultural area overlay in 1994. 

Table 5.1 5 1994 Saint Esprit organic matter analysis 

1994 Soi1 f e r t i l i t y  analysis 
Phoaphozoua O r g r n i c  Uttar 

Map Legend % ha % ha 

0-100 kg/ha 4.7 123.7 0-2.0 3 0.3 6.5 
100-200 kg/ha 12.5 326.0 2.0-4.0 % 15.9 415.1 
300-400 kg/ha 4.8 126.0 4.0-6.0 % 14.7 383.7 

>400 kg/ha 10.4 270.7 6.0-12.5 3 1.8 45.8 
no data collection 31.3 816.9 no data collection 31.2 813.1 
not cultivated 36.2 944.6 not cultivated 36.2 944.9 

Total 



Phosphorous rnap 
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Figure 5.6 1994 Saint Esprit phosphorous map 

About 270 ha of the basin received high range of phosphorous of more 

than 400 kgha. Most of the area received the range of 100-200 kgha. 

5.2.7 N and P fertilizer applications 

The map area analysis of N and P fertilizer application h m  1994 to 1996 

is summarized in Table 5.16 and 5.17. 

The N fertilizer application varied between 25 to 200 kglha. About 11 % of 

the annual cmp land received 175 to 200 kgha of N fertilizer.Almost 27 % 

of the agricultural lands received P fertilizer application between 25 to 75 

kgha. More than 100 k g h  of P was applied on 7 % of the land. Figures 
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4.21 and 4.22 show 1995 applied N and 1996 applied P fertilzer, 

respectively . 

Table 5.16 Applied N fertilizer in the Saint Esprit watershed 

- -- -- 

1994 1995 1996 
Legend (N levels) % ha t ha t ha 

10-25 kg/ha 0.4 9.0 
25-50 kg/ha 4.9 128.5 
50-75 kg/ha 7.0 183.6 
75-100 kg/ha 4.2 110.5 
100-125 kg/ha 2.2 58.4 
125-150 kg/ha 3.9 101.8 
150-175 kg/ha 4 . 4  114.0 
175-200 kg/ha 11.0 287.9 
200-225 kg/ha 0-8 20.2 
825-850 kg/ha ---- - - - - -  
no application 0.9 23.1 
no data collection 24 .O 626 - 3  
not cultivated 36.2 944.6 

--- - -- 

Total 100-0 2607.9 100.0 2607.9 100.0 2607.9 

Table 5.17 Applied P fertilizer in the Saint Esprit watershed 

1994 1995 1996 
Legend (P levels) O ha % ha % ha 

10-25 kg/ha O. 1 
25-50 kg/ha 11.6 
50-75 kg/ha 15.9 
75-100 kg/ha 3.6 
100-125 kg/ha 3.4 
125-150 kg/ha 1.7 
150-175 kg/ha 0.5 
175-200 kg/ha 0.7 
200-225 kg/ha 0.1 
225-250 kg/ha 0.2 
250-275 kg/ha - - - -  
475-500 kg/ha - - - -  
725-750 kg/ha 0.4 
750-775 kg/ha - - - -  
no application 1.7 
no data collection 24.0 
not cultivated 36 -2 

Total 



5.2.8 Manure application 

Figures 5.7, 5.8, and 5.9 present the time, type, and method of manure 

application practices. 

T ime of manure application 

,-- (1 -1 

Figure 5.7 Time of manure application map (1994) 

Table 5.18 indicates that the farmers applied manure mainly in the late 

f d .  The principle animal production on the Saint Esprit watershed is 

d m  cattle. Therefore, solid manure practice predominates. The 

spreader method was practiced more than other methods. Manure was 

applied only on 8.5 % of the agricultural lands compare to application of 

chernical fertilizer which was applied on more than 50 % of the lands. 





Table 5.18 Manure application in Saint Esprit 

Legend 

Time: 
early spring 2.2 54.2 1.64 42.7 
s u m m e r  and early fa11 3.1 81.5 2.41 62.8 
late fa11 3.4 87.3 4.20 109.5 

solid 
liquid 
compost 
solid/liquid 

spreader 
injected 
rampe 
gun 

Type: 
3 . 3  85.2 4.7 123.0 
4.0 105.2 1-9 49.6 
1.2 31.5 1.6 42.4 
---  - - - - -  - --  - - - - -  

no application 23.6 614.5 32.0 835.0 
no data collection 31.7 825.1 23.5 613.6 
not cultivated 36.2 944.6 36.2 944.3 

Total 100.0 2607.9 100.0 2607.9 

Details of total N and Pz05 content in the manue application are 

presented in Table BI, in Appendix B. 

5.2.9 Saint Esprit sub-basin information 

The Saint Esprit watershed can be divided into 18 sub-basins. The 

location of each sub-basin is shown in Figure 4.12. Table 5.19 shows the 

area analysis for the sub-basins map. Interpretation of sub-basin water 

quality data required the use of Figure 4.12 and Table 5.19. The sub-basin 

map (Figure 4.12) was overlaid with the r e c l a d e d  soi1 texture map 

(Figure 5.1), the land use map (Figure 4. IV), and the stream patterns. The 



Table 5.19 Saint Esprit sub-basin area analysis 

Map Legend % ha ?7 ha 

result of this overlay helped to determine the upstream surfhce area, soil 

texture, and land management for each sampliag site (Table B2 in 

Appendix B). 

Table 5.20 shows the average measured concentration of suspended 

sediments, nitrates (No-&), ammonia (NH+4-N), orthophosphate (PO-4-P), 

potassium (K), and total phosphorous ÇrP) in the water samples taken at 

the outlet of the two watersheds during 1994. 

The averages, except for suspended sediment concentrations, were similar. 

The average measured suspended sediment concenhation for the Saint 

Esprit basin was 53 mgll, compared to 32 mgn for the Desrochers 

watershed. Different layers of the database and the SPANS overlay 

m o d e h g  function were us& to create an "Erosion Risk map". This map 

helped to understand the difference in the average meaeured suspended 

sediment concentrations in the watersheds. 

Table 5.20 Average annual concentrationa ofpohtants in both basins in 1994 
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Parameter (mm St. Esprit 
------------------- He------- 

Nos-N 2.82 
NH'4-N 0.25 
POa -P 0.05 
K 4.03 
TP 0.30 
Suspended sediment 63.0 

-- -- 

Soune: Enright et al. (1998) 

The combination of rolling topography (Figure 4.15), intensive cultivation 

(Table 5.8) and light soi1 texture on a large portion flable 5.5) of the Saint 

Esprit basin compared to the Desrochers basin indicated a greater risk of 

erosion. Visits to the fields confirm this hypothesis. "Erodible areas" were 

dehed as cum and vegetable cropping, on light and medium soils, and on 

slopes greater than one percent. To delineate these areas, the following 

procedures were used to create the "Enmion Risk map" (Figure 5.10) for both 

watersheds: 

the soi1 texture map (Figure 4.11) was redassïfïed into three classes, 

light, medium, and heavy Figures 5.1 and 5.2), based on the 

percentage of sand, loam and clay of the soils, 

two patterns (mm and vegetable) h m  the land use map and the 

r e c l d e d  soi1 texture map were overlaid with model 1 (Box 5.1), 

three classes (1-3, 3-5, >= 5 %) h m  the dope map and output map 

fkom the second procedure were overlaid with model 2 @ox 5.1). 



St-Esptit and Desrochers Watershed 

Erosion Risk map 

2 km 

Com-vegetaôie, light soil, and 1-3 % dope 
Com-vegeWe, light soil, and 3-5 % dope 
Com-vegetabk, Iight soil, and 5 c- '30 dope 

\ Com-vegetwe, medium soil, and 1-3 % slope 
Com-vegetabie, medium soil, and 3-5 % dope 

ay: M.E M o ~ a v r n d e h  Com-vogoWe, medium sol. and 5- % slope 
Ju!y 1995 

V 

St. Esprit 

Figure 5.10 The Erosion Risk Map 

The area of the "Erosion Risk map" was analyzed for both basins. Table 

5.21 summarises the result of this analysis. The "Erosion Risk map" 

(Figure 5.10) showed more erodible areas in the Saint Esprit basin. Area 

analysis of the "Erosion Risk map" (Tables 5.21) indicated that the total 

area under corn and vegetable on light and medium soils with slope greater 

than one percent for both watersheds was almost, 226.8 ha in the Saint 

Esprit basin and 236.9 ha in the Desrochers basin. Corn and vegetables on 

light soil with slopes greater than one percent was found to be much 



Box 5.1 SPANSIGIS modelling lanpage 

Model 1 
E ocnvgs6 corn and vegetable werlay with reclassified soi1 texture map 

: Date: July 6,1995 
: This model werlays the corn and vegetable area fimm Indu9.map and three 
: soi1 classes (ligbt, medium, and heavy) h m  the soil6.map. The output shows 
: only the corn and vegetable area with difcerent soi1 classes. 

ir-classClndu9); 
~~ass('soil6); 
CS=( 1 if -5 and s==l, 2 i f 4  and s==2,3 i€c==5 and s==3,4 8-3 and -1, 
5 if c d  and 95-2,6 if -3 and ~ 3 ~ 0 ) ;  

result(cs) 

Model 2 
E erosion 1 mm-vegetable-reclasssed sod werlay with dope 

: Date: July 7, 1995 
: This model werlays the corn-vegetable-reclassified soi1 (ocnvgs6.map) with SM-map .  In 
: this model the heavy class of soi1 map and 4 % class ficm soil map are d u d d  Also : 
: both corn and vegetable have been taken as one class. 
s=classCslope'); 

~lass('ocnvgs6'); 
SC== 1 if s=2 and c==l or r4, 

2 if s=3 and c==l or r4, 
3 if s==4 and -1 or r4, 
4 if s=2 and c==2 or d, 
5ifs=3andc=2or4, 
6 ifs* and c==2 or -5,O); 

result (SC) 

Table 5.2 1 Saint Esprit and Desrochers erosion risk m a  analysis 

Class Legend Area 
(%) 
Esprit Desrochers 

1 corn-veg., iight S., 1-3 % dope 78.7 23.8 
2 corn-veg., light w, 3-6 % dope 5.0 O 
3 corn-veg., iight S., o<= % dope 4.1 O 
4 mm-veg., medium S., 1-3 % slope 9.9 74.4 
5 corn-veg., medium S., 3-5 % slope 1.8 1.5 
6 corn-veg., medium S., 5 e  % dope 0.7 0.4 

Area 
(ha) 
Esprit Desrochers 
178.4 56.4 
11.2 O 
9.2 O 
22.3 176.1 
4.1 3.5 
1.5 0.9 

Total of 6 classes 



greater in the Saint Esprit basin (198.8 ha) compared to the Desrochers 

basin (56.4 ha). Also, corn and vegetables on light soil with slopes greater 

than three percent were found only on the Saint Esprit basin. More corn 

and vegetable cultivation on hght soils and areas with greater slopes on the 

Saint Esprit indicated more eroeion potential This analysis explained the 

ditrerences in suspended sediment concentrations. 

5.4 Summary and conclusions 

The Saint Esprit spatial database was used to perform a variety of 

analyses. These analyses tended to be one of four different types. Using 

the Saint Esprit spatial database, a clear picture of the agricultural 

activities and various statistics on both watersheds was obtained. 

The following points can be concluded fiom the non-numerical modelling 

application: 

L It is possible to identify the area at risk to erasion with simple 

rnodelling overlays without taking into account cornplex erosion 

procedures (detachment, transport, and deposition) and Stream 

network conditions. 

. . 
a ThjS type of application is usetul to identify the areas at risk i.e. with 

respect to erosion, but it dœs not provide any information as to actual 

levels of soi1 erosion. Also, it does not allow for an evaluation of the 

potential effets that soil conservation practices could have on 

reducing soil erosion. 

87 



Using SPANS modelling fimctions, several models were developed to meet 

different application requirements (Box 1). They are available on the 

"MODEL.INP" file on the Saint Esprit study area directory on the attached 

CD ROM. The tables that are presented in this chapter were condeneed 

corn the onginal detailed GIS area analysis for related maps. Not all of the 

maps were printed The original tables and maps h m  the Saint Esprit 

database are also available on the attached CD ROM. 



CIIAPTER 6 

ANSWERS 2000 AND SPANS INTEGRATION 

6.1 Introduction 

The input files used by the continuous version of the ANSUTERS model 

provide a detaüed description of the watershed dimate, topagraphy, mils, 

land use, drainage network, fertilizer applications, and BMPs. The main 

input data file, ANSWERS.INP, can be constnieted in two parts (Ikasley and 

Huggins, 1991). The M or "predata" part contains all general information 

necessary to describe the various simulation requirements; mil innltration, 

drainage, and groundwater constants; s d c e  roughness and erop data; and 

channel spdcations. The second part or "element specificationJ' part 

contains the individual element information. It is the largest body of data and 

the most time consuming to prepare. ANSWERS 2000 subdivides the 

watershed into a uniform element or grid of square cells. Topography, dl, 

land use, and management practices are assumed d o m  withui each celL 

Typical ce11 sizes range h m  0.4 to 4 hectare. Eighteen to twenty two 

parameter values must be provided for each c d .  h p a ~ g  the input data in 

a traditional way, by hand, for a watershed of the size of Saint Esprit is not 

practical. On the other han& the capability of SPANS to manage, manipulate, 

and spatially oiganize data led to the idea of developing an integrated tool 

between ANSWERS 2000 and SPANS. The goal of the integration tool is to 

interact with the user to prepare, edit and store watershed information to be 

formatted into an ANSWERS input me. It also serves to visudize and 

analyse the model outputs. 



6.2 Integration strategy 

SPANS and ANSWERS-2000 can be integrated in dinerent ways. F o u  

possible structures for Luiking a model and a GIS are shown in Figure 6.1. 

Model 
1 1 1 1  

Figure 6.1 A GIS and a model integration possibility 

The most elementary strategy (Figure 6.1 I) is to use the GIS for data 

storage and management, as well as for visualization of model output. In 

this case GIS and model environments are separate. The knlOng occuis 

through manual operation or weak coupling by a small program and there is 

no t h e  saving advantage to provide model input by this technique. This 

procedure does not meet the research objectives. Another technique for 

integration of a GIS and a model is shown in Figure 6.1 II. With such a 



method, it is possible to attain the benefits of an integration tool by writing a 

comprehensive interface program between the GIS and the model. However, 

this approach is not as user fkïendly as method IV of Figure 6.1, which is 

described in detail below. The basic wmponents of a GIS might be expiicitly 

drawn into the program code of the model (Figure 6.1 III). In this design, all 

GIS functions, such as zoom, overlay, search, and query either muld not be 

used or were substantially slow. This strategy does not pmvide a strong 

analytical.too1. The ideal scheme for linking ANSWERS 2000 and SPANS, 

which was selected as the strategy for the integration in this study, is 

displayed in Figure 6.1 IV. In this method, the interface between the user 

and system i4 in the SPANS environment (Figure 6.2). 

SPANS Environment 

SPANS Functions 

Non-spatial 
database 

1 ANSWERS 1 
Figure 6.2 User interface of SPANS and ANSWERS 2000 integration 
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To integrate ANSWERS within SPANS a user interface, the "NPS MODEL" 

menu, was designed (Figure 6.3). The integrated menu was added to the 

latest version of the SPANS (version 7.0) menu. Using the integrated menu, 

the user can provide the model input requirements and  in the mode1 In 

addition it provides the option for creating Merent maps h m  the model 

outputs as well as visualizing them. It is assumed that the user has a basic 

understanding of ANSWEXS and SPANS. 

6.3 Building the integrated menu 

To build the integrated menu some interactions with the SPANS main 

program were essential The current version of SPANS, version 7.0, has 

provided such flexibility as to allow one to custnmize the SPANS menu and 

add a new menu item. Starting with version 6.0, SPANS uses the 

"Engineering Analysis and ScientSc Intefice" -1) programming 

language. It is a scripting language useful for the execution of tasks and the 

construction of applications. Several sets of commands were placed in an 

ordinary text file, d e d  EASI scripts, to specifg parameter values and execute 

tasks. BOX 6.1 shows the EASI script file which was prepared to run the 

ANSWERS modeL 

Box 6.1 SPANS EASI saipt file 
- -- 

! SPANS TT=: RUN ANSiWRS 2000 

! This 520k.aos script file runs the ANSWERS modeI 

CALL OpaStudyAreu @: \ GIS \ E S P N g  

S Y S m  "ANSWERSX" 
C 



The SPANS ASCII file "spans.mnuW contains the menu structure. This is 

stored in the SPANS system directory. Figure 6.3 shows the integrated t d ,  

NPS MODELS submenu created on the SPANS pFimary window. 

The intwated tool item on the SPANS, version 7.0, menu 

Figure 6.3 The integrated tool submenu on the SPANS primary window 

AU of the EASI script files and modified SPANS menu related tn the 

ùitegrated tool are available on the Tntegrated tooln directory on the 

attached CD ROM. More detailed information on customizing the SPANS 

menu is available under the advanced SPANS operations topic in the 

SPANS EXPLORER manual (TYDAC 1997). 

93 



6.4 Components of the integrated menu 

The integrated tool menu, NPS MODELS, consists of main, primary and 

secondary menus (Figure 6.4). 

Figure 6.4 The integrated tool menus 

There are two submenus in addition to "ANSWERS" submenu in the main 

menu. ''Saint Esprit database" explains the Saint Esprit pmject and its 

spatial databam. The "AGNPS" submenu shows the integrated tool 

flexibility to apply with other NPS models such as AGNPS. On the 

"ANSWERS" primary submenu, there is a help for the fïrst time user. Three 

subsequent items on the "ANSWERS" primary submenu guides the users on 



how to constnict the input me, run, and visualize the ANSWERS outputs. 

Constnicting the input file for a complex NPS model such as ANSUrERS-2000 

requires guidance. The event version of ANSWERS has a user manual, but 

the confinuous version does not have complete documentation for the new 

input parameters which are used in the modeL Box 6.2 lists a l l  input 

parameters in the "ANSWERS.INP' file. Item 1 (simulation requirements) to 

item 7 (channel desxiptions) aie the "predata" section of the input. These 66 

parameters are general data for all of the watershed elements. Item 18 (Box 

6.2) is "element specifîcation". It contains 22 parameters for desxibing, in 

detail, the watershed and its specd characteristics. Information on 

topography (slope steepness and slope direction), soil type, crop type, channel 

size category and channel slope steepneas, raui gauge designatm, tillage 

system, BMP, nutrient application, element si= and outlet address on the 

grid are included in the "element" section of the model input file. 

The user has access to a database within the "Constructing the ANSWERS 

input nle menu". The database helps the user to select soil and crop 

parameters based on the previous ANSWERS applications. It also has 

explanations about channel and climatic input parameters. 

Depending on the simulation requirements and watershed size, users need to 

use a different grid element size. The SPANS EXPLORER firnction of 

Analysis \ Grid can be used to generate a grid of square ce& based on the 

Projection XîY or the Longitudfititude coordinates. This functïon is 
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Box 6.2 ANSWERS 2000 predata information requirements 

1- Simulation mquiiements: 
watershed (or pmject) name 
the system unit for input and output files, option to echo predata information on the 

output 
* beginning (dey of the p a r )  of simulation 

duration of simulation days 
* number of gauge station 

number of lines of hychgraph output 
time inci~ment  
infiltration capacity time calculation 

* expected runoff peak 

3- Soil infiltration, drainage, and groundwater constants follow : 
number of soil layers 

* soi1 layer number, total pomsity 0, 6eld capacity 0, steady state infiltration rate 
WC), différence between çteady state and maximum inhltration rate (A), exponent in 
infiltration equation (P), infiltration c o n t d  zone depth (DF), antecedent soil moisture 
(ASM), USLE erodibility factor (h3 

percentage of clay, silt, and sand 
* pH, extraction coefficient for nitrate, ammonium, end phosphate 

4- Sediment parameters: 
number of particle size classes 
number of wash load classes 
description of each particle class (size, specinc gravit?, and f '  velocity-if known) 
total s p e d c  surface area for soi1 type 
specinc surface area for particle size class for soi1 type 

5- Subsurface drainage information: 
drainage exponent 

* drainage coefficient for tile drains 
groundw ater release fraction 

6- Surface roughness and c m p  constants follow: 
* number of cmp and surfaces 
* crop number, crop type, potential interception storage volume (PIT), fraction of element 
area m e r e d  by foliage (PER), surface depth storage (RC), maximum height differential 
on mil surface (HU), Manning's n 0, maximum physical retention depth for cmpping 
practiœ (DIRM), relative emsiveness of a par t icdm land use (C) 
* canopy m a ,  area outside canopy, bare area under canopy, bam area outside canopy 
* leaf ama index 
* data of planning, data of haivest, exponent for nitmgen content, dry matter ratio, yield 
potential, maximum rooting depth for crop, erosion parameter practices a t  planning day, 
maximum leaf area index 
* number of al1 possible mtations 
* rotation number, crop number, year, month, and day 

7- Channel descriptions: 
* number of channels 

channel width and mughness 

8- mement specifications: 
* size of each element 
* outlet mw and column number 
mw number, column number, flag to show end of file, s l o p  steepness, direction of flow, 

size of cbannel and soi1 type, cmp/management, channel dope steepness, BMP identifier, 
BMP i d e n a e t  #1, BMP identitier #2, soi1 organic P, eftective depth of interaction, 
mineral P, stable P pool, labile P, potentially mineralizable N, ammonium pool, stable N 
pool, nitrate pool 
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accessible under "Create grid elemenf on the secondary menu of the 

integrated tool (Figure 6.4). The user can speci@ the remlution of the celle in 

the grid density. 

The grid can be overlaid with information layers required by the ANSWERS 

model, "element specification sectionJ' of the input file. A SPANS modelling 

language (Box 6.3) is pmvided in the integrated tooL The user can use the 

Box 6.3 SPANS model in the integrated tool 

E 2hace112 create a table with 5 map classes 

: The output of this eq. is ce112.TBB 
: point dataset: 2hacelll.tbb 
: equation: ce113 
: new point dataset: ShacellS-tbb 

iesuit (class (2hacelll) , class (serieans) , class (slopans2) , class (l95anol) , 
class (aspct360) ) ; 

E 2hacelll create 2 ha grid ce11 inside the st. esprit basin 
: select points inside watersheds 

: The output of this eq. contains the grid only inside 
: the saint esprit watershed 
: point dataset: Shacell-tbb 
: equation: celll 
:new point dataset: 2hacelll.tbb 

(select if class (wtbnes) == 1, omit); 

E 2hacell create 2 ha grid ce11 for ANSWERS model 
: Create grid of points 

: create a sampling grid of points, one point 
: represents 0.02 km2 = 20000 m2 = 2 ha 

: The output of this eq. is 2hacell.TBB 

SPANS modeIling language and other functions of the integrated tool to 

create the grid ceIl, overlay it with the information layer, and prepare the 

ANSWERS input nle. "Run the ANSWERS model" section on the primary 
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menu of the integrated tool checks the ANSWERS input nlee and executes 

the ANSWEXS modeL The output file of the ANSWEXS model contains 

information on runoe sediment, and nutrient. "VisualiPng the ANSWEM 

outputs" submenu of the integrated tool helps usera to visualize the runoff as 

a graph, and sediment and nutrients as maps. AU of the cmmponents of the 

integrated tool are available on the "Integrated toor dimctory on the attached 

CD ROM. Installation instructions, hardware, and software requirements are 

also avahble on the CD ROM. 

6.6 S u m m r v y  and conclusions 

Powerful NPS pollution models such as ANSUrERS 2000 are suitable t w b  

for evaluating the hydrologie response of an agricultural watershed. 

However, ANSWERS 2000 and other complex NPS models have a detailed 

input file to describe a watershed. Also, their outputs are in numerical 

format and using these outputs for analysis is ditfcult. Without using the 

GIS function, preparing the input file is time consuming and with high 

grid cell resolution it is impractical. Also, it is impassible to map, with 

correct geo-reference, the model outputs such as sediment. Using the 

advanced SPANS operation and EASI script language, the AYSmRS 

2000 model was successfidly integrated into the latest version of SPANS 

EXPLORER GIS. The integrated tool provided explanations about the 

ANSWERS input parameters and also references to use in estimating the 

input parameters. Using the integrated tool, the user can select and save 

watershed information in the model input file format, run the model, and 

visualize the model outputs. 
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CHAPTER 7 

INTEGRATED TOOL APPLICATION: 

EVALUATION OF THE ANSINERS 2000 MODEL 

7.1 Introduction 

The integrated ANSWERS and SPANS twl was used to evaluate the 

continuous ANSWERS model for the  Saint Esprit watershed. DifKerent 

hnctions of the integrated tool (Figure 6.4) were used to prepare the 

model input file. The model was validated for the Saint Esprit basin d e r  

performing a sensitivity analysis. This analysis was used to assess the 

relative importance of most input parameters on ninoff. The model does 

not simulate soil fieezing and snowmelt conditions. Therefore, the period 

fiom May la, to the end of November, in years 1994 to 1997, was selected 

for simulations. Rainfall events in 1994 and 1995 were used for the 

sensitivity analysis. Thirteen parameters were varied by 25% and 50%. 

They were: slope, steady state infiltration rate of the soils, groundwater 

release factor, drainage coefficient factor, antecedent soil moisture, clay, 

sand, silt, soil horizon depth, air and soil temperatures, solar radiation, 

and leaf area index. 

The effects of the most influentid parameters on nnoff were tabulated 

and plotted. Predicted and observed stream ninoff were compared using 

the coefficient of performance CP'A (James and Burgess, 1982): 



where: 

O(i) is the ia obsemed stream mnoff (mm) 

O is the mean of the observed stream mnoff (mm) 

S(i) is the i& simulated runoff (mm) 

n is the total number of the events 

The coefficient of performance (CP'A) approaches zero as  the observed 

stream and predicted runoff get closer. 

7.2 Rainfall and stream runoff in the Saint Esprit watershed 

Table 7.1 shows four years measured rainfall and stream runoff data for the 

months of May through November in the Saint Esprit watershed. It also 

contains the long term monthly average rainfall for the area. In 1994, May 

to August and November were wetter than the long term monthly average 

rainfall of the area, while September and October were drier than the 

average. 1995 was a dry year. Only July rainfall was above average. In 

1996, May, June, and August were drier than the average and the other 

months were above the long term average rainfall. 1997 was similar to 1995 

and the whole period of May to November except July was under the 

average. The rainfall and stream runoff patterns for the period of May to 

November of 1994 to 1997 are presented in Figures 7.1 to 7.4 

In general, the period of May to the end of November in 1994 and 1996 was 

wetter than the long term average, while it was drier in 1995 and 1997. 



Table 7.1 Saint Esprit rainfall and Btieam runoff 

(-1 May June July Aug. Sept. Oct. Nov. Total 

1995: r ainfall 68.6 35.5 117.8 81.6 61.3 93 88 545.8 

runoff 48.4 14 6.5 3.1 2 32.7 69 175.6 

1997: r a d  54.9 66.1 89 72.1 62.8 28 61.5 434.4 

runoff 48.7 15.3 6.8 1.4 1.9 5.4 29.1 108.6 

20-year average rainfd of the area (1971-1990): 

93 113.6 85.8 102 100.4 96.7 87.2 678.7 

Years 1994 and 1995 data were used for validation of the model while 

1996 and 1997 data were used for testing the model. 

7 3  ANSWERS 2000 input and output fdcs 

The integrated tool was used to develop the input data me. The "predata" 

section of the "answers.inp" file (Beasley and Huggins, 1991) was prepared 

using the non-spatial part of the tool. A design drainage coefficient of 10 

mm/day and a groundwater release factor of 0.005 were assumed. The 



Day of year (1 994) 

122 152 182 212 242 272 302 332 

Figure 7.1 Rainfall and runoff - May-November 1994 

Day of year (1 995) 

1 22 1 52 1 82 21 2 242 272 302 332 

Figure 7.2 R d a l l  and runoff - May-November 1995 



Day of year (1 996) 

272 302 332 

Figure 7.3 Rainfall and runoff - May-Novembei 1996 

Day of year (1 997) 

Figure 7.4 R a i n f d  and runoff - May-November 1997 
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spatial part of the twl was used to make the "element" section of the 

"answers.inpn file. Fiist, a two hectare grid cell was created for the Saint 

Esprit watershed (Figure 7.5). Then, al1 necessary data such as 

percentages of slope, aspect, soi1 texture, channel type, and crop patterns, 

were extracted from the spatial database. 

The meteorological input data nle, "daily.inpYp, including hourly rainfall 

intensity (mmh), daily average air temperature, daily average 

temperature in the top 5 cm of soi1 (OC), and solar radiation (Ly/d) was 

prepared for 1994 through 1997. The entire model input and output files 

for the sensitivity analysis and h a 1  simulations are accessible on the 

attached CD ROM. 

7.4 Sensitivity analysis 

The process of monitoring relative changes in the model predictions with 

respect to changes in model input can be defined as a sensitivity analysis 

process. It is usually conducted by taking the derivative of model outputs 

with respect to given input parameters, and assumes that all other model 

input parameters remain constant. The result of sensitivity analysis 

increases the accuracy of the model outputs. It allows the determination 

of the sensitivity of input parameters on model outputs, and the effects 

that uncertainty of various input parameters can have on model outputs. 

It also gives a better understanding of the interrelationships of the 

parameters and shows how they aEect the physical processes. 



Figure 7.5 Saint Esprit watershed flow path and channel network with a 

two hectare grid cell 



The sensitivity analysis was conducted in three steps to determine the 

effect of various input parameters on runoff. In the &st step the effect of 

slope, steady state infiltration rate of the soils (FC), groundwater release 

factor (GRF), and rainage coefficient factor (DCF) were studied (Figure 

Figure 7.6 Variation in predicted runoff (%) due to a variation in slope, 

steady state infiltration (FC), groundwater release factor (GRF), 

and drainage coefficient factor @CF) 

Increasing the values of these parameters caused an increase in the 

predicted runoff. In this regard, the mode1 showed the greatest sensitivity 

to GRF. A 50 % increase in GRF resulted in a 39 % increase in predicted 

runoff. NPS models are usually very sensitive to slopes steepness. The 

Saint Esprit watershed is flat. About 88 % of the basin has slopes of less 
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than 3 %; and nearly half of this has slopes of less than 1 %. Therefore, 

dope variation did not influence the simulated runo& However, the 

steady state infiltration rate and antecedent soil moisture had a direct 

effect on predicted runoff. 

The second step of the sensitiviw analysis focused on the effect of soi1 

texture and depth of soi1 horizon on the runoff. The sensitivity of runoff to 

these parameters is shown in Figure 7.7. 
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CLAY -25 1 m 
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g SlLT50 

SlLT25 
: 

SlLT -25 

SlLT -50 
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DF 2 5  

D F  -25 

DF -50 

Figure 7.7 Variation in predicted runoff (%) due to a variation 

in soil texture and depth of soil horizon OF) 

The mode1 was sensitive to variations in the clay, silt, and sand contents. 

An increase in clay or silt content of the soil resulted in a decrease in the 



hydraulic conductivity of the soil. Lower infiltration rates increased 

runoff. On the other hand, an increase in the sand content of the soi1 

resulted in a higher innltration rate and lower runo£ï . The model was 

more sensitive to a 50% increase in silt content than to the same increase 

in clay content. A 50% increase in the silt content resulted in an increase 

of 34.4% of the mnoff, while the same increase in clay content resulted in 

an increase of only 29.5 %. However, for a 25% increase, 25% decrease or 

a 50% decrease in the silt content the resultant variation in runoff was 

lesser than for equivalent variations of the clay content. 

Sensitivity of anoff  to variations in the depth of the soil horizon @F) was 

considered. The model assumes a single homogeneous soil layer. The 

depth of this layer should be based on soil characteristics and cultural 

practices. The anoff was very sensitive to changes in the soil horizon 

depth. A decrease in soil depth of 50% resulted in an increase in runoff of 

18 %. This increase was expected, the shallower the soi1 zone depth, the 

faster soil moisture increases and runoff starts. 

Evapotr anspiration like infiltration is involved in the soi1 water balance. 

Therefore, runoff is also related to evapotranspiration. The effects of 

important evapotranspiration parameters on runoff were analyzed in the 

third step of the sensitivity analysis. Air and soil temperature, solar 

radiation, and leaf area index (LAI) are major factors decting 



evapotranspiration. The sensitivity of ninoff to variations in these 

parameters is presented in Figure 7.8. 
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Figure 7.8 Variation in predicted runoff (%) due to a 

variation in evapotranpiration parameters 

Runoff was not sensitive to soi1 temperature. The sensitivity of runoff to 

variations in air temperature, solar radiation and leaf area index were 

similarly small. A decrease in each of air temperature, solar radiation and 

leaf area index iacreased runoff. A lower air temperature or solar 

radiation or leaf area index resulted in lower evapotranspiration and 

higher runoff. The mnoff was most sensitive to solar radiation. A 

decrease in solar radiation of 50 %, increased runoff by 9.4 %. 



7.5 Results and discussion of the model predictions 

The model was applied to simulate moEfor the period d May la to the end 

of November, for 1994 through 1997. Results of model predictions is 

discussed in two sections. In the h 3 t ,  daily, monthly, seasonal cumulative 

predicted runoff h m  1994 to 1997 are compared with the measured depth 

of stream m o f f  of the watershed Given that an analysis of individual 

rainfall events was available for 1994 and 1995 (Lapp, 1996), in the second 

section, predicted events -off is compared with Lapp's observed runoff 

hydrograph data for 17 events in 1994 and 7 events in 1995. 

7.5.1 Results of daily, monthly, and seasonal cumulative predicted 

runoff from 1994 to 1997 

Tile drainage coefficients and ground release hctors in the model input were 

taken into account to enable a cornparison between the predicted cumulative 

runoff and measured stream runoff at the outlet of the watershed 

(Figures 7.9, 7.10, 7.11, and 7.12). The results of predicted anoff as well 

as observed r a i n f '  and measured stream runoff for 1994-1995 and 1996- 

1997 are presented in Tables 7.2 and 7.3, respectively. 





....... measured cumulatiw mnM - predicted cumulative runoff 
180 

212 242 

Day of year (1 995) 

Figure 7.10 Measured cumulative mnoff vs. predicted cumulative runoff in 1998 
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....... measured cumulative ninoff - predicted cumulative Rnon 

212 242 

Day d year (1 997) 

Figure 7.12 Measured cumulative runoff vs. predicted cumulative runoff in 1997 
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Table 7.2 Measuied and predîcted cumulative nrnd in 1994 and 1995 

May June July Aug. Sept. Oct. Nw. 

1994: 

rainfd (mm) 

Total raidail= 689.1 

measured runoff (mm) 

predicted runatr (mm) 

cumulative measured nuioff (mm) 72.6 153.9 203.3 233.7 238 244.7 265 

cumulative predicted ~ n o f f  (mm) 19.6 75.8 119.7 143.7 151.9 154.9 176.4 

measured runo~rainf" (%) 70.7 41.4 37.5 28.3 10.2 42.4 21.9 

predicted runofVrainfall(%) 19.1 28.7 33.3 22.4 19.2 19.1 23.1 

&id ~~eioswed runoff / rain/d = 38.5 % 

bidpredictedrwwfl/ rein/& = X 6 %  

predictd runoff/measured rund (?/a) 27 69.1 88.7 79.1 188.6 45.1 105.5 

total predicted rwwff / toîul measwed rumfl  = 66.6 (%) 

1995: 

rainfd (mm) 

Total rainfail= 545.8 

measured runoff (mm) 

predicted r u n d  (mm) 

cumulative measured runoff (mm) 48.4 62.3 68.9 71.9 73.9 106.6 175.6 

cumulative predicted runoff (mm) 15.2 20 30.9 41.2 54-3 74.9 96.5 

measured runofvrainfall (?A) 70.5 39.3 5.5 3.8 3.2 35.1 78.5 

predicted rundürainfall (?A) 22.1 13.5 9.3 12.6 21.4 22.2 245 

tolal mmswed nutoff / raUlFJl= 32.2 % 

tolalpredicrednuwff/ reiBfdl=lZP?G 

predicted runoWmeasureàxund(%) 31.3 34-4 167.4 335.3 659.3 1 31.3 

total predicîed nuioff / lolol meusureù r u ~ f l =  54.9 (% 



Table 7.3 Measured and predicted cumulative runoEin 1996 and 1997 

May June July Aug. Sept. Oct. Nw. 

1996: 

rainfail (mm) 

Total rainfall= 798.7 

measured m o f f  (mm) 

predicted r u n d  (mm) 

cumulative measured nuioff (mm) 67.7 83.3 106.8 1 15.8 130.2 202.3 280.5 

cumulative predicted runoff (mm) 19.8 50.0 86.3 112.5 140.3 163.9 201.1 

measured runofUrainfail(%) 90.1 15.5 19.9 9.9 9.8 51.2 62.0 

predicted runofVrainfd ?/O) 264 30.0 30.7 28.7 19.0 16.8 29.5 

l o îd  measwed nutoff / tOUt/oU =35.1% 

r~tdpredicled mff / rein/& = 25.2 % 

predicted runoftimeaçured mnoE(%) 29.3 193.9 1 x 2  290.3 194.0 327 47.5 

tolal predicted maoff / totd measwed mff = 71.7 (%) 

1997: 

rainfall (mm) 

Total rairifaIl= 434.4 

measured runoff (mm) 

predicted mnofll (mm) 

cumulative measured runoff (mm) 48.7 64.0 70.8 72.2 74.1 79.5 1û8.6 

cumulative predicted runoff (mm) 1.7 9.5 12.2 13.8 25.8 32.5 46.1 

rneasured runolI7rainfa.N (%) 88.7 23.1 7.6 1.9 3.0 19.3 47.3 

predicted runofflrainfaii (D/) 3.1 11.7 3.1 2.1 19.2 23.9 22.1 

L o t d  m e c r s d w f f / t a i n / d l = 2 5 %  

totdpredicted m ~ f f  / rein/d = 10.6 % 

predicted runofWmeasd rund ('?A) 3-5 50.7 40.4 110.2 633.6 124.1 46.7 

total predicted rtuulff / tutu1 mewwed mrw# = 42.4 (%) 



The model predicted a total of 176.4, 96.5, 201.1, and 46.1 mm of cumulative 

ninoff for the period of May 1st to the end of November nom 1994 through 

1997, respectively. It was a relatively good prediction of total runo&66.6% 

in 1994, 54.9% in 1995, 71.7 % in 1996, and 42.4 % in 1997. However, there 

was a tendency to underpredict total cumulative r u n d  in all years. There 

was also no close agreement between predicted and observed values in each 

month of the specified period. 

In 1994, the model underpredicted runoff by 73, 30.9, 11.3, 20.9, and 54.9 %, 

for the month of May, June, July, August, and October, respectively. On the 

other hand, the model overpredicted runoff in September and November by 

88.6 and 5.5 % respectively flable 7.2). 

In 1995, the model underpredicted runoff by 68.7, 65.6, 36.9, and 68.7% for 

the month of May, June, July, October, and November, respectively. It 

overpredicted runoff in July, August, and September by 67.4, 235.3, and 

559.3 % respectively Fable 7.2). 

In 1996, the model underpredicted runoff by 71, 67, and 52 %, for the month 

of May, October, and November, respectively. On the other hand, the model 

overpredicted runoff in June, July, August, and September by 94, 54, 190, 

and 94 % respectively Vable 7.3). It predicted 40 % of the total runoff in 

May, October, and November and 60 % fiom June to September. While 78 % 



of obsemed stream runoff occurred in May, October, and November and only 

22 % fiom of June to September. 

In 1997, the model underpredicted runoff by 96, 49, 60, and 53 % for the 

month of May, June, July, and November, nspectively. It overpredicted 

runoff in August, September, and October by 10.2, 534, and 24 % 

respectively (Table 7.3). The mode1 predicted 56 % of the total mnoff in 

May, June, July, and Novernber and 44 % nom August to ûctober. Of 

obsemed stream runoff 92% occurred in May, June, July, and November 

and only 8 % fkom August to October. Figures 7.13 to 7.16 show the 

Merence between predicted runoff and obsemed stream runoff for each 

rnonth in 1994 to 1997. 

This version of ANSWEXS is one of the attempts to develop a distributecl 

continuous nonpoint source model. However, it was developed fiom the 

original event based version of the ANSWERS modeL The continuous 

model responded to individual rIiinfd events through the simulation period 

(Figure 7.13 and 7.16), based on the hydrologie conceptual structure of the 

event based version. This may explain why it predicted runoff events in a l l  

four years for which there was no observed runoff. 
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..... . measured stream runoff - predicted ninoff 

Figure 7.14 Measured runoff vs. predicted runoff in 1995 







Table 7.2 and 7.3 also contain the ratio between observed nmoff and 

raidàll, and between predicted mnoE and rainfalL The maximum ratio 

between observed runoff and raididl was 70.7%, 70.5%, 90.1%, and 88.7% in 

May of all four years, h m  1994 to 1997. The minimum ratio between 

observed runoff and r a i n u  was 10.2% in September of 1994, 3.2% in 

September of 1995, 9.8% in September of 1996, and 1.9% in August of 1997. 

The maximum ratio between predicted runoff and rsinfall was 33.3% in July 

of 1994, 24.5% in November of 1995, 30.7% in July of 1996, and 23.9% in 

October of 1997. The minimum ratio between predicted -off and rainfall 

was 19.1% in May and October of 1994, 9.3% in July of 1995, 16.8% in 

October of 1996, and 2.1% in August of 1997. The ratio between total 

predicted runoff and raulfall was 25.6% in 1994, 17.7& in 1995, 25.2% in 

1996, and 10.6% in 1997. The ratio between total observed mnoff and 

raididl was 38.5% in 1994,32.2% in 1995,35.1% in 1996, and 25% in 1997. 

The continuous version of ANSWERS maintains a water balance between 

rainfall events. Runoff, a t r a t i o n ,  evapotranspiration, and percolation are 

four components of the water balance of the model. During the summer, 

evapotranspiration has an important effect in reducing runoff. However, 

the results of 1996 indicated that the model predicted almost three times 

more runoff than was observed between June to September. It, therefore, 

appears that more raseaich is needed to evaluate the evapotranspiration 

submodel of the continuous ANSVIrERS model. 



7.6.2 Results of individual rainfkll anaiyses for 1994 and 1996 

In 1994 and 1995 only 24 rainfall events produced substantial runoff h m  

the watershed. Lapp (1996) measured these hydrologie events and analysed 

their hydmgraphs. Of these 24 events, 17 were h m  the 1994 season with 

the remainder fiom the 1995 season. 

In both 1994 and 1995, the predicted runos were generally less than 

measured runofi Vable 7.4). The average relative error was -34.5 % in 

1994 and -55.6 % in 1996. This underprediction of ninoff was previously 

reported by Montas and Madramootoo (1991), Von Euw et al. (1989), 

Beasley et al. (1980), and Dickey et al. (1979) who al l  applied the ANSmRS 

event based model in diEerent watersheds in North America. 

The predicted and observed runoff for June 27a, 1994 were in close 

agreement flable 7.4); having the lowest relative error (7 %). The accuracy 

of this prediction probably occurred because the model could keep track of 

antecedent soil moisture conditions, since a large rainfd event had occu~red 

only two days earlier. Predicted runoff for July 9th 1994 and July 26th 1995 

showed pwr agreement with obsewed values, with relative errors of -88.9 

and -84.6 %, respectively. The intensity of these min&& events was 2 1.6 

and 24.4 mm/hr, but their duration was less than one hour. Therefore, the 

watershed could not respond to these events due to the high value of the 

cime of concentration. As a result only 1.56 and 0.16 mm of runoff were 

observed for these events, respectively. The model prediction for these 
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Table 7.4 Selected hydrologic events* and 

predicted r u n d  for 1994 and 1995 

Date rainfall duration intensity measured predicted absolute relative 
mm hr mm/hr run&(mm) run&(mm) e m  (mm) erior % 

1 2 3 4 5 6 7 8 

1994: 
May 1 20.8 17.0 
May 16 46.4 24.25 
May 26 18.2 10.5 
June 13 23-8 5 
June 25 47 7.5 
June 27 41 5.25 
June 29 19.8 4 
July 2 9.2 2.75 
July 5 20.2 3.5 
July 9 16.2 0.75 
July 16 12 2.25 
July 23 21.2 5.25 
July 26 4.2 1.25 
August2 42.6 6.5 
August 4 19.2 5 
November 1 52.2 26.5 
November 6 13.8 16 

1995: 
May 17 15.8 6.5 
July 20 12.2 2.75 
July 23 35.8 7.25 
July 26 12.2 0.5 
October 6 54 30 
October 22 39.3 8 
November 2 32.8 13 

Average = -34.5 % 
CP'A = 0.49 

-0.88 -99.4 
-0.17 -98.9 
-0.49 -60.4 
-0.19 -100 
2.07 92.0 
-1.30 -63.5 
- 1.66 -59.1 

Average = 35.6 % 
CP'A= 1.47 

* Columns 2,3, and 5 are adapted from Lapp (1996) 
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events was 0.17 and 0.0 mm, much lower than the observecl values. In this 

watershed, the model seems unable to predict ruof f  for short duration 

storms of less than one hour. 

The model predicted a lower runoff for most events which had relatively dry 

antecedent soil moisture conditions. A h ,  the model tended to overpredict 

runoff for events with durations longer than 24 hr (November le, 1994 

and October 6&, 1995). It therefore appears that the model was unable to 

accurately simulate runoff for very wet or verg dry antecedent soil moisture 

conditions. 

Improper prediction of -off values could also be due to inaccurate 

estimation of soi1 physical properties. Seasonal variations in parameters, 

such as macropores, due to faunal activity and rwt penetration, would aLso 

increase infiltration during the summer months. The impacts of these 

infiltration parameters are not considered by the model or in the input 

prepar ation. 

In general, the results show relatively better agreement between predicted 

and observed runoff for 1994 (Table 7.4). The coefficient of performance 

(CP'À) was 0.49 in 1994 compared to 1.47 in 1995. The year 1995 was drier 

than normal, with 10 rainfall events fewer than 1994, in the period of May 

1st to the end of November. Therefore, fewer raintall events in 1995, 



resulted in fewer nuioff events to be predicted by the model, and a higher 

average relative error and coe5cient of performance compared to 1994. 

7.6 Summary  and conclusions 

The continuous version of ANSWERS was originally nui on a VAX (VMS 

operating system) machine. RuMing the program on a watershed with 

1100 one hectare cells, for a five month period, required approximately five 

hours Pouraoui, 1994). It was modifieci and run successfully on a PC 

machine. The model simulated the Saint Esprit watershed with 1300 two 

hectare ce&, for a 7 month p e r d ,  in approximately 24 minutes on a 

Pentium 100 with 32 meg RAM, or 7 minutes on a Pentium 233 II with 64 

meg RAM. The original and modined source codes are available on the 

attached CD ROM. 

The sensitivity analysis was performed on thirteen parameters to determine 

their effects on runoB. The model was found to be most sensitive to depth of 

soil horizon, silt and clay contents of soi1 texture, and solar radiation. 

Four years of -off prediction by the model were analysed using observed 

hydrologie data. Overall, the mode1 predicted runoff, in the Saint Esprit 

watershed, with a fairly good agreement with obsewed runoff in wetter 

years. The coefficient of pertomance (CF*) between predicted and observed 

values was 0.5 and 1.5 for 1994 and 1995, respectively. The model 



predictions of total cumulative runoff were 66.6% in 1994, 54.9% in 1995, 

71.7% in 1996, and 42.4% in 1997, of measured cumulative runoff values. 



CHGPTER 8 

SUMMARY AND CONCLUSIONS 

8.1 Summary 

To reduce the environmental impact of apricultural activities on water 

quality, a three year study of agricultural NPS pollution was initiated on 

two sub-watersheds of the L'Assomption river in Quebec. The sub- 

watersheds studied were the Saint Esprit (26.1 km2) and Desrochers (17.9 

km2). Development of a methodology and associated tooh for targeting 

conservation activities and assessing the potential impacts of conservation 

practices was one of the study's components. Integration of a NPS model 

with a GIS can provide assistance in creating a tool to handle the extensive 

input and output data for models, evaluate the model output, and 

deheation of critical areas. Development of such a tool using NPS modeIs 

capabiliw and GIS tools was the goal in this research. 

The ANSWERS 2000 model and SPANS GIS software were selected for 

integration. ANSWERS 2000 is a physically based, distributed 

parameter, watershed scale model, developed to simulate runoff, 

sediment, and nutnent losses îkom agricultural watershed continuously. 

SPANS has a raster data structure and allows for the exchange of data 

and links with the NPS model. It woiks on an IBM compatible PC. It has 

m o d e h g  capabilities to be used for establishing a clear picture of 

agricultural activities in a watershed. 

8.2 Conslusions 

The Saint Esprit database was developed within SPANS GIS. Collection of 

the spatial data was conducted at  two scales. In the initial phases of the 



project, general data, most of it public domain, was collected Cor both Saint 

Esprit and Desrochers watersheds. In the second phase, field level 

management data were collected on a field-by-field basis for the Saint Esprit 

basin. About 1300 hours were spent to transfer the data, to the GIS format, 

and create the database. However, given the experience gained h m  this 

work creating a similar database for another watershed would not take as 

long. Alternative methods, not available when the pmject began, now exist 

for creating databases for larger watersheds. Some of these are mentioned 

in Chapter 9. 

The field attribute database method was developed. It was selected as a 

method to create new data layers. With this method it was possible to 

manage large amounts of field-by-field information. It also eliminated the 

need for further digitizing. This method can be used in similar projects. 

The Saint Esprit spatial database was used to perform a variety of 

analyses. These analyses tended to be one of four dinerent types. Using 

the Saint Esprit spatial database: 

- a clear picture of the agricultmal activities and various 

statistics on both watersheds was obtained, 

- non-numerical modeling was performed to delineate the areas 

with high erosion potential, 

- a database was created to build Meren t  factors of the 

RUSLEFAC model, and create the input file for the 

ANSWEXS 2000 model. 
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Using the advanced SPANS operation and EASI script language, the 

ANSWERS 2000 model was integrated into the latest version of SPANS 

EXPLORER GIS. The integrated tool provided exphnations about the 

ANSWERS input parameters and references to use in estimating the 

input parameters. Using the integrated -1, the user can select and save 

watershed information in the mode1 input iile format, run the model, and 

visualize the model ou tputs. 

The continuous version of ANSWEXS was origindy run on a VAX (VMS 

operating system) machine. It was modifieci and run on a PC machine. The 

integrated tool was used to evaluate the ANSWERS mode1 The effeets of 

the most influential parameters on mnoE were tabulated and plotted. The 

sensitivity analysis was performed on thïrteen parameters to determine 

their effects on runoff. The model was found to be most sensitive to depth of 

soil horizon, silt and clay contents of soi1 texture, and solar radiation. 

Four years of runoff prediction by the model were analysed using observed 

hydrologie data. Overall, the model predicted m o f f ,  in the Saint Esprit 

watershed, with a Eairly good agreement with observed runoff in wetter 

years. The coefficient of performance ( C m  between predicted and observed 

values was 0.5 and 1.5 for 1994 and 1995, respectively. The model 

predictions of total cumulative runoff were 66.6% in 1994, 54.9% in 1995, 

71.7% in 1996, and 42.4% in 1997, of measured cumldative runoff values. 



CHAPTER 9 

RECOMMENDATIONS FOR FUTURE RESEARCH 

1. Although the integration of ANSmRS 2000 with SPANS created 

for this study has satisfied the objectives, there is room for future changes 

and improvement. The following areas for further investigation are 

recommended: 

1.1 GIS provided an ideal environment for the development of the 

model giving computational power and facilities of data handliiig. 

However, more work is needed to make the model and GIS 

integration more user Sendly. 

1.2 With the new trend of GIS to represent temporal changes and 

variability, enhanced integration can be developed to analyze and 

visualïze model simulations relative to t h e .  This creates an 

effective tool to investigate temporal and spatial variability of 

r a i n f d  intensities and their effects on runoE 

2. Traditional methods of digitizing data n o m  maps was used in this 

project. The watershe dunder study was fairly small. However, were this 

method to be used for a larger watershed it would become costly and t h e  

consuming. There have been a number recent developments that could 

greatly reduce the level of effort required to generate data sets for this 

model. Three of these include the import of data nom existing color 

thematic maps using digital cameras; advances in mobile mapping 



techniques that would allow the collection of georeferenced large scale 

digital images to update existing data sets; and the avsilability of high 

resolution geospatial imagery (Lawrence et. al., 1996, Li, 1997, Khuen, 

1997, and Ridley et. al., 1997). 

3. More work can be done to make the ANSWERS and SPANS 

integration tool available on the Internet using a tool such as  ActiveX. 

ActiveX is a set of technologies developed by M i m o R  that allows for 

interactive content to be used over the web, for desktop applications and 

development tooLs. It allows programmers to develop components in 

dinerent languages and package them to be viewed through a web browser 

as part of a web page. More information is available on "What is ActiveX" 

(Microsoft, 1996), Chape1 (1997), and 

"http:liwww . apexsc. c o m / g c g i / m f s / c g v b s i t  home page. 

4. The ANSWERS 2000 model is a complex NPS modeL Many 

assumption and simpliücation were made to run the model for watersheds 

of up to 2000 hectare. There is room for working on the model and 

reducing its limitations. Investigation of the following limitations can be 

considered in firme research: 

4.1 The mode1 does not simulate base flow and interflow which 

may be a problem on agricultural wateished where they are major 

contributors to runofE 



4.2 ANSWERS simulates only one soil layer. It is assumed that 

soil moistue, soil characteristics, and nutrient concentrations are 

homogeneous. With this assumption it is impossible to model changes 

in the soil prome with respect to soil properties, nutrient concentration, 

etc. 

4.3 ANSWERS 2000 allows crop parameters to be dynamic by 

considering rotations. However, soil parameters are assumed constant. 

4.4 The mode1 does not consider the effect of tillage, management 

practices on soil characteristics, and soil compaction. 

4.5 A detailed sensitivity analysis neeàs to be conducted in order 

to investigate the sediment and nutrient component of the model and 

validate it for the Saint Esprit watershed. Agricultural crops cover 

more than 80 % of some of the sub-basins of the Saint Esprit watershed 

area, for example sub-basin 18 (Figure 4.18). Since these sub-basins 

are of a smaller size compared to the whole watershed, the variation in 

crop and soiI parameters is much less. Therefore, they are ideal for 

further use in modeling. 

4. Practical use of the ANSWERS model requires a database to be 

consulted for the estimation of parameter values required for land cover 

and soil information. Further improvement in the non-spatial database 

(Chapter 6) can allow the user to perform sequential simulations if values 

for crop conditions and soil information could be estimated properly. 
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Table A l  Hydrologie and NPS mode1 overview 
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distribution 
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GIS integration potantial 
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N 

Y 
Y 
N 
N 
Y 

Water 
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Soi1 moisture 
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Table A l  Hydrologic and NPS mode1 overview (continue) 

Model aspectaiMode1 namo FESHM CAMES GLEAMS I I I I IlSPP I IIYDROTEL LFACHM 

Mode1 
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Table A l  Hydrologie and NPS mode1 overview (continue) 
b 

Mode1 ospects/Modcl name PERFECT 

Y=yes N=no ?=no information found 
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Creete dope map with RUSLEFAC classification 1 

(Field mpp 1 

(sub-fields and corrcsponding arcas) 1 

(field numbcrs) -P=-l 
(slope % by sub- -F=l 

Figure B1 Flow chart for developing the required database from the Saint Esprit spatial database to build the 
RUSLEFAC factors 
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