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Chapter One: Introduction








1.1.  Definition 





	The Object Watershed Link Simulation (OWLS) Program is designed to physically and visually simulate the real time or short-term hydrological processes  for small forested watersheds and to provide detailed information about watershed response to environmental changes.








1.2.  Conceptual Basis 





	In order to attain the objective of this study, the design of the OWLS model employed a programming method more sophisticated than commonly used programming methods (e.g., FORTRAN programming).  The Object Orientation Programming (OOP) Method (coded using C++) was used to construct the OWLS model.  In OOP, an object is defined as a container of data type (or class in C++) which has some specific properties or features (or data members) and which also has certain types of functions (also called member functions).  The philosophy of the OOP method is understandable if you consider the relation between cells and the human body: In order to understand the functionality of the human body, a doctor needs to know how many different kinds of cells a human has, what is in them, and how they function and relate to other cells.  In addition, he/she needs to know how they are organized to form the organs and finally how the organ functions in the human body.  


	The OOP method used for watershed simulation is based on a similar philosophy:  Starting from the basic components (objects) of the watershed(i.e., points, lines and cells), the properties that these objects have (e.g., elevation, length, slope, soil, vegetation ...) and the types of functions they perform (e.g., infiltration,  surface flow ...) are established.  Then, the relations between these objects (linkage) to form the “organs” of the watershed (e.g., flow path, stream network, canopy, surface, soil, macropore pipes ...) are specified.  Finally, it is necessary to establish how these “organs” operate together (linkage) to reflect watershed behavior (e.g., streamflow, stream chemistry).


1.3.  System of Objects 





	Within the OWLS model,  there are numerous objects representing many different components of a watershed.  Table 1-1 includes the selected objects used in OWLS; a complete list of objects is included in Appendix I.


Table � SEQ Table \* ARABIC �1�-1.  Example of objects in the OWLS model.


OWLS Modules�
Object Name


(Induced Object)�
Descriptions�
Features


(Additional Features)�
Functions


(Additional Functions)�
�
OWLSFacet�
OWLSFacet�
object for facet�
*parent [OWLSPolyhedron]


nNodes


*nodeIdxs


color [Color]


area


�
draw


fill


print


unitNormalMC


unitNormalWC


facetColor


getFacetArea


whichSide


intersect


reflect�
�
�
OWLSCell�
cell object for watershed model�
(*parent) [OWLSWatershed]


(marked)


(nEdges)


(*edgesIdx)


(*edgesWeight)


(value)


(info) [sCellInfo]�
(save)


(read)


(print)


(getCellInfo)


(getWeight)


(nodeInCell)


(nodeOnCell)


(getCellArea)


(averageAspect)


(unitNormalMC)�
�
OWLSPoint�
OWLSPoint�
point object�
x


y


z


w


�
operator +


operator -


operator *�
�
�
OWLSGauge�
gauge object for watershed�
(name)


(dataFile)


(nRecords)


(startTime) [OWLSTime]


(endTime) [OWLSTime]


(step)�
�
�
�
OWLSNode�
node object for watershed model�
(d1)


(d2)�
(save)


(read)�
�
	In the Table 1 - 1,  OWLSFacet and OWLSPoint are object modules; each is a stand-alone object group within the model.  There are many "induced" objects, for example, OWLSCell is induced from the OWLSFacet (a geometric object) and represents the unit area for watershed model.  The OWLSCell is not only a geometric object, but also a watershed object with the additional features like weights for the edges, value for the cell, relations (pointers) to other watershed objects and functions like save, read, getWeight, etc.  Similarly, the OWLSNode is a point object for watershed model with the addition of soil depths (d1, d2 for two layers) and functions.  The OWLSGauge is a watershed object for gauge stations (i.e., water gauge, rain gauge, and air temperature gauge).  It has a name, time range, etc.,  which its parent object (OWLSPoint) does not include.








1.4.  System of Linkages 





	In the OWLS program, objects are linked  in basically three formats. Table 1 - 2 demonstrates the examples of these formats.








Table 1-2. Examples of object linkages in the OWLS model.


Main Object�
Internal Linked Object�
Inherited Linked Objects�
External Linked Objects�
�
OWLSWatershed�
�
OWLSObject�
OWLSNode


OWLSEdge


OWLSCell


OWLSenTree


OWLSBiTree


OWLSPath


OWLSPathNode�
�
OWLSHydrology�
OWLSFlow


OWLSCloud�
OWLSWatershed�
OWLSRain


OWLSTemp


OWLSGauge


OWLSSoil


OWLSVegetation�
�
OWLSStream�
�
�
OWLSWatershed


OWLSSegment


OWLSStream�
�















	(1) Internal linkage:  One object is included within another.  For example, the object OWLSFlow is  included within object OWLSHydrology.  It becomes one of the features of OWLSHydrology. When the object of OWLSHydrology is called in the OWLS model, its internal object OWLSFlow will be called.
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Figure 1-1. Object Watershed Link Simulation (OWLS) Models


automatically.  Features of OWLSFlow are automatically transferred to OWLSHydrology (in-to-out linkage).  


	(2) Inherited linkage:  One object is "inherited" from another object.  For example, the object OWLSHydrology is the inherited object from OWLSWatershed, which is also inherited from the general OWLS object OWLSObject. Parameters (features) of OWLSWatershed  will automatically pass to OWLSHydrology (parent-to-children linkage).


	(3) External linkage: One object contains a member acting as a gateway to another object.  Such a member is also called a pointer, or an External linkage in OWLS’ terminology.  In such cases, some functions of the object can use parameters from another object through this linkage without complex analytic procedures.  External linkage not only makes the cell-to-cell connection possible and is accomplished relatively easily,  but also assists in the connection of flow paths and stream networks in the OWLS model. 


	A complete list of the linkages in the OWLS model is included in Appendix II.








1.5.  Entire Watershed 





	The OWLS model is comprised of four primary models (or sub-models) (Figure 1-1).  The Data Processing Model is a set of modules handling the conversion of raw data into OWLS’ data format.  The Geomorphologic Model is the combination of several modules, including a data conversion module which converts topographical data into 3-D vector data, a flowpath module to delineate catchment boundary, flow path and stream network, and so on.  The Hydrologic Model is a group of modules simulating different hydrological aspects in the watershed processes, including a precipitation model, an interception model, a solar radiation model, an infiltration model, an evaportranspiration model, a macropore model, a surface water routing model, a soil water routing model, a channel water routing model, and so on.  The Visualization Model is a group of modules whose functions are to display the digital data format onto a computer screen or as a printout.  The OWLS 3-D visualization model is used to develop a three dimensional view of the watershed.








1.6. Current State-of-the-Technology





	The distributed model concept can be traced back to mid-60’s. Many of the early computer-based rainfall-runoff models recognized that the spatial variability of catchment characteristics needed to be accounted for but they did so only in a relatively crude functional manner (e.g. the infiltration function of the Stanford Watershed Model, Crawford and Linsley, 1966). Most current physically-based distributed models are based on the simplified mathematical formations of Freeze and Harlan (1969). This simplification has been essential for examining realistic problems due to the computational burden of simulating the fully three-dimensional dynamics of catchment hydrology. A great deal of this burden occurs in any treatment of partially saturated soil water systems because of the high nonlinearity of the process necessitating fine temporal and spatial discretization in any numerical scheme. Therefore, different simplifications have been adopted into current distributed hydrologic models to reduce the amount of calculations. For example, the Système Hydrologique Européen (SHE) model (Bathurst, 1986) treats unsaturated soil water flow as a principally vertical process forming a link between surface and saturated subsurface hydrologic components. Such an approximation makes physically-based simulations possible for very large scale catchments, although the validity of the effective parameter values that must be used with large scale catchments has been questioned (Beven, 1989).  The Institute of Hydrology Distributed Model (IHDM, Beven et al., 1987) is an example of another style of model, which assumes the downslope flow components of partially saturated near-surface soils may be an important contributor to the storm hydrograph and that the subsurface system is approximated by a two dimensional, vertical slice, solution to the variably saturated flow equations for a number of independent hillslope planes.  These simplifications have shown to have reasonable success for simulation of watershed discharges, in particular with regard to understanding the mechanisms controlling contaminant movement in the subsurface environment (Binley and Beven, 1992).


	There is an increasing trend in the groundwater literature of undertaking fully three-dimensional modelling studies. There are still, however, few examples of three-dimensional catchment hydrology dynamic simulations even though this once computationally prohibitive exercise is now becoming a realistic option due to the now widespread availablity of fast computers, in particular those exploiting vector and parallel architectures. Binley and Beven (1992) presented results of a three-dimensional catchment hydrology simulation based on a numerical investigation of the response of a heterogeneous Darcian headwater using finite element method.  Sophisticated layout for element nodal points, boundary requirement and vast amount of matrix calculation make this type of application slow in simulation and a lack of flexibility in application to other areas. 


	Since local topography has a strong influence on the site-soil water balance, there is a trend to develope a set of new approaches to simulate runoff generation by taking the digital terrain information into account. There have been many efforts involving the digital terrain analysis in the past 15 years; and these can be classified into two categories: (1) Raster-based and (2) Vector-based.  


	Most of the efforts on digital terrain analysis utilized a raster-based approach. Greysukh (1967) introduced a method of pixel classification by inspecting the eight-connected pixels adjacent to a cell and computing the sequence of elevation deviations from the central pixel. This stategy has been further improved by Puecker and Douglas (1975) who found that certain features were difficult to accurately extract and systematic errors of classification were often observed. Band (1986) and Douglas (1986) followed on this strategy and applied a standard binary thinning algorithm associated with a tree structure data representation and a steepest descent tracing method to obtain a connected stream network.  Jenson (1985) used a similar method to identify potential drainage cells. Toriwaki and Fukumura (1978) introduced connectivity numbers and curvature coefficients for classificatioin of pixel elements which provide the one-pixel-wide ridge and ravines from raster terrain data. Beven and Kirkby (1979) constructed a semi-automated method of calculateing drainage area per unit contour length by manually constructing a set of intersecting contour and slope lines to form a set of connected triangular and quadrilateral hillslope areas. The constributing drainage areas are then accumulated across the downslope boundaries of each unit, and divided by the mean gradient at each contour segment. O’Loughlin (1986) and Moore et al. (1988) have further automated this approach by digitizing contour lines, then tracking the slope lines from equally spaced intervals along each contour to a ridge, peak or intersection with another slope line, resulting in a dense overlapping set of upslope drainage areas. Martz and Garbrecht (1993a, 1993b) developed the Digital Elevation Drainage Network Model (DEDNM) to extract the drainage network and watershed data from digital elevation model database.


	Vector-based digital terrain analysis became possible after mid-80s when faster computer processing were available. O’Loughlin presented the basic argorithm for the TOPOG model in 1986, which later developed into the TAPES-C model (Moore and Grayson, 1991).  Different from the Raster-based model, the TAPES-C model generates a set of attributes for terrain elements from a vector-based contour database. These attributes include area, upslope contribute area, upslope and downslope element indexs, center coordinate, downslope boundary midpoint, average slope, width of the upslope and downslope bounadry, aspect, and plan curvature. Since terrain elements (or flow net) are bounded by adjacent stream-lines and contours, flux from one element can only pass to its downslope element through the downslope boundary. Thus, 2-D flow problem has been simplified into an 1-D problem (hillslope direction). Each element is represented by its midpoint on the upslope and downslope contour lines. The linkage between upslope and downslope element points forms a simplied network for a watershed.  Vector-based digital terrain using Triangular Terrain Model (TIN) is another type of methodology. Jones et al. (1989) presents an argorithm to delineate the watershed information (stream, flowpath, and boundary) by tracing the path of steepest descent from a given starting point on a triangular terrain model. This argorithm has been adopted by the OWLS model (Chapter 2). Tachikawa et al. (1994) also presented a similar argorithm for the TIN-DEM data structure.  


	Beven and Wood (1983) and O’Loughlin (1981) attempted to derive the distributions of drainage area and slope gradient for hillslopes by approximating them with a set of idealized geometric forms including planar, cylindrical and conic sections.  While this allows rapid production of the frequency distributions once the surfaces are fitted, these idealized forms probably do not capture the terrain form with much accuracy. A number of researchers have used such area-accumulation algorithms to directly parameterize TOPMODEL (Beven and Kirkby, 1979) using grid DEM (e.g. Band and Wood, 1986, 1988; Wood et al., 1988).  The ability to automate the partition of watersheds into different subcatchments and hillslopes directly from DEM has given a significant boost to distributed watersed modeling strategies.  


	Many of the applications which couple terrain information to a hydrologic model utilize the TOPMODEL (e.g. Zhang, 1994; Band et al., 1991; Familiagetti and Wood, 1990; Robson et al., 1993; Durand et al., 1992, Beven et al., 1984, Charirat and Delleur, 1993).  This model is based on using raster cells which are commonly in the form of square cells and have a discrete formation.  Other researchers have also developed different models based on a similar raster data format (Wigmosta et al., 1994). Major difficulties that arise in this endeavor involve the translation of continuous concepts (e.g. flow, stream channels) into discrete terms (Band, 1993). 


	Common practices utilized in raster-based distributed hydrologic models include: (1) using the center of the element (cell) as the representation of the cell, with features like area, slope, length, width and associated hydrologic parameters, and (2) water is balanced at the cell center and the generated flow, as a point source, is distributed to downslope cells under the restriction of 8 possible directions to 8 neighbor elements (O’Callaghan and Mark, 1984). Costa-Cabral and Burges (1994) indicated this practice has large errors in the computed contributing areas and developed an alternative method called Digital Elevation Model Networks (DEMON). DEMON calculates the total contributing area for a rectangular grid of DEM pixels based on the plan-view area concept. The algorithm to find the plan-view area is similar to the flow path tracing algorithm (Jones et al., 1989).  No references have been found that illustrate the coupling of DEMON with a hydrologic model.


	There are numbers of studies illustrating the use of TAPES-C with a hydrologic model  (Dawes and Short, 1994; Barling et al., 1994; Zhang and  Montgomery, 1994; Goodrich and Woolhiser, 1994; Smith el al. 1994).  The governing flow equations are solved at each nodal point in the element nodal network generated from the TAPES-C (Moore and Grayson, 1991). The concept later became the THALES model (Grayson and Moore et al., 1992a, 1992b), which introduced vector based terrain data into hydrologic modeling.  It uses one of the following three approaches to determine the inflow discharge and cross-section area to an element with multiple tributary elements: (1) sum the tributary outflow cross-sectional areas to provide the inflow cross-sectional area to the element; (2) sum the tributary discharges to the element and calculate an equivalent flow cross-sectional area based on the properties of the element; and (3) assume flow is channelized and that only the upslope tributary element with the dominant discharge contributes directly to inflow and that the other elements become lateral inflow to the channel as it passes through the element. Since flows generated from the 1-D nodal points do not drain into a vector-based stream channel, instead into an “channelized element”, the THALES model is basically a raster-based model. 


	As Band (1993) concluded in his review article:  “future development of distributed watershed-modeling strategies will involve equal and simultaneous treatment and consideration of model development and the techniques to extract and distribute parameters from a combination of image and geographic processing techniques. At this stage, the digital terrain analysis involved in stream network extraction can also be extended to the parameterization of runoff-producing areas and can be considered an extension of the distributed simulation strategy.”








1.7. Contributions of the OWLS Model





	Comparing to other physically-based watershed hydrologic models, the OWLS model has new features that are not available in the reviewed models (Figure 1 - 3).





�
Table 1 - 3.  Contributions of the OWLS model


No.�
New Features�
Significance, advantages, or scientific problems that were solved�
�
1.�
Object oriented model structure�
1. Dynamic Memory Allocation, saves space and run faster;


2. Clearly structured, easy to add new functions and implement new simulation efforts;


3. Code reusable and expandable, reduces the size of the program.�
�
2.�
Three dimensional representation:�
1. Three Dimensional watershed objects: nodes, edges, cells, stream, catchment boundary, flowpath.


2. Retains all topographical features throughout the model;


3. Enables automatic watershed delineation;


4. Enables terrain analysis and automate extraction of hydrologic parameters;


5. Enables 3-D visualizations.�
�
3.�
Vector-based hydrologic watershed modelling�
1. No restriction on flow directions, flow is directed by the aspect of the cell (element);


2. Flows are generated from the cell area instead of from the cell center point;


3. Directly uses cell geometric parameters instead of being calculated from nodal points.


4. Stream channel network is represented by vector-based segments;


5. Water flows into channel segment through the riparian cells which are geometry-defined in vector-based model;


6. Water flows into stream segment instead of into channelized elements;


7. Directly uses segments geometric parameters instead of calculated from center nodes;


8. Enables automated watershed delineation: stream, boundary;


9. Enables automated extraction of hydrologic parameters: slope, length, width, aspect, upslope drainage area, upslope cell/segment, downslope cell/segment, neighbor cells, distance to the stream outlet, etc. All these are very difficult to obtaine and manipulate in raster-based models;


10. Enables the intergration of digital terrain information into watershed hydrologic model;


11. Enables the application of Equivalent Rectangle Simplification (ERS) (see 5).�
�
4.�
Equivalent Rectangle Simplification (ERS)�
1. Converts the 2-D flow routing problem into 1-D without changing the element (cell) shape;


2. ERS can handle elements (cells) with different shapes and different sizes in hydrologic modeling. 


3. Provides maximun flexibility to the distributed watershed hydrologic simulation: The hydrologic model can be coupled to watersheds with a rectangle grid from DEM, or triangle cells from TIN, or flow-tube cells from TAPES-C or mixtures of cells from the OWLS automatic delineation model. As long as each cell remains planar, the sizes and the shapes of the cells can be different from watershed to watershed, or within a watershed.�
�
�
Table 1 - 3.  Contributions of the OWLS model (Continued)


No.�
New Features�
Significance, advantages, or scientific problems that were solved�
�
5.�
Finite Different Approximation Throughout�
1. 2-D surface flow and soil flow routing using kinematic wave approximation in association with ERS;


2. 2-D macropore flow routing using energy and continuity equation in association with ERS;


3. Unconditionally stable and convergent;


4. Simulation time steps can be varied without largely changing the simulation results or affecting stability of results.�
�
6.�
Unit compatible�
Allows English or SI unit system for input and output.�
�
7.�
Watershed Macropore Flow Simulation�
1. Identifies macropore flow from soil flow or surface flow.


2. Individual flow generation and routing machinism totally different for surface flow and soil flow.


3. Avoids unrealistic amplification of the hydrologic conductivity coefficient or surface water proportion as often occurs in other models that cover up the natural responses of the soil macropore system.�
�
8. �
Three-Dimensional Visualization�
1. Enables sky-view of the watershed, as well as a 2-D map view;


2. Enables the watershed to be viewed from different angles;


3. Enables the watershed to be viewed at different time;


4. Enables the watershed to be viewed dynamically;


5. Enables the watershed characteristics to be visually presented: contour, soil, topography, flowpaths, flowpath tree, channel network, boundary;


6. Enables the simulation result to be visually presented: 


	(1). Dynamic stream hydrology: stream discharge, stream flow velocity, segment width, segment water depth;


	(2). Dynamic watershed hydrology: 


	distribution of cell total flow depths  (variable source area), 


	distribution of cell flow components	(surface, soil and macropore),


	distribution of cell water components (canopy water, canopy snow depth, surface water, surface snow depth, soil water depth, soil moisture,  macropore pipe water depth),


	distribution of cell vertical fluxs (canopy ET, surface ET, soil ET,  infiltration).�
�
9.�
Two-Dimensional Visualization�
1. Presents an intergration of system parameters;


2. Demonstates hydrologic inputs, simulated and observed discharge (hydrograph);


3. Dissects the flow components and water components conditions as a funtion of time over the watershed;


4. Provides assistance in model calibration;


5. Offers in-depth hydrologic information about the watershed.�
�
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