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ABSTRACT:
In the course of our project work for the City of New York and other organizations, HydroQual has created many mathematical models of the region’s major water bodies.  These models generally link together our proprietary hydrodynamic and water quality models to produce a complete simulation of water movement and reaction kinetics within the subject area.  With the advent of desktop GIS, we moved quickly to fully integrate our modeling work into a GIS environment in order to realize tremendous gains in efficiency in setting up models, and to explore new ways of leveraging the value of model output by making it available in to GIS users. 

All water quality modeling projects begin with the creation of a model framework or grid that defines ‘cells’, breaking up the subject area into volumes within which water quality and dynamics will be simulated.  These frameworks were formerly developed through a tedious process of digitizing points on a paper map, processing with a FORTRAN routine, and adjustment by engineers with the required experience in grid design.  By developing software, first in ARC/INFO, then ArcView, to allow engineers to perform this task within a GIS, the development time was cut by an order of magnitude.

Before this integration effort began, our modeling work was completely separate from our GIS work, and model output was displayed in black and white graphs or animations created with our UNIX based proprietary data post-processing system.  In either case, it was not possible to directly relate the model results to digital map data that is available to users of GIS.  HydroQual is now pursuing ways to animate model output within the GIS environment using specialized programs or available extensions.  The investigations required for this work returned us to the consideration of may interesting and fundamental questions about the representation of multi-variable data in maps, digital or traditional.  

Introduction – Model Grid Building:

HydroQual is a mid-sized consulting firm comprising environmental scientists and engineers that has a longstanding reputation for excellence in computer simulations of natural water systems.  A great deal of the firm’s work concerns the waters surrounding and near to the five boroughs of the city of New York, and in some cases, modeling projects have covered the entire extent of the New York Bight, from Montauk point at the end of Long Island to the east, to Cape May at the southern tip of New Jersey. These models are developed to investigate a variety of topics, chief among them the optimal locations for treatment outfalls, the likely causes of and best remedies for anthropogenic eutrophication, and the effects of combined sewer overflows (CSOs) on the city’s receiving waters.  Each model is essentially two separate models yoked together – a hydrodynamic model that simulates the movement of water throughout the model domain, and a water quality model that simulates the chemical and biological interactions that take place within the moving water.  All of these simulation calculations are realized within a model framework, sometimes called a grid, although it has nothing to do with a grid, or raster dataset, as they are known to geographic information system (GIS) users.  This grid must be placed in an accurate geographic context.


The model grid is a segmentation of the aquatic space to be modeled into prismatic volumes that roughly approximate the actual bay, or lake, or estuary to be modeled, and for which calculations are performed.  Obviously, the smaller the size of the individual cells, and the more time-steps that are employed in the simulation, the greater the accuracy, or at least, the greater the precision of the result.  This phenomenon is directly analogous to decreasing the pixel size in a scanned photograph, or the raster-cell size in a GIS theme, to increase resolution, although in the case of the models discussed here, the resolution is both spatial and temporal.  Despite the fact that HydroQual models are run on state-of-the-art mini and micro computers, it is common for large models to require days of computing time to complete a simulation (often of an entire year), a fact that becomes less surprising if it is recalled that a model framework may employ hundreds or thousands of cells (in three dimensions, i.e., to capture depth-varying phenomena), time increments of as little as five minutes, and that the number of water quality and hydrodynamic parameters computed (temperature, salinity, BOD, chlorophyll concentration, dissolved oxygen, etc.) may approach 45.  The quantity of data produced from such a model run will be measured in gigabytes, and the problems encountered in digesting, interpreting, and evaluating the accuracy of the model output are in themselves daunting.  


The development of a model framework is a crucial first step in any modeling effort, and it must be carried out by engineers with a great deal of accumulated judgement and experience in the practice.  It is, to some extent, an art, and the developers must have a keen sense of what they wish to model, what effects they need to capture where, and how the resulting grid will affect the efficiency and run-time of the modeled simulations.  Even with today’s ever cheaper computers, it is still necessary to increase efficiency, because as the speed of processors increases, so do the demands placed upon them by modelers.  Nor are grids produced with simple regular shapes or uniform cell sizes.  In fact, the size and shape of cells is a primary tool of the modeler for developing a framework that will meet the needs of the modelers efficiently.  Thus, in areas where it is necessary to have a high degree of spatial resolution, e.g., turbulent inlets, small embayments, areas around important islands, the cell size may be decreased, while in calmer open waters, it may be increased. (Fig. 1).
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To generate a model grid, modelers create what they call an ‘envelope’ of points around the edge of the model domain.  This is nothing more than a series of points that describes the approximate edge of the area to be modeled, and the disposition of these points will determine how the size and shape of the cells changes over space.  The framework, or grid itself is generated by a public domain FORTRAN executable named GRIDWLK that reads in the point coordinates and generates the grid.  This routine optimizes the final grid in accordance with the rules that are common to the generation of similar figures such as flow nets to predict groundwater flow.  The lines defining the cells must not curve too abruptly, and they must all have orthogonal intersections.  An initial grid envelope is shown in Fig.2 below.  
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Figure 2:  Initial Point Envelope for Upper Harbor Grid Development

The most time consuming and labor intensive part of this process is the placement of the points in the envelope.  This was previously accomplished by using a large digitizing tablet with a map of the region to be modeled.  The modelers would digitize points, feed the results into GRIDWLK, plot the results with a proprietary software application that HydroQual developed, evaluate the grid, then create a new set of points by digitizing again in slightly modified locations.  Each step of the operation was performed in a different software environment and produced a different sort of output.  There was little or no ability to compare results, and the process was not interactive.  It was also quite time consuming, taking as much as several weeks to develop a suitable grid for moderate to large model domains.  Finally, the ability to carry out what is commonly called “tweaking” was totally absent.  That is, once a grid has been developed that is not acceptable, but nearly so, what is wanted is a way to simply change a few points and get a new result.  Instead, it was necessary to begin anew, and produce a new grid that was, it was hoped, superior to the old.  

A GIS Environment for Grid Building:



Clearly, the development of model grids is an area in which GIS had much to offer, specifically, a geographic context, editing facilities, and built-in geometry.  Ideally, the modeler would view a map in a GIS, place points where, according to his best judgement, they should be, route the coordinates of these points to GRIDWLK for processing, and immediately view the resultant grid in the same map space.  This is exactly what HydroQual’s Grid-Generating Environment (GGE) in ArcView GIS does.  The ability to actually see points in the grid envelope overlaid onto a base map, and to produce grids quickly and then immediately compare them for goodness-of-fit to the local geography has made it possible to develop proper model grids in as little as one tenth the time that was previously required. (Fig. 3).











 In addition, the ability to lay out model grids on top of registered images of NOAA nautical charts, USGS 7.5 minute quadrangles, or other map data that contain valuable detail of interest to modelers (e.g., the location of shipping channels, sand bars, buoys, measurement stations, mud flats, etc.) has been a tremendous benefit.  


The main features of the GGE are:

· A large suite of editing tools developed specifically to meet the needs of modelers creating point envelopes for processing by GRIDWLK

· Pre and post-processing routines written in AVENUE, the ArcView GIS modeling language, to facilitate the import and export of geographic data to and from GRIDWLK.

· A transparent connection to the external FORTRAN routine and batch file that comprise GRIDWLK.

These features operate within the standard ArcView environment, with all of its abilities to create legends, symbol sets, isolate classes, and produce quality map output.  An image of most of the Grid Generation tool buttons is shown below.

Figure 4:  Grid Generation Tool Features
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The original development of the GGE was done in the ESRI ARC/INFO environment using a series of AML routines, C executables, and numerous menus developed with standard ARC/INFO tools.  This initial effort, carried out before ArcView became widely available within the firm, suffered from many limitations, the most important of which was that ARC/INFO licenses are very expensive, so that the application was limited to deployment on a single computer in the firm.  In addition, it was occasionally unstable because of the need to move from ARC/INFO to ARCEDIT repeatedly within one session, was difficult to troubleshoot and document, and was not easy to navigate for those users accustomed to a Windows environment.  The redeployment of the application in a revised AVENUE form in the ArcView GIS environment proved to be rather easy to accomplish.  Programming in AVENUE is far simper than in AML, and many functions that had to be programmed in ARC/INFO are part of the standard ArcView graphic user interface (GUI).  


GRIDWLK imposes a few restrictions on the nature of its input data that posed difficulties for the development of the GGE.  Most significant is that the envelope points must be arranged counter-clockwise with points numbered sequentially.  That is, the input file it receives must be of the format:

1, x, y

2, x, y

3, x, y

…

n, x, y

Modelers using the GGE are aware that they must arrange the points counter-clockwise, but with editing, inserting and removing of points, for example, the order of points as they appear in the map window will be different from their order in the underlying database.  That is, records in the point attribute table are created chronologically, and not in order of their counter-clockwise position. (See Fig. 4 below.)  Thus, a series of routines had to be created that would keep the
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Figure 4:  Data Structure for Point Envelope Numbering

point ID numbers, as shown with labels, in order, even as points were moved, removed, and inserted.  Once the envelope was complete, the function that writes a file to be read by GRIDWLK would read points out in order of their ID labels, not in the order they are found within the point feature attribute table.  Keeping this ordering straight was certainly the most difficult aspect of the GGE development process.  

The suite of editing tools developed for the GGE include the following:

· Stringing Tools:  Stringing is the process of laying in points along a guideline that has been drawn in the map window with reference to a base map or a map image. It is the basic operation in creating a grid envelope, and it defines the structure of the modeling domain which will be the foundation of the simulation runs.   The user has the option of specifying that the envelope points will be placed in the following ways:

1. At the vertices of the guide line, i.e., where it changes direction

2. Equally spaced from one end of the line to the other

3. Logarithmically spaced, ascending or descending, from one end to the other

4. Spaced with a specified interval in map units, the total number of points determined by the line length
5. A specified number of points to be placed, with the spacing determined by the line length
These tools allow the user a high degree of control over the spacing and number of points along the grid development envelope.

· Point “Tweaking” Tools:  These tools allow the user to move points to a better position once they have been placed approximately where they best belong.  They include:

1. Rotation tools, including a protractor tool.  This allows the user to rotate one or more points through any angle, and to interactively measure the angle on screen.

2. “Shape Shifting” Tools:  These tools allow the user to move one or more points along a new guideline that is created to more closely conform to the edge of the model domain.  Thus, a first approximation of the model envelope can be created and then shifted to give a finer resolution in critical areas.

3. Insertion and Deletion Tools:  To keep the points in the required order, a variety of tools was created to allow one or more points to be deleted or inserted anywhere in the grid envelope without disrupting the proper numbering scheme for the points.  

· Read In and Read Out Tools:  These tools read in and out ASCII files that are produced in the course of the grid generation process.  Point envelope files are read out as ASCII files to GRIDWLK, grid files are read in and converted to ArcView themes.  A special tool calls the FORTRAN routine that converts the point file into a curvilinear-orthogonal modeling grid in an operation that is nearly transparent to the user.

· Miscellaneous Tools:  To support the modeler, a host of ancillary tools were developed to assist in labeling points, moving points, creating new point data themes, and other editing tasks.  These tools are all integrated into the ArcView GUI and were developed in close consultation with the modelers so that they are computationally appropriate, efficient, and ergonomically satisfactory.

As mentioned above, model builders often find it useful to perform grid building tasks with a registered image as a background, since it is often necessary to interpret cartographic data to code indeterminate features such as shoals, mudflats, etc.  The image below shows a model being developed over a NOAA navigational chart registered image.

[image: image4.png]M ¥ M N S M S





Figure 5:  Grid Generation over Registered Navigation Chart Image
Model Pre- and Post-Processing with GIS:



Once a model grid has been developed, the work of actually running and calibrating the model may proceed.  Finally, when a definitive model has been created, a series of animations may be created to transmit the results to clients and the general public in a visually compelling way.  GIS has proven extremely useful in all of these stages of model development, often providing tremendous efficiencies in time and effort, while also making possible other dramatic ways of displaying information in a rich geographic context.


A significant amount of effort is required to populate each model cell with data that describes its current state, such as its depth, bed characteristics, or current water quality values.  The information that is used to make these assessments may be available on maps, in narrative descriptions, or as a database of sampling points, e.g. bathymetric soundings, etc.  Within the ArcView environment, the model grid may be transformed into a polygon shapefile, and all of the standard GIS spatial query functions can be employed to perform zonal calculations to that end.  Previously, this process could consume weeks of labor, with results that were always regarded with a degree of skepticism as to the rigorousness of the compilation method used.


Assigning an average depth to a model cell is a task that is typical of these zonal calculations performed as pre-processing to the model.  The first step is always to gather whatever bathymetric data may be available and transform it into a simple flat file of points of the form:




Point ID, X, Y, Depth in meters or feet.

These points may be derived from CD-ROMs of data from NOAA, some may be digitized off of paper charts, while others may come from surveys specially commissioned for the project.  Once they have been created as an ArcView theme, it is a simple matter to tabulate the minimum, average, and maximum depth of each model grid cell that contains at least one sample point.  A similar operation is performed for other essential cell data inputs, and the results may be displayed as thematically classed polygons, contours, or raster grids.


A model run produces a tremendous amount of data that may comprise a large spatial and temporal domain:  it is difficult to gain a clear sense of the drift of the data over the entire project area by looking as transect plots or examining tabular data.  Animations of preliminary data may not clearly reveal inconsistencies or other problems in need of diagnostic attention either.  ArcView GIS has proven very useful as a tool for such trouble shooting and calibration exercises, again using the model grid as a basis for displaying data.  Special output format routines were developed to take the binary model output from HydroQual’s proprietary simulation code and write flat files with grid cell ID numbers that could then be joined to the model grid within the ArcView environment.  The grid can then be treated as a thematic map in which the polygons are color coded according to any parameter value contained in the exported table.  Time series data can be displayed by successively changing the table field that is mapped in the theme’s legend, and such successive views can be captured to be replayed as an animation if desired.  




The image below demonstrates this approach as realized in a model of the Chesapeake Bay.  A series of datasets, derived from various model runs representing critical temporal frames, is displayed in a layout created with ArcView.  The model grid, visible here only as the boundary between differently colored cells, serves as the framework for representing thematically classed polygons.  In this case, the variable of interest is dissolved oxygen.
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Figure 6:  Model Results Mapped Thematically in ArcView
The Modeling and Animation Environment:

The final phase in model development is typically the creation of animation videos to dramatically present the results of the simulation. This image below represents modeling results of coliform contamination of waters surrounding New York City, NY that result from combined sewer overflows (CSOs) during a rain event.   In the animation it is possible to observe the conditions before the rain event - no coliform pollution – and during and after the event.  The animation exhibits the phenomena captured by the model:  The flushing of dilute combined sewage into the receiving waters from scores of outfalls in New York City and the nearby New Jersey coast; the pulsing movement of the ‘pollution plumes’ as they are flushed out and pushed back by the estuarine tidal regime; and the swift disappearance of the coliform bacteria as they die off and are dispersed to insignificant concentration levels. 
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Figure 7:  Animation Video Frame of NYC Harbor

This image is a still frame from a typical animation produced by HydroQual using our proprietary software, which was then ported to a PC video format. One aspect of the image to note is that it appears distorted because it is not in projected coordinates. The approach used here results in a detailed and compelling image, but it is not at all interactive:  the viewer cannot query it at any particular time to determine transient values, nor is the relationship of the model result data to the surrounding geographic features possible to determine.  For instance, it is not possible to determine the land use or population density of a part of NYC 

The complex, gradual shading present in the video frame is a result of display not as bounded polygon values, but as interpolated values using a complex Gouraud shading algorithm that gives a finely graded appearance.  This is very appropriate for displays of hydrodynamicaly based phenomena, unfortunately, there is not a way to reproduce this technique in the ArcView environment, so the problem becomes, what is the next best thing? The next best thing is to use the ArcView Tracking Analyst extension to represent the time series values of the model grid output as variable symbols at the corners or centroids of the grid cells, as shown below.
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Figure 8:  Animation of Harbor Modeling Data in ArcView

In the image above, the velocity properties for the individual model cells are represented as arrows that indicate the average direction of the velocity within the model cell; a circle, varying in size, indicates the magnitude of the velocity. Using superimposed symbols allows us to make other interesting maps, e.g., velocity arrows superimposed on salinity circles to show how the salinity in the tidally influenced hydrodynamic regime is directly related to the direction in which the prevailing currents are flowing at a particular time of day. Alternatively, symbols can be separated to emphasize the change in a single parameter, as with salinity in the pair of images below, where the size and darkness of the dot increases with salinity.  In Figure 9, the lower harbor is depicted in the early morning at the beginning of a tidal cycle.  By the midpoint of the first daily cycle, shown in Figure 10, a marked increase in salinity, particularly along the eastern side of the harbor adjacent to Brooklyn is visible.  The animated pattern, as displayed in ArcView with the Tracking Analyst, makes a display of gradually shrinking and growing dots that gives the appearance of movement, as with sequenced light displays seen in advertising billboards.
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Figure 9:  Salinity at Beginning of Tidal Cycle
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Figure 10:  Salinity at Mid-point of Tidal Cycle

Conclusions and Prospect:


GIS technology has only begun to be employed in an integrated fashion with sophisticated water quality modeling applications.  As the power of desktop computers grows, the demand for, and the ability to supply such software will grow together.  The advantages of such a close link are immediately obvious to all who have the opportunity to experience them:  vastly increased speed of grid development, an entirely new set of ready-made tools to aid model diagnosis, and the ability to “run” model results in a real, interactive, map window.  In both a technical and a marketing sense, developers and users of such models see GIS as a way to leverage the value of their model code and their existing GIS databases.  The future will certainly bring innovations that facilitate animation in ArcView in a way that eliminates the few disadvantages that still remain.  HydroQual is continuing to pursue such linkages as part of our in-house project work on large models, such as the New York City receiving waters simulations highlighted in this paper.

G.Ostroff  May, 2000
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Figure 1:


A partial representation of the Harbor Eutrophication Model (HEM) grid developed for New York City.  The spatial variation of the model grid cells, required to capture local phenomena in the upper harbor and estuarine environments, is evident.
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Figure 3:


Schema for integrating ArcView GIS with GRIDWLK
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