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Drainage Systems

Drainage systems include areas of the land surface that contribute flow to particular edges and points on the Hydro Network. A Catchment is the local drainage area associated with a particular Hydro Edge. A Watershed is any drainage-based subdivision of the landscape, and is usually defined as the land area draining to a point on the Hydro Network. A Basin is an administratively defined land area that may contain many Catchments and Watersheds. Hydro Response Units define the hydrologic properties of the land surface.   

This chapter includes:

Catchment, Watershed, and Basin definitions in the ArcGIS Hydro Data Model

Raster based techniques for drainage delineation

Sample raster based drainage delineations

Drainage delineation from the Hydro Network

 Area-to-area navigation through the Hydro Network

Catchments, Watersheds and Basins

Catchments, watersheds, and Basins are land areas that drain to a Hydro Network. The determination of their boundaries is necessary when modeling a hydrologic system. Drainage boundaries are used in water availability studies, water quality projects, flood forecasting programs, as well as many other engineering and public policy applications. Accurate drainage boundaries are essential for accurate modeling studies. Through the ArcGIS Hydro Data Model and associated ArcGIS functionality, watershed and catchment boundaries may be determined accurately and repeatedly in an automated fashion.
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Manual delineation of drainage areas on a topographic map

When manually delineating watersheds from a topographic map, drainage divides are located by analyzing the contour lines. Arrows representing the flow directions are drawn perpendicular to each contour, in the direction of the steepest descent. The location of a divide is taken to be where flow directions diverge, or where the arrows point in opposite directions. Manually locating divides is a difficult process, and slight errors are unavoidable. The extent of these errors is dependent upon the worker, and different workers will likely present different results. On the contrary, watersheds and catchments determined through the use of raster data will produce consistent results, regardless of the user. The accuracy of these results will also only be a function of the accuracy and resolution of the raster data. Even with this accuracy, manual editing of the raster-defined drainage boundaries is still necessary in order to obtain the best possible agreement with topographic data. This chapter explains the raster-based delineation techniques, and then describes how the watersheds, catchments, and basins derived from these techniques may be incorporated into the ArcGIS Hydro Data Model. The Upper Washita watershed in Oklahoma is presented as an example application. This chapter also demonstrates the possibility for area-to-area network tracing within the ArcGIS Hydro Data Model framework. This functionality is demonstrated in example applications on the Mississippi River in the United States and the Yangtze River in China.

Definition of Catchments

A Catchment is defined as the area that contributes flow to a given Hydro Edge. In other words it is the area of the earth’s surface whose surface drainage flows directly to a particular river reach, a shoreline reach, or a waterbody reach before flowing into any other reach. In the ArcGIS Hydro Data Model, catchments are intimately associated with the Hydro Edge from which they are formed. Any raindrop falling on a Catchment has a unique path to a Hydro Edge and thus to being routed down through the Hydro Network. Catchments are polygon features, and they are the finest drainage area subdivision of the landscape included in the data model. Catchments carry the attribute CatchmentID, which is an identifier unique to each individual Catchment.

A landscape divided into Catchments typically contains hundreds or even thousands of such units.   With so many of these units, Catchments are normally defined automatically using a digital elevation model, with outlets at the confluence points on the river network.   
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Catchments (Polygon Features) –Each distinct area (color) is a separate Catchment
Catchments can be created from DEMs by three methods, one each for catchments associated with fundamentally different classes of Hydro Edges. The majority of Catchments drain directly to “channels.” In terms of the ArcGIS Hydro Data Model, “channels” refer to the Hydro Edge subtypes Natural Channels, Constructed Channels, Pipelines, and Culverts. These Hydro Edge subtypes are distinct from the other Hydro Edge subtypes in that they convey water along their length, toward a single Hydro Junction and the end of the Hydro Edge. The boundaries for this catchment type are the topographical divides that divert flow into different “channels.” 
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“Channel” Catchments – Catchments that contribute runoff directly to a “channel” Hydro Edge. The above figure depicts several such catchments, one for each “channel.”

The next type of Catchment involves the land areas surrounding waterbodies. This catchment type includes those catchments that drain directly to the waterbody through either a Shoreline or a Coastline Hydro Edge. These catchments are distinct in that they do not contribute flow to a “channel” and are defined as the drainage area between two adjacent “Channel” Catchments draining to a waterbody. This catchment type consists of Shoreline Catchments and Coastline Catchments, depending on which type of waterbody receives the catchment runoff. A Shoreline Catchment is a catchment draining to a lake, whereas the Coastline Catchment drains to the ocean.
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Coastline Catchments – associated with Coastline Edges along the waterbody boundary

The third distinct type of catchment is that encompassing the Waterbody Flowline Hydro Edge. This HydroEdge subtype consists of complex edges within the waterbody, serving to connect the “Channel” edges to the edges downstream of the waterbody on the Hydro Network. The catchment for this edge type is the waterbody itself. 
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Waterbody Flowline Catchments – associated with Waterbody Flowline Edges inside the waterbody

The final type of catchment, the Waterbody Catchment, is really a combination of the Waterbody Flowline Catchment and the Shoreline Catchment. It is defined as the local area that directly contributes rainfall or runoff to a waterbody. Such a catchment consists of all the Shoreline Catchments associated with the waterbody, as well as the waterbody itself. 
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Waterbody Catchment – A) Waterbody (Blue) with Shoreline Catchments, Shoreline Edges shown in contrasting colors; B) Waterbody Catchment (Green) – Note: Flow Edges are not included in the Waterbody Catchment, Dam shown in brown

Definition of Watersheds

A watershed is a polygon feature formed by synthesizing the Catchments of a connected set of Hydro Edges. As such, watersheds are distinct from catchments, as they are defined as areas draining to a given point on the Hydro Network. Watersheds are created at Hydro Junctions (intersections of Hydro Edges) or at any type of Hydro Point on the Hydro Network. The watershed defines the drainage area of the point from which it was formed. Adding Hydro Points along Hydro Edges may create new Watersheds. The Hydro Edges are then split at the Hydro Points and new Catchments are created which drain to the hydro edges above and below the points.
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A Watershed defined from a new Hydro Junction – A) Hydro Network with multiple Edge Catchments;

  B) Watershed (Orange bounded in Yellow) defined from a new Hydro Junction  (Pink). Note that the green Edge Catchment has been divided into two Edge Catchments, one upstream and one downstream from the Hydro Point.

The watershed is the synthesis of all the Edge Catchments draining to a specific point on the network. Subwatersheds are thus defined as the incremental drainage areas of a set of Hydro Junctions and Hydro Points on the Hydro Network within the watershed. However, subwatersheds are also watersheds in that they are defined from a point and may contain multiple catchments. The watershed outlet point may be created from any type of Hydro Point or Hydro Junction, and must be defined by the model user. 
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Watershed and Subwatersheds – The watershed (yellow outline) is the area draining to the outlet Hydro Junction (red). It contains several subwatersheds (green outlines), each of which drains either to a non-outlet Hydro Junction (purple) or directly to the outlet Hydro Junction.

For representation in the ArcGIS Hydro Data Model, a watershed has the following attributes:

· WatershedID – ID field identifying the watershed

· WatershedName – a text field containing the name of the watershed.

Watersheds are such convenient boundaries for modeling and regulatory purposes that many standard watershed data sets and coverages currently exist. These data sets vary in scale and accuracy, factors that must be considered before a given data set is selected for use. Some widely used current data sets are now described. 

Hydrologic Units – Developed by the US Geological Survey, Hydrologic Units describe watersheds from the continental scale to the city scale. These coverages were developed for the United States and are separated into 4 classes: Region, Sub-Region, Accounting Units, and Cataloging Units. Each class describes a successively smaller land area. Each Region (the largest area class) is referred to with a two digit Hydrologic Unit Code (HUC). The Sub-Regions contained within each Region are referred to by 4-digit HUCs, with the first two digits equal to that of the Region. In this scheme, Accounting Units have 6-digit HUCs, and Cataloging Units have 8-digit HUCs. The figure below1 shows the Regions of the United States. For more information, see the reference section at the end of this chapter. 
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Hydrologic Units – Regions of the United States1
Watershed Boundary Dataset – Also known as the Hydrologic Unit Boundary dataset, this dataset is currently under development by the USDA Natural Resources Conservation Service and the USGS. It further refines the HUC dataset by adding two data levels below the Cataloging Unit, namely the Watershed and Subwatershed.  
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Watershed Boundary Dataset for Kansas – Cataloging Units  (Red outline) surrounding Subwatersheds (shaded polygons) Note that the drainages are artificially truncated at the State boundary.

Hydro1K Derivatives – This dataset describes continental scale watershed boundaries for every landmass across the world. The boundaries were developed from 30-arcsecond elevation grids. Continental scale basins represent the lowest level basins in the Pfafstetter basin classification system. This system, which categorizes basins at increasingly finer scales, is based upon the topographic control of areas drained on the Earth's surface, as well as the topology of the resulting hydrographic network2. This classification system is described later in the chapter.
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Pfafstetter Level 1 Watersheds of North America as derived from the Hydro1K elevation dataset3

National Elevation Dataset – Hydrologic Derivatives (NED-H) – This dataset is the result of an interagency effort between many geo-spatial data developers, with the stated goal of re-evaluating and refining the presently recognized HUC boundaries. It is based upon delineations involving the National Elevation Dataset, a seamless 30m DEM spanning the entire contiguous United States.

Local Watershed Coverages – Many regulatory agencies use high-resolution elevation data to determine the watersheds within a small local area. These watersheds are often highly accurate, depending on the accuracy of the elevation data. For more information on the use of such datasets, see Chapter 9 Application to the City of Austin.

Definition of Basins

A basin is an administratively defined drainage area, and is usually determined for political, societal, or categorical reasons. Basins may include multiple watersheds, and are polygon features formed by synthesizing the adjacent Catchments and Watersheds. Because basins are administratively defined, they may not drain to a single point or to a single Hydro Edge. Examples of such administrative basins are the basin groups defined for Texas by the Texas Natural Resource Conservation Commission (TNRCC). 
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Basin Classifications in Texas – Administrative Units Defined by the Texas Natural Resource Conservation Commission4

For representation in the ArcGIS Hydro Data Model, a basin has the following attributes:

· BasinID – ID field identifying the basin

· BasinName – a text field containing the name of the basin.

Drainage Features in the ArcGIS Hydro Data Model

Catchments, Watersheds, and Basins are all organizational units related to land drainage. In the ArcGIS Hydro Data Model, these units inherit the properties of the DrainageFeature object, which is the cornerstone of the Drainage System UML diagram. 
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Each Drainage Feature has the attributes HydroID and DrainageID. The HydroID field stores the unique object identifier for the feature, and is used to identify all objects in the data model. This field is not unique to the Drainage System object discussed in this chapter. The DrainageID field is an identifier field unique to the Drainage System objects, and it is used to identify those objects in the Drainage system. 

The three objects that inherit properties directly from the DrainageFeature Object are each related to the raster-based method of drainage delineation that is discussed later in this chapter. The DrainagePoint object corresponds to the center point of a DEM cell, and the DrainagePath object is a connected set of drainage points. When the DrainagePaths are vectorized, they form the HydroEdges in the HydroNetwork. The DrainageArea object is the most important of the three objects in that it is the object from which Catchments, Watersheds, Basins, and Hydro Response Units inherit many of their properties. 

For representation in the ArcGIS Hydro Data Model, all DrainageArea objects have the following attributes:

· AreaInSquareMeters – the surface area of the object, in m2
· NextDownstream – the ID of the object immediately downstream of the DrainageArea

· NextHigher – the ID of the object one level higher than the DrainageArea, assuming the area are organized in a hierarchical fashion.

· OutletHydroID – the ID of the network outlet that receives flow from the DrainageArea

With the exception of the OutledHydroID attribute, all of these attributes are important in performing area-to-area traces through the HydroNetwork. This importance will be demonstrated later in this chapter. 

Use of Digital Elevation Model Data in Drainage Delineation

The standard method for delineating drainage areas (either catchments or watersheds) involves the use of a digital elevation model, or DEM. DEMs are digital records of terrain elevations for ground positions at regularly spaced horizontal intervals. These grids are derived from standard topographic quadrangle maps through the use of hypsographic data and /or photogrammetric methods5.  Such grids are easily processed with the ArcGIS functions. The following discussion describes the basic theory behind the watershed delineation functions in ArcGIS. Obtaining DEM data will be briefly discussed in the next section.

The grid operations involved in watershed delineation are all derived from the basic premise that water flows downhill, and in so doing it will follow the path with the largest gradient (steepest slope). In a DEM grid structure, there exist at most 8 cells adjacent to each individual grid cell. (Cells on the grid boundary will not be bounded on all sides) Accordingly, water in one cell travels in 1 out of at most 8 different directions in order to enter another cell. This concept is deemed the 8-direction pour point model.
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8-Direction Pour Point Model for Grid Operations

In this grid representation, water in a grid cell may flow only along one of the eight paths depicted by arrows. The number in each cell represents the direction water travels to enter the nearest downstream cell, and the numbering scheme has been set by convention. The numbers were determined from the series 
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, which when written in the binary representation used by computers corresponds to 1, 10, 100,…10000000. 

Watershed delineation with the 8-direction pour point model is best explained with an illustration. For demonstration purposes, assume a section of a sample DEM grid is given. The numbers in each grid cell represent the cell elevation.
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Slope Calculations with the 8-direction Pour Point Model – A) Slope calculated for diagonal cells; B) Slope calculated for cells with common sides. 

Focusing on the center cell (value = 44), only 2 of the 8 adjacent cells contain values less than 44. This limits the possible flow directions in that water will not flow to a cell with a greater elevation. The water will flow in the direction in which the greatest elevation decrease per unit distance is obtained. In A), this slope is calculated along the diagonal by subtracting the destination cell value from the original cell value, and dividing by 
[image: image17.wmf]2

, the distance between the cell centers assuming each cell is 1 unit long on each side. In B), the slope is calculated to the non-diagonal cell. It is equal to the elevation difference because the distance between the cell centers is unity. In this case, the diagonal slope is greatest, and water will flow toward the bottom right cell. The center cell is then assigned a flow direction value of 2. This process is then repeated for each of the cells in the DEM grid, and a new grid is created to store the results of the calculations. This new grid, called the Flow Direction grid, contains cells with only the numerical values dictated by the 8-direction pour point model.

[image: image18.png]16

2

2

1

128 1

2

1
B)

67| 56| 49|46 | 50

53| 44| 37|38 |48

58(55|22| 31|24

61(47 (21|16 (19

5334|1211 |12

a)





Grid Operations – A) DEM Grid; B) Flow Direction Grid. Note: Area in red is from the previous figure
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Physical Representation a Flow Direction Grid –A) with directional arrows; B) As a flow network 

 It is from the flow direction grid that the flow accumulation grid is calculated. This grid records the number of cells that drain to an individual cell in the grid. Note that the individual cell itself is not counted in this process.
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Flow Accumulation – number of cells draining to a given cell (blue) along the flow network

At this point, it is necessary to consider the possibility that flow might accumulate in a cell in the interior of the grid, and that the resulting flow network may not necessarily extend to the edge of the grid. An example of such a situation is the Great Salt Lake in Utah, which is an interior sink. None of the precipitation that falls on the Great Salt Lake watershed travels through a river network toward the ocean. This situation poses a problem for automated delineation, for the flow that “accumulates” in an inland sink does not reach an outlet from which the delineation process may take place. A second potential problem arises, however, if the DEM grid itself contains artificial lows in the terrain, due to errors in elevation determination or grid development. These artificial sinks must be eliminated in order to accurately delineate watersheds.

Any artificial sinks or inland catchments in the DEM are removed through the use off the Fill function in ArcGIS. This function alters the elevations of the offending cells through the use of an interpolation function, as shown below.
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Filling an artificial pit in the DEM

To allow for the existence of known inland catchments in the DEM, special processing is needed before running the Fill function. One such process is to assign a NODATA value to the lowest elevation cell in the inland catchment; such a cell would be treated as an outlet in that it would allow water to “flow out” of the system. In the network model, this is a Hydro Edge that ends in a sink.
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DEM alteration to allow delineation of inland catchments

The Fill function should be run before the flow direction grid is created because artificial pits can significantly alter the flow direction. Similarly, if inland catchments are present, a program should be run to handle them before the Fill function is run or the flow direction grid is created.

With a flow accumulation grid, streams may be defined through the use of a threshold flow accumulation value. For example, if a value of 5 were set as the threshold, than any cell with flow accumulation greater than 5 would be considered a stream. Cells with flow accumulations greater than or equal to the threshold are given a value of 1 in a newly created Stream Grid, with all other cells containing the value 0. 
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Stream Definition from the Flow Accumulation Grid and a threshold value – A) Grid cells with accumulation greater than or equal to 5 are considered stream cells (red); B) Streams identified on the flow network (red); C) Stream Grid

The next step is to divide the stream network into distinct stream segments – this is useful if the purpose of the delineation is to determine the individual Catchments. If only the overall watershed is desired, the delineation function could be used on the established grids as long as the outlet cell is defined.  For this discussion, Catchments will be delineated.
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Stream Links defined – A) Stream Grid representation, B) Stream Links (numbers) defined, link outlets (blue), watershed outlet (red)
To segment the stream network, the Streamlink function in ArcGIS is used on the Stream Grid, as in the figure above. This function determines stream links within the network, and assigns each link a unique number, or GridCode. Each cell within a link is assigned the same number. The most downstream cell in each link is the link outlet cell. An outlet grid, with the individual outlets cells (in B, the blue or red cells) containing GridCodes and all other cells containing NODATA, is then produced from the streamlink grid. 

At this point additional outlets may be added to the outlet grid, and the Stream Link Grid is then adjusted to add the newly created links. Such extra outlets, represented as HydroPoints in the ArcGIS Hydro Data Model, may represent water supply locations, monitoring stations, etc. 

[image: image25.png]



Adding outlets on a stream grid – A) an outlet (red dot) is added on a stream (black); B) A new stream link (red) is  added to the stream link grid, and the original link (black) is adjusted.

The watersheds may now be delineated through the use of the Watershed function in ArcGIS. This function uses the flow direction and outlet grids to determine all of the cells that drain to each outlet. It assigns each of these cells the value of the of the outlet cell (which also corresponds to the values for the cells in the stream link grid). The results of the delineation are stored in a watershed grid.
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Delineated Edge Catchments  

To this point, all of the data has been in raster format. For further processing, the streams and watersheds are vectorized based on the grid value fields.  The grid value is transferred to the gridcode of the corresponding vector object. Similarly, the vector representation of a delineated catchment has a gridcode attribute equal to the value of the catchment grid cells. 

In the vectorization of catchments and watersheds, a complication arises through the creation of spurious polygons. Due to the regular, gridded form of the raster data, irregularly shaped watershed borders often consist of grid cells connected through the cell corners. When vectorized, these cells may become isolated from the main watershed, forming spurious polygons.
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Spurious polygon created during vectorization

These polygons will be vectorized as distinct drainages, thereby yielding an artificially high number of drainages in an area. An automated procedure can be used to detect the existence of such polygons, and eliminate them by “dissolving” them into the surrounding polygon. 

Example Raster Analysis of Drainage Areas

The accuracy of drainage delineation from DEMs depends on the resolution of the grid, namely the grid cell size. Smaller cell sizes allow for a more accurate representation of the topography, especially in mountainous areas. However, higher resolution grids require more cells to cover the same area as a lower resolution grid. Increasing the number of cells stresses the processing capability of today’s computers. It has been only with the recent advances in computer technology that even 30m DEM grids have become functionally usable on a watershed scale. These grids have been made available by the United States Geological Survey, and are referred to as the National Elevation Dataset (NED).

The NED is officially described as seamless raster format elevation grids from the conterminous United States at 1: 24,000 scale6. The elevations are given in decimal meters, using NAD83 as the horizontal datum, and are available in geographic projection in 1(x1( tiles with 1 arc-second cells. 

The U.S. Geological Survey, along with maintaining the NED and periodically updating the dataset, is currently involved in using the NED to re-evaluate and refine the presently recognized HUC boundaries. These boundaries were created with DEMs of lower resolution than the NED, and as such the accuracy of the boundaries may now be improved. Efforts are also underway to use the recently developed National Hydrography Dataset (NHD) in order to develop a hydrologically accurate NED. This program is responsible for development of the National Elevation Dataset – Hydrologic Derivatives (NED-H).

One goal of the NED-H development is to obtain the ability to determine drainage basin boundaries upstream of any point in the conterminous United States7. All locations downstream from a given point will also be easily discernible. This goal corresponds well with part of the impetus behind development of the ArcGIS Hydro Data Model, which is able to use the network tracing functionality of ArcGIS to trace upstream and downstream from user defined points in the Hydro Network. This process is demonstrated with the Upper Washita watershed in Southern Oklahoma. The data and procedures presented are available for review at the NED-H website8. 
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3-D Representation of the Upper Washita Watershed and surrounding area7
Raster Analysis of the Upper Washita Watershed

In studying the current GIS hydrography of the Upper Washita Watershed, it is realized that the old HUC boundary is no longer accurate. In at least one location, rivers flowing through the watershed (as obtained from the National Hydrography Dataset) also traverse the watershed boundary.
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Upper Washita Watershed –Cataloging Unit Boundary and NHD reaches, waterbodies for the area (center); Watershed location in Oklahoma (right);  NHD reaches crossing the boundary, indicating a boundary inaccuracy (left) 

To eliminate this and other discrepancies, the area drainages were re-delineated using the 30m NED with the delineation procedure described previously. An upstream drainage area threshold of approximately 4.5 km2 was used in defining streams. 
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Re-delineation Results – delineated streams show reasonable agreement with NHD, watershed boundaries also similar

In general, the two boundaries showed reasonable agreement, although the NED boundary included the NHD reach that was previously identified as a problem. The NED defined reaches matched well with the NHD reaches, except for the reaches of the highest order, and those reaches flowing through the flatter areas. 

To ameliorate this problem, the DEM was altered on a cell-by-cell basis until the delineated reaches matched the NHD reaches to a high degree of accuracy. In this process a new NED was created, called a Hydrologically Conditioned DEM (HC-DEM). It was from this DEM that new flow direction, flow accumulation, stream, stream link, outlet, and watershed grids were created. The resulting watersheds and subwatersheds, corresponding to the potential additional Watershed Boundary Dataset levels, were determined.

[image: image31.png]



Delineation Results – Cataloging Unit (Yellow Outline), Watersheds (Red outline) with outlets (black dots);  Subwatersheds (colored polygons) 

It should be noted that at this Subwatershed delineation level, there are not an equal number of subwatersheds and Flow Edges. In order to obtain the Catchments associated with each Hydro Edge in this Hydro Network, the watershed delineation process was carried out with the 30m HC-DEM provided from the NED-H effort. The catchments derived from this effort show a one-to-one relation between Hydro Edges and Catchments. These catchments were then incorporated into the ArcGIS Hydro Data Model.
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Upper Washita Edge Catchments – A) individually colored Edge Catchments, B) Edge Catchments with Flow Edges, Watersheds, and Watershed Outlets (Hydro Points).

As previously stated, one of the goals of the NED-H program is to obtain the ability to automatically determine the upstream and downstream elements from a given point in a hydro network. One method for reaching this is currently obtainable with the ArcGIS Hydro Data Model in combination with ArcGIS, as demonstrated in the following discussion using the Upper Washita Hydro Network. The first step in this process is to load the appropriate data sets into ArcCatalog and the ArcGIS Hydro Data Model.

To carry out a network trace, it is only necessary to have a Hydro Network consisting of connected Hydro Edges. In terms of the Upper Washita Watershed, only the Flow Edges are needed. In this discussion, the Catchments and Hydro Points from B) will also be included. The Catchments themselves do not form part of the Hydro Network created in ArcGIS, but they are associated with the network through relationships defined in the ArcGIS Hydro Data Model.

The first step in this process is to load the existing shapefiles (the Catchments, Hydro Edges, and Hydro Points) into the ArcGIS Hydro Data Model through the import function in ArcCatalog. ArcCatalog then transfers this data into a new personal geodatabase in Microsoft Access, carrying the .mdb filename extension. Once the geodatabase is created, a model schema must be created from the UML database containing the ArcGIS Hydro Data Model. This step is carried out by retrieving the UML model from its repository and then using this connection to establish the feature classes to be used to represent the Upper Washita Watershed. In this case, HydroPoints, Hydro Edges, and Catchments were instantiated in order to develop the desired feature classes. At this point, a geometric network is created from the data in ArcCatalog. This network is then transferred into ArcMap in order to carry out the desired network operations. 
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Network Representation of the Washita.mdb geodatabase in ArcMap

Shown is the network representation of the Washita.mdb geodatabase in ArcMap. The section on the right lists the data layers that were instantiated from the UML repository. Note that four layers are listed, which is one more than the number of instantiated data files. The fourth data layer was created while constructing the new geometric network. This layer, shown as WashitaNet_Junctions, is similar to the outlets file created in watershed delineation. These network junctions are shown as diamonds in the ArcMap view.

Before a network trace may be carried out, the direction of flow through the network must be determined. This is accomplished by assigning to the downstream outlet(s) the ancillary role of sink. This directs ArcMap to direct all flow on the network toward the designated outlets. Once the sinks are defined, the display may be set to show the flow direction on the network.
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Flow Direction displayed on the Hydro Network in ArcMap – Triangles point downstream

These directions are depicted by the black triangles on the network, with the triangles pointing in the downstream direction.  With the flow direction established, the Trace Task functions become active, allowing for a variety of traces to be conducted.
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To conduct either downstream or upstream traces, a flag must first be set on the network. The location of this flag represents starting point of the trace. Such flags and their trace results are shown below for the Washita network.
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Washita Network Traces – A) Downstream trace (red) from flag (green square); B) Upstream trace 

Although the trace is conducted on the Hydro Edge network, the Catchments associated with each Hydro Edge selected in the trace may also be selected through the common GridCode attribute. This allows the user to determine the land areas upstream of a given point on the Hydro Network, and to determine the land areas that border the flow downstream from that point.

Defining Edge Catchments using the Hydro Network

The previous section has described a raster-based method of drainage delineation where synthetic streams and their corresponding catchments are created from the raster grid. An alternative approach is to take a vector Hydro Network and build the Catchments around its Hydro Edges without creating any synthetic streams. This could be called the network-based drainage delineation procedure. 

Drainage delineation with a Hydro Network uses many of the same techniques as the solely elevation-based method, but rather than locating streams by a certain flow accumulation, the stream locations are fixed by the Hydro Network. This process, as described below, reduces delineation error by assuming great accuracy of the Hydro Network. This assumption is often justified, especially if the Hydro Network is derived from aerial photogrammetry.

Delineation with a given Hydro Network involves altering the DEM data in order to obtain known hydrologic conditions at certain areas. The case of known stream locations is discussed first.

The process of using known stream locations in the delineation procedure is referred to as “burning in the streams.” Through this procedure, the DEM grid is modified to force waterflow into the Hydro Network. The key to understanding this method is the realization that individual elevation values in the DEM may be uniformly changed without altering the resulting delineation.
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DEM and Flow Direction grids with stream cells highlighted (red)

The DEM and Flow Direction grids shown here are identical to those used in the previous section, except certain cells are highlighted in red. These cells correspond to the stream cells determined from the flow accumulation grid with a 5-cell stream threshold. The same grids are now shown again, except that the elevation of each of the “non-stream” cells is increased by 100.  
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Burned DEM and Flow Direction grids with stream cells highlighted (red)

In this example, all but the known stream cells were raised by an arbitrary amount. The result is that the stream cells form a trench in the DEM. Water is made to flow into this trench and down the stream network to the outlet. The phrase “burning in the streams” is appropriate because the streams have been forced, or “burned” into the topography described by the DEM. This new DEM is referred to as a Burned DEM. 

As shown, the flow direction grid derived from the burned DEM is identical to that from the original DEM. This is because the flow direction is partly determined by the relative difference in cell elevations, which is unaltered by the uniform elevation increase. Only the slopes calculated for those cells adjacent to the non-raised stream cells will be altered, and these new slopes are sufficiently large to assure flow into the stream cells. 
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Burning in the Streams – Adjusting the DEM to form a trench (black) surrounding the stream network (blue)

In order to use an established Hydro Network to create burned DEMs, the vector network is converted to a grid, and this resulting network grid is intersected with the DEM. Cells in the DEM that correspond to cells in the network grid remain unaltered while all of the other cells in the DEM are raised. The actual increase in elevation is arbitrary, except that it must be greater than the highest elevation of the unaltered DEM cells. This assures that flow in the “trenches” remains in the “trenches” until the furthest downstream outlet is reached. Once the network is burned into the DEM, the delineation process continues as previously described.

The results of the DEM-burning process are shown below for the Guadalupe Basin in South Central Texas. The stream network was extracted from the Reach File 1 dataset, and the DEM cells are 500m in length. The burned DEM, shown in B), was created from the original DEM and stream network in A) by raising the elevation by 5000 units. The white lines in B) are formed from the burned DEM cells corresponding to the original stream network. It should be noted that the burned DEM does not appear as detailed as the original DEM. This is a result of the burning process, which increases the range of elevation values to be displayed, and thereby increases the range of elevations described by each color in the display.
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Burning in the Guadalupe Basin Hydro Network – A) Basin with Hydro Network displayed; B) Burned DEM;  Basin boundary (red) displayed as a reference.

Further examples of the use of the network burning process are given in Chapters 8-10.

A similar process of DEM alteration can be employed if known drainage boundaries are to be incorporated into the DEM. Such a situation may arise if the DEM is of too low resolution to describe local drainage barriers such as berms or elevated highways. This process, referred to as Building Walls, involves raising the elevation of a connected set of DEM cells in order to prevent flow into the cells. This essentially the opposite of the network burning process, for here the cells corresponding to the known boundary are elevated while all of the other DEM cells retain their original values. An example of this process as applied to the City of Austin is given in Chapter 9. The figure depicts the building of walls about the border of the Guadalupe Basin discussed previously. The boundary walls, shown in B), were created from the original DEM and basin boundary in A) by raising the boundary elevations by 5000 units
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Building walls around the Guadalupe Basin  – Hydro Network (blue) displayed as a reference

A variation to the previously discussed delineation techniques has been developed in order to delineate Shoreline and Coastline Catchments. One complication associated with this Catchment type is that unlike “channels,” Shoreline and Coastline Edges do not have an outlet at one end. In a physical sense, flow is transferred from the catchment across the Shoreline and Coastline Edge to the waterbody, instead of being transferred along the length of the Hydro Edge. Also, flow is not to be transferred from the waterbody to the Hydro Edge. This distinquishes Shoreline and Coastline Edges from the other Hydro Edges, which may receive flow from either side. The previously discussed delineation method does not allow for these constraints, unless modifications are made to the grids involved.

The key modification is to consider the entire Shoreline or Coastline Edge as an outlet through which water from the Catchment drains to the waterbody. In raster format, each of the grid cells making up the Shoreline or Coastline Edge is considered as a separate outlet cell. These cells are connected through a common GridCode attribute, which identifies the cell as part of the Hydro Edge in question. The drainage areas to each outlet cell are determined by the previously established methods, and the grid cells in each of these drainage areas contain the common GridCode attribute. The Catchment is then determined from the aggregation of all cells containing the GridCode of the Hydro Edge. 
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Representation of Shoreline Catchment Delineation – A) Shoreline Edge in raster format, each cell as an outlet. B) Aggregated drainages to outlets form the Shoreline Catchment.

The DEM used in the delineation process assigns elevation values to cells corresponding to the waterbody, and as such it incorporates these cells in the delineation process. In order to eliminate these cells from the process, it is necessary to change their elevation values to NODATA. This is accomplished with the IsNull function in ArcGIS. The DEM cells corresponding to the waterbody are identified by rasterizing the vector waterbody and then intersecting the waterbody grid with the DEM. This process is described fully in Chapter 10. 

The delineation process just described for Shoreline and Coastline Catchments is equally valid for determining “Channel” Catchments. The only difference between the two processes is the conversion of waterbody cells to NODATA cells in the DEM for Shoreline Catchment delineation. 

Area-to-Area Navigation Through the Hydro Network

As demonstrated, it is possible to perform upstream and downstream traces on a Hydro Network using the Trace Tasks function in ArcGIS. However, by that method, the trace actually occurs on the Hydro Edges of the Hydro Network, and then the catchments of interest are identified through their associated Hydro Edges. Features of the ArcGIS Hydro Data Model eliminate the need for a Hydro Network when performing traces. These features are the NextDownstream and NextHigher attributes of all Drainage Areas. The name “Area-to-Area Navigation” refers to the fact that the trace occurs through adjacent areas, and that it does not depend on the linear features of the Hydro Network.

Area-to-Area navigation is highly dependant upon the NextDownstream attribute, and it only works properly when each catchment, watershed, and basin is attributed with the ID of the next downstream area. Also, this method requires that at most one downstream area exists for each area in the database. This property is inherent in the ArcGIS Data Model structure, as each Drainage Area only has one NextDownstream attribute. 

If the area downstream of each drainage area is known, then by reverse intuition the areas immediately upstream of each drainage area may be determined. The number of areas immediately upstream of any given drainage area may take on any value, depending on how the drainage areas were defined. For example, a headwater drainage area, or an area that contains the headwater of a river, will not have any upstream drainage areas. Other drainage areas may have two upstream drainage areas – this occurs when the drainage area is bounded at the upstream end by a Hydro Junction connecting two Hydro Edges. Yet other drainage areas may have more than two upstream areas, especially if they are administratively defined. This variability in the number of upstream drainage areas is one reason a “NextUpstream” attribute was not included in the ArcGIS Data Model.
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Upstream Drainage Areas – A) Zero Areas upstream of the selected area (Brown), B) Two areas (Blue) upstream of the selected area (Brown), C) Four areas (blue) upstream of the selected area (Brown).

The trace is then preformed by selecting an area as the starting location, known as the target area. The areas immediately upstream and downstream of the target area are then selected, based on the NextDownstream and the temporary upstream attributes (temporary because they are not part of the ArcGIS Hydro Data Model, and will be destroyed upon trace completion). Once the immediately adjacent areas are selected, they become new target areas, and the selection process is repeated. This process is best performed in two steps, with the upstream areas determined before the downstream areas (or vice versa). This multi-step process avoids the possibility of selecting an area more than once (i.e. once on as downstream area and once as an upstream area).

This tracing method has been applied to the Hydrologic Unit Code dataset for the United States, at the Cataloging Unit level. For this purpose, the downstream areas were determined manually with the use of the River File 1 dataset. Both of these datasets are available from the U.S. Geological Survey.

The key to this method is that the downstream areas must be known, and they must be accurate. For example, if Catchment X has Catchment Y as its NextDownstream attribute, and Catchment Y has Catchment X as its NextDownstream attribute, a loop has formed and the trace method will fail. Through the use of the Pfafstetter Coding System, however, such loop-causing errors may be avoided. This system also allows for automatic downstream area determination based entirely on the area ID.  
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Area-to-Area Tracing on HUCs – Drainage to the Mississippi River, initial Target HUC = 10300102 (Yellow, Black Border). Upstream Areas (tan), Downstream areas (green)

The Pfafstetter Coding system, developed by Otto Pfafstetter9 in 1989, is a system for assigning catchment or watershed IDs based on the topology of the land surface. It is a hierarchal system, where Level 1 drainage areas correspond to the largest drainage areas on each continent. Higher levels (levels 2, 3, 4, etc.) represent ever-finer tessellations of the land surface into drainage units. Each unit is assigned a specific Pfafstetter Code, based on the location of the unit within the drainage system and the drainage area upstream of the catchment outlet.

According to the Pfafstetter system, catchments are divided into 3 types – basins, interbasins, and internal basins. Unlike in the ArcGIS Hydro Data Model, a Pfafstetter basin is an area that does not receive drainage from any other drainage area; a basin contains the headwater for the “channel” for which the drainage area is defined. Conversely, a Pfafstetter interbasin is a drainage area that receives flow from upstream drainage areas. Finally, an internal basin is a drainage area that does not contribute flow to another catchment or to a waterbody. The assignment of IDs is irrespective of level, and is carried out with the following basic steps:
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Pfafstetter Levels 1, 2, and 3 – Individual catchments are numbered in an upstream direction 

· From the outlet, trace upstream along the main stem of the river, and identify the 4 tributaries with the greatest drainage area. The drainage areas containing these four tributaries are basins.

· Assign each basin the code “2,” “4,” “6,” or “8” in the upstream direction, i.e. the most downstream basin gets the “2,” the next most downstream basin gets the “4,” etc. 

· Interbasins are the drainage areas that contribute flow to the main stem. The upstream and downstream boundaries of each interbasin are either a confluence between a basin tributary and the main stem or the overall drainage area outlet.  Therefore, interbasins are the drainage areas between basins.

· Assign each interbasin the code “1,” “3,” “5,” “7,” or “9” in the upstream direction, i.e. the most downstream interbasin gets the “1,” the next most downstream interbasin gets the “3,” etc.

· A complication may arise in that the two most upstream areas are both basins – i.e. the overall area does not receive flow from another area. In this case, the upstream area with the largest drainage area is assigned the “9” and the other, smaller upstream area is assigned the “8” code.

· If an area contains internal drainage areas, the largest internal drainage area is assigned the code “0” and all other internal drainage areas are incorporated into their surrounding drainage area.

These assigned codes are then appended on to the end of the Pfafstetter code of the next lowest level. For example, in assigning level 3 codes, each level 2 drainage area is divided into at most ten units, and these units all have the level 2 code XY. The level 3 codes of these units become XY0, XY1, XY2, etc. 

The strength of this system of catchment identification is that it is easy to determine basins that are upstream and downstream for a given basin, based solely on the Pfafstetter code. For example, interbasin 843 is immediately downstream of interbasin 845, and drains to interbasin 841. Basin 846 is upstream of interbasin 845, but it does not have an upstream basin (it contains the tributary headwater). Procedures have been developed that will automatically determine the drainage areas upstream and downstream of each drainage area in a dataset attributed with Pfafstetter codes. These procedures may be implemented in ArcGIS, and will allow area-to-area navigation without the need for manually determining the NextDownstream attribute. Such area traces are currently possible when using HYDRO1K data from the EROS Data Center. This data contains Pfafstetter encoded catchments for the entire world (excluding Antarctica). 
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Area-to-Area Navigation Using the Pfafstetter Codes – Yangtze River, China (Data Source = HYDRO1K3)

Although the area-to-area trace method previously described will work on large datasets, it may be time consuming if thousands of drainage areas are included in the sample dataset. Use of the inherent hierarchical structure of the drainage area identification process can make the trace process more efficient. For example, in the trace on the Yangtze River with HYDRO1K data, only the level 4 drainage areas were considered. The initial target drainage area was interbasin 9479, whose upstream “neighbors” were interbasins 9481 and 9491. Each of these interbasins receives flow from the drainage areas numbered 948X and 949Y, respectively where X and Y represent all possible one-digit numbers. Therefore, it is accurate to say that interbasin 9479 receives flow from the level 3 drainage areas 948 and 949. With this realization, the upstream trace would only need to occur on 2 drainage areas (948 and 949), instead of the 18 possible level 4 drainage areas.

By considering the drainage areas making up the “next higher” classification in the hierarchy, the trace procedure becomes faster and more efficient. For this reason, every drainage area in the ArcGIS Hydro Data Model has a NextHigher attribute. In the Pfafstetter classification system, if the drainage area was coded as 9479, the next higher attribute would be 947. In the HUC system, the drainage area 10300102 would have 103001 as its NextHigher attribute. 
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Area-to-Area Navigation Using the NextHigher Attribute – Yangtze River, China  (Data Source = HYDRO1K3)
 Note: with the NextHigher Attribute, only two drainages are used to fully describe the area upstream of the starting area (as opposed to 18 areas in the previous figure)

ArcGIS Hydro Data Model Object Diagram for Network Representation
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