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Abstract

The current hydrologeological study of the  Chagres River will generate and utilize large quantities of geospatial data from various sources, ranging from traditional digitized maps, field measurements and observations to state-of-the-art remote sensing and radar-based elevation data. To support a number of projects focused on diverse biological and physical aspects of Chagres river watershed system, a digital surface model (DSM) was created from the radar imagery, and a basin drainage map was derived from this DSM. An integrated GIS database was created and additional data layers needed for watershed studies were derived. Special attention was given to extraction of stream network, because the elevation data used to derive the network include errors introduced by varying forest canopy height. Different algorithms for network extraction were compared relative to mapped stream reaches.  The impact of different data resolution scales on network structure and orientation was also tested.

I. Introduction


The Chagres River Basin study includes many different investigators with a diverse set of interests and goals.  The common objective of participants is to provide information about hydrology, geology and ecosystems within the Chagres River Basin.  This region of the Panama Canal Watershed was an area that until the mid-1990s was mapped at an extremely coarse resolution (1:2,000,000).  The relative inaccessibility of the upper Chagres and an incessant cloud cover over the basin's western edge have discouraged mapping of this region.  A recent Interferometric Synthetic Aperture Radar Elevation (IFSARE) survey by the U. S. Army, LANDSAT imagery and subsequent field investigations have provided new, more detailed information about the topography, land cover and streams in Basin.  To support the continuing research it is important that the existing and new digital georeferenced data are integrated within a common GIS data base. The integration allows the users to efficiently query the overlapping map layers without having to perform complex data transformations and the relationships between spatial variables in a complex landscape can be examined.  It also facilitates collaboration between the researchers with different backgrounds and goals.  The existing baseline GIS map layers create a framework for the field observation data obtained along the main channel of the Chagres River during the 2002 field season.  This work indicates that field observations can be easily incorporated in the context of large-scale spatial data.  It serves as a model to how future observations of scientists in the Chagres River Basin using GPS can be included in this database.

Well designed GIS data base also provides an environment for deriving secondary map layers with important information both for the field work and modeling. We have generated a series of stream networks by analyzing the radar-based DEM.  In a tropical forested landscape, it is usually impossible to map the locations of streams, particularly those of a lower-stream order.  The only recourse is to apply terrain-interpretation algorithms to a DEM to determine the channel network. As this is an interpretive process, we provide and inter-comparison of different methodologies for calculating channel networks locations.  We also compare the locations of stream channels derived from different analyses to stream channel locations mapped in the field with a GPS.  This allows us to evaluate the efficacy of terrain-analysis algorithms and the quality of the IFSARE data set.

2. GIS DATA BASE


Various digital, georeferenced data sets were obtained for the Chagres river basin during the initial phases of the project, including a digitized geology map with several coverages, such as geological features, streams, and topography at        1:250,000 scale; digital surface model (DSM) based on the  IFSARE elevation survey at  10m resolution, LANDSAT imagery for 1998 and 2000 at 30m resolution as well as locations of gauges and weather stations. Georeferenced stream and geology data were collected at selected sites along the the Chagres river and its tributaries. The data posed typical challenges for creating an integrated GIS data base that would support geospatial analysis. The data were georeferenced using different coordinate systems and datums, such as geographic coordinates and UTM with NAD27 and NAD 83(?) datums. The data were at different scales and resolutions, from 1:250,000 map to 10m resolution DSM and various data models and data formats were used to store the data such as spreadsheets, shape files and grids. 


Because most of the grids and shapefiles in the Chagres database were generated using the NAD27, Panama Canal Zone datum (also referred to as nas_o in some GIS and coordinate conversion programs) we have selected this coordinate system for the data base.  The only coverage that was not initially in this datum and needed to be projected was the radar-based DEM coverage. (I needed to project the geology map too as I had it in lat long, but we don't have to mention it)   In the process of projecting the DEM, we determined that if the NAD27 datum for North America is used for projecting, instead of the Panama Canal Zone datum, coordinate errors are on order of 120 m.  Table 1 is a list of the GIS coverages available in the Chagres Basin database. Many of these coverages have been clipped from larger coverages of the Panama Canal Watershed or entire Panama Republic.  We established the clip boundaries by determining the watershed boundaries of the Chagres River upstream of Lake Madden and adding a 5 km buffer around the watershed.  This process of limiting the coverages to the Chagres area allows for more efficient data uses for Chagres applications.  Examples of the available coverages are in the Figure 1. The data are available on a CDROM distributed with this volume and on the web.

Table 1. GIS coverages (map layers?) available in the Chagres River basin data base.

Data Set Name
Description
Source

Chag_DEM
Digital elevation data with 10 m cells 
Army IFSAR radar survey of the Panama Canal Watershed, clipped to the area around the Chagres River Basin

Chag_bound
Chagres river basin boundary 
RivertoolsTM analysis of 10 m DEM

Chag_links
Chagres river network
RivertoolsTM analysis of 10 m DEM

Cur_nivel
Contour map (1:250,000) of upper Chagres
Geology map clipped to basin boundary + 5 km buffer

Fallas
Fault lines in upper Chagres
Geology map clipped to basin boundary + 5 km buffer

Geologia
Geologic units of upper Chagres
Geology map clipped to basin boundary + 5 km buffer

Lagos
Lake coverage
Geology map clipped to basin boundary + 5 km buffer

Rios
Generalized river coverage (1:250,000)
Geology map clipped to basin boundary + 5 km buffer

Us_Recon
Point coverage showing key point locations
Robert Stallard, GPS measurements

Uso_Chag
Land use coverage
Panama Canal Monitoring Project (PMCC) LANDSAT analysis clipped to basin boundary + 5 km buffer

 Helena add DEM with draped land use and/or geology

Figure 1. Map of Chagres River showing contours, rivers and the basin boundary, all derived from an IFSARE DEM.

3. STREAM NETWORK ANALYSIS


Generating river networks using digital elevation data is a multi-step, interpretive process.  It is necessary to understand the assumptions that enter in resolving flow directions on DEMs because they will ultimately effect the locations of the derived-stream network.  This is particularly critical in the case of the Chagres River Basin because there has not been extensive mapping of the river channels and the analysis output provides the "best-available" map of the river network.  We describe network analysis briefly so the reader can understand some of the pertinent issues in DEM-based network analysis.  Other excellent reviews of this subject are Peckham, 1995, Garbrecht and Martz (1998) and Jenson and Domingues (1989).  After a description of the network analysis basics, we then compare network extraction using different methods and at different DEM scales.

Two systems with tools for watershed analysis were used to extract the stream network:

a) RivertoolsTM   - a commercially-available terrain analysis system for analyzing DEM-derived river basin characteristics.  It includes single and multiple flow direction algorithms (SFD, MFD), visualization tools and tools for extracting statistical properties of river networks (ie., bifurcation ratio, statistical similarity, fractal dimension, etc.). 

b) GRASS GIS - an Open Source/Free software general purpose GIS. It includes a number of modules for basin analysis, We have used a SFD-based r.watershed and SSFD/MFD-based r.terraflow for massive DEMs.

In general, the stream extraction algorithms compute the stream network based on routing the flow through the DEM and using a selected threshold for flow accumulation to designate a given cell as a stream. To perform the flow routing some algorithms first create a depressionless DEM and then compute the flow direction for each cell.  

3.1 Filling sinks in IFSARE Data


The first step in determining the location of river networks is removing sinks and creating a depressionless landscape. This step is used by Rivertools and r.terraflow. Sinks are DEM pixels that are lower than all of the surrounding pixels. These sinks can be hydrologic features like lakes or sink-holes or they could be artifacts of the DEM-building process.  For the Chagres DSM, at least some of the depressions are generated by an intermittent canopy overhanging stream channels.  In some locations, the radar survey is measuring the distance to the river bed; in other locations it is measuring the top of the canopy.  The discontinuity means that areas that have no cover appear to be sinks and have to be filled to the level of the surrounding cells in order to route flow through topography. Can we check this by overlaying the DEM with land cover? it would be nice to show an example 

Figure 2 shows a longitudinal comparison of the initial and RivertoolsTM filled IFSARE DEMs at a 25 m grid cell resolution.  As shown in the figure, the filling process creates a step-like stream profile, but the actual stream profile has many elevation spikes.  Also, as one nears the mouth of the Chagres (distance of 0-7 km), the elevation errors are dampened. The land use grid indicates that there is bare soil, shrubs and grass through this reach all features that would cause fewer elevation errors than an overhanging forest canopy.   The average filling necessary to route water through the reach in Figure 2 is 7.68 m.  To put this in some context, average filling of 40-km headwater reaches in the Nishnabotna River Basin in Iowa and Boulder Creek Watershed in Colorado are 0.48 m and 0.99 m respectively.  These estimates were created using USGS 1:25,000, comparably-scaled, 30-m grid cell DEMs that were constructed from topographic maps.  It appears that the combined effects of IFSARE radar and the forest canopy significantly increase the number and extent of sinks in the landscape. 

Figure 2. Comparison of filled topography (black line) and IFSARE original topography (gray line) for the Upper Chagres River.

It is necessary to make a cautionary note about the IFSARE-based DSM.  It appears that a canopy correct may be necessary before using the data for applications, where bare earth surface needs to be used, such as for making estimates of curvature or slope.  Change of elevation estimates should be made over an adequate spatial scale if computing slope.  ???   

3.2 Computing Flow Direction and Flats


The core step in stream network analysis is resolving the flow directions of water on the landscape for each elevation cell on a DEM.  For the work reported here, with the exception of r.terraflow (see section 3.4) a single-direction flow algorithm (SDF, D-8) was used.  For a given grid-cell the slope from the center of that cell to the center of an adjacent cell is calculated for all of the cells in an eight-cell neighborhood.  "Flow" proceeds in the direction of the cell with the greatest slope.  Contributing area of a pixel is determined recursively and represents the number of cells that "flow" into a given cell.

Flow direction using the D-8 algorithm is easy to compute in areas where slope is well-defined.  As the scale of a river-basin increases, channels become larger and the river gradient decreases.  There are often areas of the landscape where the slope is zero; these areas are termed "flats". Filling large, multi-pixel depressions like the ones that are shown in Figure 2 also can create flats.  In flats, the flow direction is undefined.  To deal with flats several approaches have been developed, of which iterative linking and imposed gradients are considered here.

Iterative linking (Jenson and Domingue, 1988) iteratively defines the flow direction for all of the cells in a flat.  It links cells that have undefined flow directions to those that have defined flow directions draining away from the flat.  The final form of the network therefore depends heavily on the order that cells are defined.  For example, if the program is trying to define flow-direction on a row-by-row basis, then water will be preferentially routed along a row.  There is no physical basis to this procedure, but it will resolve flow direction and can be numerically efficient.  Both RivertoolsTM and the GRASS program r.watershed use this procedure (check this with Chuck).

A second approach is that of Garbrecht and Martz (1997) and is called imposed gradients.  In this approach, artificial topography is created over flat areas by adding micrometer increments to topography.  This addition is done both longitudinally and laterally such that topography slopes down from the upstream end and two sides of the flats towards the outlet.  This approach tends to translate the shape of the valley walls to the shape of the channel.

Figure 3 includes a comparison of channels generated using iterative linking and imposed gradient methods with GPS point locations of the Chagres River Channel.  Both methods seem to track the observed channel fairly well for most of the measured reach.  The imposed gradients provides a better fit for the section of the reach between x-coordinates 674000 and 675500.  This stretch appears to be fairly flat on the longitudinal profile in Figure 2 and is a good test of flat resolution algorithms.(check whether this area is flat because it was filled or because it is flat - just run slope on the original DEM)

 Figure 3.Comparison of observed GPS data (gray symbols) and flow networks derived with the imposed gradient (blue), iterative linking (red) and AT-r.watershed (green) techniques.

we need to add the r.watershed result at 10m resolution here

The comparison presented here along with work done on Boulder Creek in Colorado (Kinner, in review) suggests that the imposed gradient method of Garbrecht and Martz (1998) or AT method used in r.watershed may be a better method for stream network analysis than iterative linking.  However, the method of imposed gradients implemented in Rivertools is not fully robust.  Several Chagres River sub-basins are excluded from the river basin when imposed gradients is employed.  This is because the topography constructed on the flat becomes higher than the surrounding topography and creates sinks in the already filled topography.  It is necessary for the imposed gradient method to be strengthened before it can be used routinely.

3.3 Computing the flow accumulation and extracting the stream network


David, please write here how it is done by rivertools, if necessary, the following sentences are just suggestions.


Once the flow direction is determined for each cell, flow accumulation grid is computed by routing the flow through the DEM and computing the number of grid cells that drain through each cell.  The stream network is then extracted from this grid using a selected threshold for flow accumulation (or upslope area). 


The flow accumulation algorithm used by r.watershed differs from the one used in the Rivertools (see Ehlschlaeger 1989). It is based on the AT search algorithm for finding the shortest path between a start location and a goal location with the elevation of a cell representing the "cost" of the path.  Because the drainage of a cell is not determined until its down stream location is determined, false pits will not cause drainage flow pointers to go askew. Multi-cell depressions will only cause local irregularities but the structure of the stream network will be preserved. In this work, r.watershed was used in a slightly modified way. The default stream network output identified only the lower Chagres river, so to get the entire river and its tributaries the flow accumulation output was used with channels extracted by setting the starting point of a stream using a threshold of 100 units (cells) for each resolution (that means different upslope area for different resolutions). The selection of 100 unit threshold was arbitrary, based on cartographic rather than physical criteria leading to the fewer major streams being extracted for lower resolutions. New field data will allow us to set the threshold more accurately. The vector representation of the stream network was then created by converting the raster stream network to vector format. The resulting series of stream networks at resolutions ranging from 10m to 300m is in the Figure 4. The accuracy, in terms of the field points being located within the extracted stream, is consistent with changing resolution (Figure 5) although the level of detail for location of stream centerline decreases with decreasing resolution.

Figure 4 Stream network extracted at a series of decreasing resolutions revealing the stream structure at different scales and levels of detail. 

Figure 5. Section of stream network with a flat area at 10m, 25m and 50m resolution derived by r.watershed overlayed with field point data and vector stream network derived by  Rivertools at 10m resolution.

3.4 Computing the stream network for Chagres and entire Panama using r.terraflow

Computation of stream network by r.watershed at 10m resolution(3200x3600) produced very good results, but it took 12 hours. Computation for the entire Panama was unfeasible.

Laura please add here your method and results - 1 page is enough.we will be ariting a full, peer reviewed paper about this (we should get more field data soon)

If you can,  please compute flow accumulation at 10m resolution for el.chag_new DEM in a  Location: panamanew, DataBase: /usr4/grassdata, the raster is my mapset (helena). please use SFD and MFD and you can compare with the sites ucpoint and fieldsites to see how the data fit. (this DEM has been reprojected to fit the field data, so to compare we need to run r.terraflow again.

CONCLUSIONS


In spite of the impact of canopy on the DEM it was possible to derive stream networks consistent with the field data, probably due to significant  relief and relatively homogeneous vegetation cover. In steeper areas the results from different algorithms are practically the same, however, there are differences in depressions, flood plain and flat areas, where algorithms that do not perform filling and iterative linking provide better results.

Field data are needed for sound selection of threshold defining the stream origin 
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APPENDIX

coordinate system definition

Notes for the full paper:

Preliminary Title

Multiscale stream network analysis using IFSARE Digital Surface Model with forest canopy

quantitative assessment of accuracy: distance between the measured points and a stream, or how many points are within 10m, 50m and 100m buffer around the stream network. Discuss differences in applications for MDF, SFD. 

Laura,Lars based on these results and experiences from NC LIDAR stream enforcement basin filling is not very good for overcoming depressions in the data sets produced by modern mapping technologies (IFSARE, LIDAR) - these depressions are different from the simple pits produced by interpolation of DEMs from contours for which the first flow routing algorithms were designed.

add process-based flow routing

add more detailes about IFSARE

algorithms: SFD - filling+iterative linking

                              imposed gradients

                              AT(r.watershed)

                   D-infinite?

                   MFD

                   SIMWE

Discuss the merits of single cell stream network representation versus multicell floodplain (we have stream crossections to compare with field data)

Accuracy questions:

· which method extracts streams that include the most measured points within a 10m buffer

· - at which resolution the difs between methods disapear

· within how wide buffer 90% of all points are located for each method

