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PROJECT SUMMARY


Gully erosion of Quaternary alluvium and colluvium associated with cultural resource sites in Grand Canyon has been shown to have increased in the past few decades.  Research has recently been conducted by GCMRC to understand the effect of post-dam flows on this erosion and to predict site vulnerability to erosion.  This has raised three more-basic, interrelated questions that this proposed research addresses: 1) what is the most efficient way to accurately monitor this erosion and the Zuni checkdam mitigation measures; 2) what is the effectiveness of installed Zuni check dams; and 3) keeping in mind the goal of identifying other mitigation measures, how can we solidify our knowledge of the geomorphic conditions associated with gully erosion in this setting?  

This project will resolve the first question through comparison and testing of photogrammetric and LIDAR-produced (if provided by GCMRC) digital terrain models to more repeatable and precise total-station ground surveys of key localities.  Specifically, this research will determine whether these remotely sensed data have the precision to resolve the sub-meter-scale erosional features of interest, whether two successive collections of remotely sensed data can be accurately compared, and whether these methods can be used to check the integrity of checkdams as well as monitor erosional/depositional changes of gullies through time.  Following the methods and recommendations of a recent GCMRC photogrammetry study, this research will be able to test the limits of this method. 

Question two will be addressed by comparison of topographic data within this study and comparison to ground survey and photogrammetric data from previous GCMRC research at five localities.  The result will be an analysis of changing gully erosional/depositional patterns and their relation to Zuni checkdams over the course of up to five years (1996-2001).  In addition, field surveys of sites will include identification of piping features, channel-widening patterns, and other pertinent geomorphic observations related to the performance of the checkdams.

Though a full analysis to test and expand upon previous work regarding the causes of increased gully erosion in this setting is not possible given the scope of this study, an understanding of the geomorphic and hydrologic characteristics that encourage gullying at the localities is essential in order to improve mitigation efforts and understand site vulnerability to erosion.  This research is specifically designed to instate a monitoring and testing program at key sites towards this goal, partly by the inclusion of sites in Grand Canyon that do not have erosion problems.   Details of the research design, especially the identification of the exact set of study sites, will be resolved with the direct involvement of personnel from the archeology office of Grand Canyon National Park, who can provide first-hand knowledge of problem sites, stabilization techniques, and mitigation strategies during the planning, data collection, and data interpretation stages of this work.

PROJECT DESCRIPTION

Introduction/Justification


This project addresses the overall problem of how to manage gully erosion of cultural sites in Grand Canyon at three levels: testing options for monitoring erosion and mitigation efforts, analyzing the effectiveness of the checkdams over the length of record available, and providing a monitoring and research design that can contribute to solving the more fundamental questions of what processes and properties are involved in eroding sites. 

Grand Canyon is one of the classic erosional landscape of the world, and to some degree erosion of unconsolidated deposits along the canyon bottom is inevitable.  Yet the preservation of invaluable archeological sites and other cultural resources is in question because gully erosion of the sediment that forms the context of these sites has increased in the past few decades (Hereford et al., 1993; Thompson and Potochnik, 2000).  To date, the only erosion mitigation tool used has been Zuni checkdams (Fig 1), but their performance has not been formally evaluated, and recommendations of other possible mitigation efforts are needed.  This requires an effective monitoring strategy and a basic understanding of the geomorphic processes and conditions associated with this erosion. 

The use of available data from previous studies, along with further monitoring and coincident testing of remote-sensing methods, will be used to meet the goals of this project.  The accuracy and resolution attained in previous photogrammetric work in Grand Canyon was probably not high enough for the sub-meter scale erosional features and cm-scale erosional/depositional changes of interest here (O’Brien et al., 2000), but we believe it may be possible to attain the level needed by building upon this previous work and through the use of new aerial photography dedicated to this purpose.  If data is available from GCMRC, we will also test the relative merits of using LIDAR survey data for monitoring.  The performance of these remote sensing methods will be evaluated through comparison to ground survey data gathered as close to the same time as possible.  Also, the essential ability for each method to produce comparable data in successive surveys will be tested by performing two data collections that ideally will bracket a time period with significant precipitation/runoff events. 

Importance.  This research will provide answers and recommendations for the management and preservation of cultural resources along the river corridor of Grand Canyon. The techniques explored as a result of this work have potential to be used in resource management of other areas as well.  We also believe we can make more fundamental contributions to the fields of remote sensing and geomorphology.  With the data-collection resources of GCMRC and building upon the experience of recent research in Grand Canyon, we will be exploring the limits of these survey technologies for monitoring purposes.  Through establishing a monitoring and testing program at key localities, this research is an opportunity to contribute to the historic debates on the causes of gully erosion and the effect of base-level change on drainages, as well as improve our understanding of the geomorphic linkages between hillslopes and streams.  Finally, this proposed work has the added importance of involving and supporting graduate and undergraduate students at Utah State in their research education.  
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Figure 1.  Example of series of Zuni checkdams and channel coarsening measures near a cultural site in Grand Canyon.

Objectives

1) Investigate the utility of photogrammetry, and potentially LIDAR, for monitoring cultural sites and erosional features.  The accuracy, resolution, and comparability of repeat data collections using these methods will be tested by comparison of resultant digital-terrain models (DTMs) to those derived from total-station ground surveys.  We will establish how accurate the methods are, if they are able to effectively resolve the topographic features of interest, and, importantly, if they are able to accurately detect changes in those features through time.

2) Evaluate the effectiveness of checkdams. Through comparison of surveyed channel dimensions and thalweg longitudinal profiles associated with checkdams over a ~5-year time interval (contingent upon the availability of previous data), the effectiveness of checkdams at staying intact, trapping sediment, and stabilizing cultural sites through prevention of gully widening and knickpoint recession will be evaluated.

3) With the involvement of National Park archeologists (see related letter), instate a monitoring and testing program designed to contribute to future identification of geomorphic processes and properties associated with gully erosion of sites.  Though not within the scope of this study, ongoing comparison of properties and processes of eroding and non-eroding sites should clarify the geomorphic processes and conditions associated with erosion of sites and should result in recommendations of other ways to slow or prevent this erosion

Background

Gully erosion associated with cultural sites along the Colorado River corridor is occurring on a suite of Holocene stream terraces underlain by fine-grained alluvium.  This Holocene alluvial stratigraphy has been well defined by the work of Hereford et al. (1996) (Fig. 2).  Most cultural sites are found on what has been termed the “alluvium of Pueblo II age” and the “striped alluvium” (Hereford et al., 1996), which generally were not inundated by historic pre-dam flows of the Colorado River.  But gully erosion extends towards the mainstem Colorado River through younger alluvium inset into these prehistoric deposits, and the erosion and deposition of these lower-elevation mainstem flood deposits is very-well understood and still the subject of intense study (e.g. Schmidt and Graf, 1990; Rubin et al., 1990).  Some of the knickpoints headwardly eroding through the gullies in question are initiated along the scarps (risers) separating these different terrace levels (Thompson and Potochnik, 2000).  

Monitoring methods.  Detailed ground surveys have recently been conducted at two localities in eastern Grand Canyon to monitor gully erosion associated with cultural sites and to understand the effect of post-dam test floods on this erosion (Yeatts, 1996; Hazel et al., 2000).  Thompson and Potochnik (2000) conducted a study to test hypotheses that dam operations and/or climate variability may be causing the increased erosion of cultural sites, and they also proposed a numerical method of predicting site vulnerability to erosion.  In the process, they identified five different characteristic geomorphic settings for erosion of cultural sites in Grand Canyon, and used photogrammetry to produce detailed digital terrain models for one site in each of these settings.  Though the usefulness of conclusions from this prior research regarding the causes of increased erosion is controversial, they represent a valuable body of survey data from the past four to five years at key erosion sites.  Use of these previous data, if available, along with further monitoring of these same sites will be used to meet the goals of this project.  
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Figure 2. Holocene alluvial stratigraphy along the mainstem Colorado River corridor taken from Hereford et al. (1996).  Archeological sites are associated with the striped alluvium (sa) and alluvium of Pueblo II age (ap) units.  Gullying extends through all terrace deposits as overland flow finds its way to the Colorado River.


Monitoring of deposition and erosion of subaerial deposits along the Colorado River corridor in Grand Canyon has mostly been done through total-station ground surveys.  Though this method is highly accurate and precise, it is labor intensive and expensive for long-term, frequent monitoring of multiple sites.  The use of photogrammetry to produce digital orthoimages and terrain models for resource management is increasing  (Jensen, 1996).  Important research supported by GCMRC has recently been completed by researchers from USU and GEO/Graphics on the application of photogrammetric digital terrain models (DTMs) derived from large-scale historic aerial photography for estimating changes and volumes of sand bars in Grand Canyon (O’Brien et al., 2000).  These methods have been successfully used to measure topographic changes through time if the photographs are sufficiently detailed; it is, in fact, possible to obtain horizontal and vertical accuracies that are about the same as the image pixel size (Ridley et al., 1997).  O’Brien et al. (2000) used 1:3000 and 1:4800 scale photos scanned at 12 micron resolution such that one pixel was as small as 4 cm, but they achieved spatial errors in the location of ground points of 20-30 cm at best.  The accuracy and resolution attained in O’Brien et al’s (2000) study was probably not high enough for the sub-meter scale features and cm-scale changes of interest here, but they give specific recommendations on how to improve accuracy and resolution, and, starting where they left off, we believe it may be possible to attain the level needed.  Though it would be useful for studying the record of gullying at sites, O’Brien et al’s results indicate that historic aerial photographs will probably not be useful, but future monitoring is another story.  Specifically, the accuracy of this technology may be improved for the purposes of this monitoring effort through the use of improved ground control points (GCPs), black-and-white aerial photographs at larger spatial scales to increase resolution and improve ability to “see into” shadows, a combination of automatic surface extrapolation along with careful manual editing by an experienced technician that has been to the sites, and collection of ground survey and aerial photographs as close in time to each other as possible.     

GCMRC is presently working on developing light detection and ranging (LIDAR) survey technology along the Colorado River corridor.  Depending upon the spatial density of the data and the degree to which the position of the aircraft is known during data collection, it is possible that sub-meter resolution can be attained through this method.  If LIDAR products are available from GCMRC, the proposed research could include consideration of the relative accuracy of this method for monitoring purposes.  The essential test of either of these remote sensing methods is comparison to ground surveys, which this research will do.  More importantly, not only must the relative resolution and accuracy of each method be determined, but the repeatability of each method must be tested.  One of the main shortcomings of these remote sensing techniques is the ability to effectively compare data gathered from different flights because of inevitable perturbations in aircraft position, lighting, etc.  This research involves two data gathering efforts at two different times over the course of a hydrologic year in order to test this. 

Geomorphological factors and mitigation strategies.  A source of confusion in the study of gully erosion is the differing time and space scales between larger-scale arroyo cutting and filling and smaller-scale gullying on hillslopes.  The processes involved at these different scales are distinct, and the size and gradient of the features in question are an order of magnitude different.  Larger-scale arroyo cutting in the Southwest has been the subject of one the best-known debates in both geomorphology and geoarcheology (e.g. Antevs, 1952; Cooke and Reeves, 1976; Hereford, 1993; Pederson, 2000).  The causes of such cyclic erosion, channel widening, and alluviation have been attributed to a series of natural and human-induced external forcing factors, but has also been shown in cases to be an internally driven complex response of semi-arid drainages—in essence, the normal functioning of ephemeral streams that are eroding through time (Schumm and Hadley, 1957; Patton and Schumm, 1981).  Smaller-scale hillslope rilling and gullying typically results from either Hortonian overland flow (infiltration-excess overland flow) reaching a critical shear stress threshold of flow thickness, velocity, and gradient or from piping and seepage pressure associated with subsurface flow issuing from the ground.  The gullies in Grand Canyon associated with cultural sites are relatively small in scale (Figs. 1 and 3), and in all but a few cases are related to small hillslope catchments rather than larger ephemeral stream systems (Thompson and Potochnik, 2000; Pederson, personal observations).  Thus it is important to think of this gullying in terms of hillslope geomorphology, where the most important factors should be infiltration capacity of the catchment relative to precipitation intensity and slope or catchment length.  

Thompson and Potochnik’s (2000) equations for calculating cultural site vulnerability involve these factors, but also include many other inputs in an attempt to capture all potential contributing factors at these highly variable sites.  For example, they hypothesize that infilling of gullies by eolian deposits is important for decreasing erosion rates.  To clarify and build upon this previous work, this research will instigate a monitoring program that includes pertinent geomorphological observations for understanding both eroding sites and neighboring sites with similar catchments that do not suffer from gullying as identified with the involvement of National Park archeologists.  Also, the complete digital terrain models produced from this research will
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Figure 3.  Example of knickpoint and insipient gully developed into Holocene terrace deposit in Grand Canyon.  Piping and seepage erosion is responsible for the undercut knickpoint.  The darker drape of mud extending from the terrace top down the scarp is an indication that overland flow is also a factor here.

enable morphometric analyses of catchments, something specifically recommended by Thompson and Potochnik (2000).  Continued research utilizing such comparisons and catchment data should reveal the essential properties that make eroding sites vulnerable, resulting in future recommendations for other ways to reduce and/or prevent gullying.

Checkdams are used in engineering primarily to reduce sediment delivery to downstream areas by trapping sediment in the channel.  The distance this deposition will extend upstream through regrading has been shown to be minimal in fine-grained ephemeral channels (Leopold and Bull, 1979), and because gullying is essentially caused by the combination of water from upslope running over steep gradients, checkdams cannot be expected to significantly reduce upslope rates of knickpoint recession and gullying unless they actually bury the knickpoint with trapped sediment.  Checkdams, once full, can also cause running water to divert laterally, widening the gully and ultimately exacerbating headward erosion.  

Methods

General research design.  The effectiveness of installed checkdams will be evaluated by comparison of monitoring data from this study and previous ground surveys at the same localities.  Our criteria for “being effective” are: 1) whether checkdams remain competent and in place; 2) if they trap and store sediment; and 3) if channel widening and knickpoint recession do not happen during runoff events.  Rather than come up with entirely new study sites, results will be enhanced by utilizing knowledge and data already collected at sites surveyed by Yeatts (1996), Thompson and Potochnik (2000), and Hazel et al. (2000).  These researchers studied a total of five different localities that were chosen to represent the range of different geomorphic settings in which gully erosion of cultural sites occurs and checkdams have been emplaced (Thompson and Potochnik, 2000).  In addition to these five localities, up to five other localities will be added to the monitoring program of this research.  These additional sites will have one of two purposes: to serve as control sites that do not have significant gully erosion despite having significant catchment areas, and to include in the monitoring program checkdam sites that may be of particular concern to National Park archeologists.  We do not propose to monitor and do comparative tests on all 29 checkdam sites, but rather on a thoughtfully identified sample of these that are representative of geomorphic, hydrologic, and archeological conditions.  For both management and scientific reasons, National Park archeologists will be directly involved in all stages of research (see associated letter).  Their extensive knowledge of specific erosion problems and management and stabilization issues will be especially important for site selection, minimizing the impact of data collection itself on cultural sites, and for making recommendations resultant from this research.  It is important that surveys of each study site include the full length of gullying, including incision through historic pre-dam and post-dam alluvium in order to track knickpoints that may initiate at these lower localities as well as the potential effects of gully inundation and infilling from any flooding or eolian activity over the course of monitoring.  Likewise, aerial photography used to produce photogrammetric terrain models must include the full upslope area of gully catchments for future characterization.

The three potential topographic data sets (ground survey, photogrammetry, LIDAR) must be collected as close in time to each other as possible to assure that changes related to hydrologic or other events do not distinguish one data set from another.  Data will be collected at two different times of the year in order to establish whether monitoring results are comparable between surveys and test if pertinent topographic changes are resolvable.  Significant runoff in northern Arizona is typically segregated into a late summer/early fall monsoon season and a winter frontal storm season.  A complete annual hydrologic cycle resolving each of these periods cannot be covered with only two data collection trips, yet by collecting one series of data before and one after one of these wet seasons, we hope to capture changes resulting from significant precipitation/runoff events during the course of this research.  Although only about half of the study areas total precipitation is received during the southwest monsoon (Davis, 1994), the importance of relatively intense monsoonal thunderstorm events in hydrologic and erosional activity in Grand Canyon is well established (e.g. Webb et al., 1989).  Thus we prefer to bracket specifically the summer monsoon with data collection efforts if possible.  

Remote sensing and survey.  For photogrammetry, high-resolution scanned aerial photograph stereo pairs will be used to create DTMs using ERDAS Imagine and OrthoMAX software closely following the methods and recommendations described in O’Brien et al. (2000).  This exercise first hinges upon creating high-quality ground control points (GCPs) placed within the entire map area through total-station surveying.  It is important that the technician doing the photogrammetry be on site to help establish and identify these GCPs, and photographs taken in the field of the exact points will aid in locating these points in the office.  GCPs are ideally marked by permanent visual targets specially designed for this purpose, but for Grand Canyon research we anticipate arriving at a creative solution to avoid large and inconvenient visual targets while improving upon imprecise and difficult-to-identify natural features.  

The scale of the aerial photography must be maximized to obtain the resolution necessary for our purposes.  Previous aerial photography along the river corridor in Grand Canyon has been done at scales as large as 1:3000 (in 1984), and O’Brien et al. (2000) recommend the use of scales as large as 1:1600.  The scale of photography is limited by restrictions on how low flights can be along the river corridor, and the exact scale of photographs used in this study will be decided with the consultation of GCMRC and the National Park.  Each site will need to be covered by at least three overlapping aerial images, and the zones of overlap between these images will need to be the areas with concentrations of GCPs.  For the purposes of this study, resolution of images, not spectral characteristics, is of utmost importance, and so film photography is requested because of the limited resolution of digital cameras and their relatively poor treatment of shadows in high-contrast shots.  It is our experience that scanned diapositives from black-and-white film could provide a pixel resolution of ~4 cm (O’Brien et al., 2000), and is less expensive to scan and make smaller digital files than color/IR images.

Film diapositives of black-and-white photo stereo pairs will be scanned at a resolution of 12 microns, and, using ERDAS Imagine software, images will be registered to established GCPs and then geometrically rectified.  In addition to GCPs, tie points for each stereo pair will be identified by the technician to more-precisely tie the two stereo pair photographs together.  Once digital stereo images are made, software will interpret elevations along a grid with spacing similar to the pixel size of the images by an automated process that can then be edited manually.  This automated determination was actually found to be more accurate than the manual process by O’Brien et al (2000).  Auto-collection parameters that eliminate abrupt changes in surfaces causes by vegetation will used, and it will therefore be necessary to manually edit the grid to take care of anomalies and irregularities caused by vegetation and other surface influences.  This edited grid will then be used to generate a triangulated irregular network (TIN) in OrthoMAX software and these will be exported to ArcInfo and ArcView for analysis and cartography as grids.
Depending upon the availability of such products from GCMRC researchers, LIDAR-produced digital terrain models will be included in the comparison of monitoring results.  Because of its development for other uses, it may not be possible to coordinate LIDAR data collection to match the timing of air photo and ground survey data collection for this research.  Furthermore, it is not within the scope of this research to filter and weed to produce a “bare-earth” terrain model, so inclusion of this remote-sensing method is contingent upon the ability of GCMRC to provide such complete data.

Total-station ground surveys will follow methods employed by previous GCMRC researchers (Yeatts, 1996; Hazel et al., 2000) for capturing terrain features by high density data collection and defining slope breaks, channel cross sections, and thalweg longitudinal profiles to characterize gullies and checkdams.  Ground survey methods are not necessarily high impact and care will be taken to prevent gully wall failure and disturbance around cultural sites.  Field accuracy will be maintained through use of known reference points in the Arizona State Plane Coordinate System.  Ground survey data will be used to create a TIN coverage from which DTMs and contour maps can be derived.  

Accuracy of DTMs from remote sensing techniques will be tested by comparing elevations for specific points of interest associated with checkdams and gullies to the ground surveys of those points, and also the general elevation agreement for the entire model will be evaluated at a 10 cm threshold.  Survey data from all methods and all maps produced will be georeferenced according to GCMRC standards, and final map products will be in ArcView format.  DTMs and data used for cross sections will be made available in ascii data files or other common formats according to GCMRC standards.


During the two ground surveys, basic geomorphic data will be collected and photographs from repeatable locations of checkdam and gully features will be taken to track any changes coincident with hydrologic events or other disturbances.  Data collected will include observations of piping and overland flow features, integrity of checkdams, eolian versus overland-flow deposition and erosion, and effects of bed coarsening in areas where debris has been added to gullies.  In addition, the scope of graduate student research associated with this project (part of which would extend beyond the timeframe of this proposal) may include efforts to clarifying the conditions and processes involved in gully erosion.  This may include measurements of infiltration capacity, mapping of catchments not already mapped by previous workers in order to record the relative importance of bedrock, coarse-grained, and fine-grained deposits in infiltration and runoff, conducting vegetation surveys along transects, and morphometric analyses of catchments.

Facilities/Equipment


The geomorphology and remote sensing/GIS laboratories at Utah State are equipped with state-of-the-art field, laboratory, and computational tools.  The remote sensing/GIS group at USU maintains several labs with both UNIX and PC-based workstations, digitizers, and plotters, and has site licenses for ESRI and ERDAS software.

GEO/Graphics, Inc. likewise has a series of Sun UNIX workstations and PC workstations linked through an Ethernet LAN and backed up with optical and tape drives.  They also have licenses for ESRI and ERDAS software and various graphics packages.

Logistics/Study Areas

We request two river trips and two coincident aerial photography overflights over the course of this research.  The first river trip will probably need to be over two weeks long (assuming a motorized trip) in order to set up GCPs and do basic data collection at new localities.  Once these are established, the second river trip may be shorter.  We request that GCMRC provide total station ground-survey services for both research river trips, but we will supply at least one rodman for the collection of these data.  Delivery of DTM products from surveys within 45 days after data collection will be necessary in order to keep our research schedule and meet deadlines.  Also, if possible, LIDAR overflights and digital final products for study sites derived from LIDAR data are requested, but the success of this research is not dependent upon these data.


Individual study sites subject to ground survey and field work may range up to a maximum of ~100 x 150 meters in size (Palisades site), but areas to be modeled from aerial photogrammetry will be larger than ground studies in most cases in order to encompass entire catchments associated with gullies.  Specific study areas that will be revisited from previous work include the Palisades and “Furnace Flats” localities of Yeatts (1996), Hazel et al. (2000), and Thompson and Potochnik (2000) (each of which have two large gullies, and the gullies at the Palisades site have checkdams emplaced).  Three additional sites studied in Thompson and Potochnik (2000) will be included.  They are at lower Nankoweap, lower Tanner, and 122-mile Canyon.  As stated above, the five additional sites will be decided upon with direct involvement of archeologists from Grand Canyon National Park.  They may include such places as Axehandle Cove, Soap Creek, Little Nankoweap, Arroyo Grande, and Granite Park that are of sites of concern to park archeologists, as well as catchments near middle Nankoweap and the Palisades-Unkar reach, for example, that do not have erosion problems.

Products

Hardcopy and digital versions of:

1. Site topographic maps from both sets of surveys in ArcView format

2. Comparative cross sections and long profiles of gullies

3. Georeferenced digital terrain models from photogrammetry and ground surveys

4. Tables of site observational data

5. Photographic images of checkdams, key localities, and control points from the two ground 

surveys

6. A final agency report including all of the above, a version of which will also eventually 

appear as a MS thesis from USU and hopefully in a peer-reviewed journal

ADDITIONAL INFORMATION
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ADDENDUM, May 2003

The larger project, based in Grand Canyon National Park, has three goals: 1) investigate the utility of photogrammetry (a remote-sensing technique) for monitoring the gully erosion of cultural sites; 2) evaluate the effectiveness of checkdams at staying intact, trapping sediment, and stabilizing cultural sites; and 3) identify geomorphic processes and properties associated with gully erosion of sites.

In order to accomplish the third goal above, we propose an ancillary study of a set of three gullies near Lees Ferry, Arizona—a location that can be conveniently accessed by vehicle several times a year.  We plan to collect data quantifying the relation between rainstorms of measured intensity and duration to the amount of gully erosion those storms produce through runoff.  Understanding the exact relation between rainstorms and the erosion they cause is essential for predicting erosion and damage of cultural sites, and will directly benefit those who manage cultural resources.

These gullies are analogous to those in the Grand Canyon study areas in their setting, landscape position, size, and geomorphic processes.  Study site is near Lees Ferry, AZ, at the downstream end of the sand bar at river right below Paria Riffle.  This set of study gullies encompass and area less than 500 m^2 where hillslopes meet the sand bar ~300 m south of the campground near Johnson Mesa.

Research at the Lees Ferry site will involve a) topographic surveys conducted with a total station and hand measurement of gully profiles to document erosion, and b) installation of an eight-inch diameter, 12-inch tall, cyclindrical tipping bucket rain gauge and data logger.  The first exercise has little or no impact on the site, the rain gauge sits directly on the ground, is white or dull silver in color, and can be placed in a hidden spot near the gullies.

Duration of study is proposed to span three late summer, early fall monsoon seasons in order to encompass a statistically significant number of individual storm-erosion events.
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