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Executive Summary
Following the conclusion of the Water Resources Board Docket in 2004, the Vermont Agency of Natural Resources (VTANR) contracted with the University of Vermont (UVM) to develop a protocol that could be used to objectively identify targets for stormwater reductions and locations for priority permit action. The purpose of this previous effort was to provide information to support the development of Total Maximum Daily Load (TMDL) allocations for streams listed as impaired by stormwater in Vermont’s Section 303.d reports to the US Environmental Protection Agency. Although long-term streamflow records exist for some of Vermont’s larger rivers, few records existed for the small streams that are typically impacted by urban, suburban, and some recreational (e.g. ski community) developments. Therefore, the earlier analysis of flow done to support the TMDL development was based on data synthesized from a simple watershed hydrologic model rather than field data. 

Recognizing that field-measured data would be essential for future analyses and permit considerations, VTANR contracted with Heindel and Noyes to collect rainfall and runoff data for the stormwater-impaired streams in Vermont during the 2005 field season. In 2006, VTANR contracted with the UVM to continue this data collection and expand the effort to include a set of comparable attainment watersheds. 

The specific objectives of the UVM project were to develop a baseline record of rainfall and streamflow for small urban streams in stormwater-impaired and attainment watersheds throughout the state for use in current and future management, permitting, and research efforts. This report presents the results of rainfall and runoff measurements from June 2006 to January 2007 (year 1), April 2007 to December 2007 (year 2), and April 2008 to December 2008 (year 3) in 26 small watersheds distributed throughout Vermont. VTANR has listed portions of the streams in 16 of these watersheds as impaired due to the effects of stormwater runoff (Clean Water Act Section 303.d). The other 10 watersheds have streams that currently meet state biological monitoring standards and so are not currently identified as impaired. 
We intentionally used simple and relatively inexpensive devices to measure rainfall and stream stage at the monitoring sites and employed “open-channel” gauging methods to determine streamflow or discharge.  Given the large number of sites monitored it would have been prohibitively expensive to install permanent gauging sites (e.g. concrete weirs or flumes) with more expensive monitoring equipment. For the duration of this project we employed a simple tipping bucket style rain gauge and capacitance probe type stage monitoring device. Rating curves for each site were developed each year using standard USGS stream profiling methods, to relate continuously monitored stage to calculated streamflow. 
The limitations of the equipment and the open-channel stream gauging method should be acknowledged. Minimally protected equipment such as this is subject to a variety of abuses (natural and human, i.e. vandalism) that result in unavoidable intermittent failures.  In addition, open-channel monitoring is inherently more variable than controlled-cross section (i.e. weir or flume) monitoring.  Nevertheless, over the three years of this project we were able to obtain reliable rainfall records for 95.6% of the monitored period and reliable stream flow records for 95.4% of the monitored period. 
The same rainfall monitoring locations were utilized for most of the sites over the duration of this project period.  Rainfall monitoring stations were usually established in close proximity to streamflow gauging stations largely for practical logistical reasons.  Thus, the rainfall data may or may not accurately reflect the actual rainfall within the related watershed, due to natural variations in rainfall intensity over time and space. This should be less of a problem for the small watersheds monitored here than it might be for much larger watersheds. If the need arises in future analyses, suites of precipitation gauges could be used to provide spatially interpolated values of rainfall for particular areas. 

The stream monitoring stations established in the 2006 season were re-established in 2007 with the exception of the Centennial and Alder Brook stations.  Due to a substantial increase in beaver activity in both watersheds, new gauging stations were established upstream of the original sites. The Centennial Brook station was re-located within UVM owned Centennial Woods and a second Alder Brook station was established approximately 300 meters upstream of the initial location (see maps on digital archive). In 2007 additional gauging sites were established at both Sunderland and Indian Brooks. Large amounts of sediment deposition were problematic at Sunderland Brook. In an attempt to resolve this issue we established a second gauging location downstream of the original. Unfortunately, sedimentation was equally problematic at the second site. Data from the second Sunderland Brook gauge is available upon request. Sunderland Brook is also greatly affected by beaver activity which limited our ability to find suitable gauging sites. A second site was also established for Indian Brook in 2007 due to concern over the original gauging site. The original site is located in a deep pool on the downstream side of the culvert under Susie Wilson Road. A second gauging location and cross-section were established downstream in riffles. Data recorded at the second site during 2007 are presented in this report. In the 2008 monitoring season the gauging locations used in 2007 were re-established. However, the second site at Sunderland Brook was not re-established due to continued sedimentation issues. 
Although we have re-established monitoring stations in the same location for 24 of the 26 watersheds included in this study, we did not assume that rating curves would be the same and developed new rating curves for all 26 watersheds during all three field seasons. Rating curves were developed using the same cross-sections utilized in 2006, except in Centennial and Alder Brooks and for the second gauging station located on Indian Brook.  

Results from monitoring efforts in all three seasons share some similarities, but differ in other important respects.  In general, the total rainfall in each year and at each station did not differ greatly.  However, the distribution of rainfall over space (i.e. among stations) and over time (i.e., within years and among years) differed substantially (but not significantly) and strongly affected stream flow characteristics.  The 2006 season was our first and so we had few data to guide our expectations other than the previous (2005) Heindel and Noyes data and limited rainfall (e.g. Burlington Airport) and streamflow (e.g. Englesby Brook) data. In comparison to the 2006 monitoring season the 2007 monitoring season was relatively dry throughout the summer months with only a few large storm events between June and September. Thus, although there were no significant differences in rainfall totals among the years, runoff was significantly lower in 2007 than in 2006 or 2008. There was a slight increase in precipitation during the fall of 2007 relative to the summer months; however, the majority of the precipitation was limited to large events. In 2008, rainfall totals were similar to those recorded in previous years but the frequency of events was notably higher. During the months of May through August of 2008, we experienced multiple events per week averaging approximately ½ inch per event. During the fall of 2008 the frequency of storm events decreased substantially and it became relatively dry compared to earlier in the monitoring season. In summary, 2006 and 2008 were “wetter” years when compared with 2007. This is probably due to a higher frequency of storm events in 2006 and 2008 than in 2007.  
Despite the inherent problems noted above in this type of monitoring initiative, there are a number of important high-level observations that can be reported about this data set. First, as should be expected, natural and man-made impoundments (beaver, reservoirs or BMPs) strongly affect the temporal runoff characteristics of watersheds, typically lengthening the flow response time (lag to peak and return to baseflow).  Beaver are very active in these streams, even in impaired urban and suburban streams.  As their impacts are somewhat ephemeral, the impacts on flow can change from year to year.  Second, we noted that there was good agreement between the streamflow rates that we measured in this project and those measured by the USGS at four stations in which these comparisons could be made.  While the agreement was very good (r2 values > 0.96) the relationship was often not 1:1, suggesting that there was a regular bias (sometimes over and sometimes under) between our flow estimates and those made by USGS.  Most importantly, we found that the average cumulative runoff from impaired watersheds was significantly greater than from attainment watersheds. These results depended on the nature of the water year.  Runoff was greater from the impaired watersheds in the “wetter” 2006 and 2008 seasons and was indistinguishable from the attainment watersheds in the somewhat “drier” 2007 season. 
In summary, we think that the approach we employed can be used to reliably estimate the hydrologic behavior of stormwater-impaired and attainment watersheds.  We think the reported rainfall (timing and volume) is a reasonable representation of precipitation characteristics during the monitored periods.  We think the reported streamflow is a reasonable representation of the runoff dynamics (timing and responsiveness) of the watersheds.  However, the total volumes of stormflow runoff may inaccurately estimate the highest flow events, where we were least able to obtain validated flow data for rating curves.  Thus, we recommend against putting great weight on the absolute peak flow rates.  It is likely that our estimated peak flows underestimate true peak flows and are therefore conservative.  If our peak flows are underestimated, then our calculated cumulative flow volumes might be low by an unknown amount.   We think this latter bias is small because base flow volumes tend to affect total cumulative flow in these watersheds more than peak flow volumes. This latter bias might affect impaired watersheds slightly more than attainment watersheds.  However, we think this comparative bias is likely to be small because large storm events that generate high stormflow tend to affect attainment, as well as impaired watersheds; i.e. both watershed types generate high stormflows in large storm events.      
After three years of operating this monitoring initiative we have several recommendations. First, we recommend replacing the capacitance probe stage recorders with more widely-used and easily sourced pressure transducers. At the time we started this project the capacitance probes (manufactured only in New Zealand) were relatively inexpensive and we thought they would perform well in our application. Recently pressure transducers (which are available from several US distributors) have become more competitively priced and we have found the capacitance probes to be less robust than we had hoped. Second, we recommend that permanent cross-sections should be established above and below the stream gauging stations to monitor geomorphic changes in the streams, which would affect the annual rating curves. This is essential for streams such as Morehouse Brook, where change in the unstable channel is inevitable. This recommendation could probably be accommodated with only modest additional effort.  Ideally permanent flumes should be installed in theses streams to guarantee a known cross-section. The cost to install these permanent fixtures is high, but if the state intends to collect long-term data at these sites the cost might be warranted. Third, we recommend that it would be useful to use conservative tracer dilution gauging to measure high flow events.  High flow events can not be measured safely by the standard profiling technique, which requires a field technician to wade the stream width. At high flow this is unsafe or impossible. Tracer dilution gauging methods provide a means to calculate discharge under high flow conditions. This would allow us to extend our rating curves to more realistically cover the actual flow range, to near peak flow rates. This recommendation would require some additional funding for equipment and for personnel time to run the field tests and analyze the samples and data collected.  
Introduction

A key conclusion from the Vermont Water Resources Board Stormwater Docket (VTWRB 2004) was that stream flow data alone might be used to target actions to reduce stormwater pollution.  This finding was based on input from the Stormwater Advisory Group (SWAG) a broadly-based stakeholder group who were charged by the VTWRB to consider the scientific basis for stormwater management in Vermont.  Based on the VTWRB decision, the Vermont Agency of Natural Resources (VTANR) analyzed stormwater runoff from watersheds that contained stormwater-impaired streams (VTANR 2004a) as well as a group of developed watersheds that contain streams that continue to attain the state’s bioassessment standards (VTANR 2004b) and so are not deemed to be impaired according to these criteria (so called “attainment” streams).  Runoff from both types of watersheds was assessed using synthetic stream flow values produced using the P8 model (TetraTech 2005). Although the model has been partially validated using stream flow data from selected streams in the Vermont and New York area, the lack of historic data for the specific streams that VTANR has identified as impaired by stormwater presents a serious challenge to validate any hydrologic model or to select hydrologic targets. In addition, VTANR realized that without “benchmark” data providing a basis for comparison, future monitoring efforts to assess the effectiveness of mitigation efforts would be difficult. Thus, beginning in 2005 VTANR sought to address the lack of data by contracting first with a Vermont-based consultant (Heindel and Noyes 2006) to measure precipitation and stream flow in the impaired watersheds only. In 2006 VTANR contracted with the University of Vermont (UVM) to monitor precipitation and stream flow in stormwater-impaired and attainment streams. The intended purpose of these data was to validate hydrologic models used to develop hydrologic targets in the TMDL process and to aid in future adaptive management efforts. The specific objective of this project was to collect precipitation and stream flow records for stormwater-impaired and attainment watersheds in Vermont during spring, summer, and fall for use in current and future management, permitting, policy and research efforts.
Methods
Site Selection 

A total of 26 watersheds were included in this study (Figure 1). We included most of the watersheds with reaches listed as impaired by stormwater in the “303.d” list prepared biennially by VTANR for the U.S. Environmental Protection Agency (USEPA) (VTDEC 2004a). This included all impaired sites previously monitored by Heindel and Noyes (Heindel and Noyes 2006), with the exception of the Deerfield River. 
Comparable attainment sites were added following specific requests and discussions with VTANR.  The reason to include attainment sites in this study was to provide essential comparisons to stormwater-impaired streams. The consensus conclusion from the SWAG was that the term “reference stream” carried a connotation of “pristine condition” that was an impossible standard of restoration to achieve.  The term “attainment stream” was suggested by the SWAG to connote streams that drain watersheds that are developed in some way but still attain the Vermont bioassessment standards (VTANR 2004b). The intention of measuring both streams types was to be able to quantify the hydrologic conditions under which previously-impaired streams might achieve a hydrologic regime that is undistinguishable from “attainment” streams and so might be considered to be on a path to recovery toward the desired bioassessment criteria. The selection of attainment streams and initial comparisons between impaired and attainment streams are discussed further by Foley and Bowden (2005 and 2006).  Briefly, attainment streams were selected to match impaired watersheds on the basis of watershed characteristics like size, land use, land cover, geography, soil type, and watershed slope. 
The locations of individual stream gauging and precipitation stations are identified on USGS base maps and orthorectified aerial photographs for each watershed, in a Digital Archive (see Methods, below). Table 1 presents details regarding the geographic location of the included watersheds with GPS coordinates for the established gauging stations. 
Figure 1. Watersheds included in 2006-2008 Flow Monitoring Project
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Table 1.  Details of watersheds included in 2006-2008 Flow Monitoring Project. For Status, A=attainment stream and I=impaired stream.

	Stream
	Status
	Town
	County
	Latitude
	Longitude

	Alder 
	A
	Essex 
	Chittenden 
	N 44° 28.838' 
	W 73° 04.026' 

	Allen 
	A
	Williston 
	Chittenden 
	N 44° 26.623' 
	W 73° 05.137' 

	Allen 
	I
	Williston 
	Chittenden 
	N 44° 27.830' 
	W 73° 07.037' 

	Bartlett 
	I
	S. Burlington 
	Chittenden 
	N 44° 25.588' 
	W 73° 12.907' 

	Bump School 
	A
	Benson 
	Rutland 
	N 43° 41.479' 
	W 73° 16.140'' 

	Centennial 
	I
	Burlington 
	Chittenden 
	N 44° 29.106' 
	W 73° 11.034' 

	Clay Brook 
	I
	Warren 
	Washington 
	N 44° 08.045' 
	W 72° 53.512' 

	Englesby 
	I
	S. Burlington 
	Chittenden 
	N 44° 27.862' 
	W 73° 11.922' 

	Indian 
	I
	Essex 
	Chittenden 
	N 44° 30.146' 
	W 73° 07.734' 

	LaPlatte 
	A
	Hinesburg 
	Chittenden 
	N 44° 18.293' 
	W 73° 05.412' 

	Little Otter Cr 
	A
	New Haven 
	Addison 
	N 44° 09.365' 
	W 73° 09.509' 

	Milton Pd Tributary
	A
	Milton 
	Chittenden 
	N 44° 37.940' 
	W 73° 05.936' 

	Moon 
	I
	Rutland City 
	Rutland 
	N 43° 35.672' 
	W 72° 58.884' 

	Morehouse 
	I
	Winooski 
	Chittenden 
	N 44° 29.945' 
	W 73° 11.9581' 

	Munroe 
	I
	Shelburne 
	Chittenden 
	N 44° 24.427' 
	W 73° 13.097' 

	Potash 
	I
	S. Burlington 
	Chittenden 
	N 44° 26.646' 
	W 73° 12.870' 

	Rice 
	I
	Warren 
	Washington 
	N 44° 08.204' 
	W 72° 52.753' 

	Roaring (E.Branch) 
	I
	Killington 
	Rutland 
	N 43° 38.037 
	W 72° 47.209' 

	Roaring (N.Branch) 
	A
	Killington 
	Rutland 
	N 43° 37.876' 
	W 72° 47.803' 

	Rugg 
	I
	St. Albans 
	Franklin 
	N 44° 47.893' 
	W 73° 05.500' 

	Sand Hill 
	A
	Essex 
	Chittenden 
	N 44° 28.728' 
	W 73° 02.931' 

	Sheldon Spring 
	A
	Sheldon 
	Franklin 
	N 44° 54.368' 
	W 72° 58.689' 

	Stevens 
	I
	St. Albans 
	Franklin 
	N 44° 48.775' 
	W 73° 05.414' 

	Sunderland 
	I
	Essex 
	Chittenden 
	N 44° 31.325’ 
	W 73° 10.349’ 

	Tenney 
	A
	Rutland City 
	Rutland 
	N 43° 37.257' 
	W 72° 58.536 

	Youngman 
	A
	Swanton 
	Franklin 
	N 44° 57.350' 
	W 73° 06.391' 


Work Performed 

UVM established streamflow gauging and precipitation monitoring stations at 25 of the 26 watersheds included in this study. Streamflow gauging at the Englesby Brook watershed (an impaired watershed) was performed separately by the United States Geological Survey (USGS). 

Precipitation measurements for all of the 26 watersheds included in this report were performed with tipping bucket precipitation gauges and capacitance probe stage loggers. Discharge profiling was also completed at each site to create discharge rating curves to translate continuously recorded stage height to continuous stream flow. The following sections provide details about the equipment and procedures used.  
Rain Gauges 

Tipping bucket precipitation gauges (RainWise, Inc., Bar Harbor, ME) outfitted with HOBO® digital pulse data loggers (Onset Inc., Bourne, MA) were installed within each watershed on a simple mounting platform affixed to a pressure treated fencepost (Figure 2). The nominal tip volume for these units is equivalent to 0.01 inches of precipitation. The locations of the rain gauges were selected based on landowner permission, proximity to the respective streamflow gauging stations, and a criterion of a minimum 45° angle of unobstructed space in all directions above the tipping bucket to ensure unobstructed collection of precipitation. Precipitation was recorded as number of tips per 5 minute interval. Data was downloaded from the gauges using a HOBO® Shuttle, which served as a vehicle to transport data from the field to the lab computer where it was uploaded using BoxCar software also from Onset, Inc. Precipitation data in this report are presented in inches per day but can be reproduced to any time step down to the minimum 5 min recording interval. 

Figure 2.  Hobo® recording tipping bucket precipitation gauge installed in the Roaring Brook watershed in Killington, VT.
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Stream Gauges 

Trutrack® capacitance stage sensors and dataloggers (Intech Intruments Ltd., Riccarton, Christchurch, New Zealand) were installed in each watershed affixed to 7 foot metal fence stakes with duct tape and nylon rope and secured to a nearby tree with nylon rope (Figure 3). The TruTrack® dataloggers were set to monitor stage (mm), air temperature, and water temperature at 5 minute intervals. The dataloggers were downloaded approximately every 2 weeks with a Palm Tungsten E2 (Palm, Inc., Sunnyvale, CA) PDA and OmniDT (Intech Instruments Ltd., New Zealand) data management software. Data were stored by the program using the logger’s serial number accompanied by the trip number (number of times the logger was downloaded). Once uploaded to the lab computer, recorded data were exported from OmniLog to Microsoft Excel® (Redmond, WA) and saved for further analysis in SPSS (SPSS Inc., Chicago, IL). The statistical software program, SPSS, was used to merge all downloaded data for each stream individually, to calculate discharge (see below), and to convert these data to the desired unit of measurement. In this report, area-specific discharge is presented in cubic feet per second per square mile (ft3/sec/mi2). 

Figure 3.  Trutrak® capacitance stage sensor and datalogger installed in the Allen Brook watershed at the attainment station in Williston, VT.
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Velocity-Area Profile Measurements

Rating curves were established for each of the streams included in this study following the USGS method for discharge profiling (USGS). The locations of discharge measurements established for this study were chosen and flagged for easy identification. Locations selected for discharge cross-sections were relatively uniform reaches without angular flow. The spacing of measurement intervals was determined based on the total width of the cross-section from bank to bank to ensure a minimum of 20 measurements with no sub-sections containing more than 10% of the total discharge. Velocity measurements were taken using a Marsh-McBirney Flow Mate 2000 flow meter (Marsh-McBirney, Fredrick, MD) at 60% depth. Discharge estimates were related to TruTrack stage height recordings at the date and time the discharge profile was taken, to produce a rating curve for each stream. Discharge profiles were taken on most days that the TruTrack and HOBO units were downloaded and serviced. Special trips were organized to obtain discharge estimates under unusual high flow conditions. In most cases we obtained at least 7 discharge estimates for each stream in 2006 and between 10 and 20 discharge estimates during the 2007 and 2008 seasons. We used SigmaPlot (Systat Software, Inc, San Jose, CA) to plot all of the data in this report, including the rating curves. In most cases an exponential equation provided the best fit between discharge and stage and in most cases the fits were good (r2 > 0.96). It should be noted that SigmaPlot solves the best fit equation to the data using algorithms that differ from those used by Microsoft Excel. Microsoft Excel uses a retransformation of the log-linear relationship between stage and discharge.  SigmaPlot uses a numerical algorithm to identify the best fit by an iterative process. The fit provided by SigmaPlot usually provided a higher R2. Stage values recorded in 5 min intervals were converted to discharge values by inserting the stage value into the rating curve and solving for discharge.
.
Data Analysis

Rating Curves and Stage Adjustments

Rating curves we created using standard USGS profiling methods for measuring streamflow and were initially created using stage height measurements recorded by the TruTrack loggers. However, as we investigated the 2006 data further we found unexpected discrepancies that caused us to completely revise the methods and criteria we used to develop the rating curve and the way in which the rating curve was applied to the raw stage data to calculate discharge.  

Briefly, we recorded a manual stage measurement when completing each manual velocity profile to calculate discharge as part of the process for developing site specific rating curves for each station. Typically, these manually recorded measurements of stage (SM) closely matched the stage measurements recorded simultaneously by our TruTrack stage recording devices (SR).  In our initial protocol, we decided to use the reported TruTrack SR values as the best estimate of stage for the purposes of building the rating curve. We reasoned that the discharge record would be derived from the TruTrack values as well and that the rating curve basis and the data record basis should match.  By this reasoning the manual measurements (SM) were simply ancillary information. 
A closer look at the 2006 data revealed that there was a poor relationship between the SR and SM values at some stations (e.g., Morehouse Brook in 2006). There are several reasons why such discrepancies occur, including differences between the TruTrack base datum and the true elevation (an additive error), mis-calibration of the TruTrack (a proportional error), and simple random error. After considering these error sources further, we decided to revise our analysis protocol to base the rating curve on the manual stage measurements (SM) and to use a regression between SM and SR to correct the TruTrack raw data values to a “manual equivalent” stage estimate.  This revised protocol allows us to base the rating curve entirely on measured values, which are more reliable, and provides a mechanism that effectively creates a seasonally-averaged calibration curve for the TruTrack recording devices.  

Stage and Precipitation Data


All stage data was recorded in millimeters and in 5 minute intervals by the TruTrack logging devices. Data was downloaded upon each site visit using a Palm Pilot and was then uploaded to a PC in the lab. Once the data was uploaded in the lab using Omnilog software compatible with the logging devices, the files were exported to Microsoft Excel. Each Excel file was duplicated using the statistical software SPSS, linked to create a continuous masterfile for each watershed, and then all necessary calculations were made. SigmaPlot from Systat Software Inc. was used to produce graphs.  


Precipitation was collected with tipping bucket devices and recorded as tip events and a time stamp for each event. The logger software then aggregated tip events into number of tips per 5 minute interval. Each tip was equivalent to 1/100 of an inch of rainfall. Rain data collected by the loggers was transferred to the lab computer via an Onset Corporation Hobo data shuttle. In the lab, data was uploaded using Boxcar software provided by Onset and then exported to Excel for further analysis. The Boxcar software allows reproduction of any time step for the recorded data down to the minimum 5 minute interval. For the purposes of this report the rainfall data have been aggregated to daily totals.  However, the Digital Archive (see below) contains the raw, 5 minute data. 
Cumulative Runoff and Rainfall


Cumulative runoff was calculated from the discharge data (expressed in m3/sec) and expressed as cubic feet per second per square mile (cfs/mi2) and as inches per day for comparison to the rainfall data. The runoff:rainfall ratio (or %runoff) was calculated as the ratio of the simple sum of daily runoff divided by the sum of daily rainfall over the measured season. The %runoff values reported here are from identical periods for both precipitation and rainfall data within each watershed; i.e., in the case of missing data corresponding rainfall or discharge data was not included in the calculation of %runoff. These “gap” periods were infrequent and differed among watersheds and years. The gap periods are documented in the Digital Archive Appendix F.
Digital Archive

Data from this project are too voluminous to include entirely in this report.  A Digital Archive will be provided to the Vermont Agency of Natural Resources that will include the basic information about each watershed in the study, location maps for each gauging station, maps of each watershed, rainfall data for each station by years within watersheds, stream flow data by years within watersheds, and quality assurance and quality control data for each site. The precipitation and streamflow data will be provided in the minimum 5 min interval format.  The Digital Archive will be accessible via a “Flow Monitoring Project” (or “FMP”) web page on the University of Vermont website. As web addresses tend to change over time, interested users should contact the Vermont Agency of Natural Resources, Department of Conservation, Stormwater Section or one of the authors for the most recent URL or search the University of Vermont website for “Flow Monitoring Project”.

Results by Watershed

Note:  Each of the figures, tables, and appendices referred to in this report can be found as a PDF file with the same number in Appendix A of  the Digital Archive.

Alder Brook (Attainment)
Flow monitoring on Alder Brook was conducted from June 12, 2006 to January 7, 2007 and precipitation data was collected from June 12, 2006 to December 9, 2006 (Table 3). Precipitation gauging in 2006 was ended early due to equipment failure (Appendix F). Within the period of reliable records (175 days) we missed 29 days of stream flow data collection and 30 days of precipitation data due to malfunctions. The 2006 rating curve for Alder Brook was created from a total of 11 manual discharge profiles, over a range from 0.03 m3/sec (1.1 cfs) to 3.8 m3/sec (134 cfs) (A1.1.06). The highest average daily discharge recorded was 22.82 cfs/mi2 (209 cfs) on October 21, 2006 (A1.3.06). The lowest average daily discharge recorded was 0.007 cfs/mi2 on July 20, 2006 (A1.3.06). Flows were considered below detection (3 cm stage) for several days in mid-August of 2006. Cumulative rainfall totals for Alder Brook in 2006 were approximately 26 inches (A1.4.06). Cumulative runoff in 2006 was approximately 12.2 inches or 46.92% of the total rainfall (A1.4.06, Table 3). 

In 2007 flow monitoring was conducted from June 12, 2006 to January 7, 2007 and precipitation data was collected from May 23, 2007 to November 29, 2007 (Table 3). Within the period of reliable records (140 days) we missed 3 days of stream flow data collection and 0 days of precipitation data due to malfunctions. The stream data for Alder Brook is not reported for 23 May to 13 July due to interferences caused by beaver activity at the original gauging site. Beginning on 13 July, 2007, a new monitoring location was established upstream, out of the influence of the beaver dam. The 2007 rating curve for Alder Brook was created from a total of 18 manual discharge profiles, ranging from 0.06 m3/sec (2.12 cfs) to 2.89 m3/sec (102.05 cfs) (A1.1.07). The highest average daily discharge recorded was 11.55 m3/sec November 27, 2007. (A1.3.07). The lowest average daily discharge recorded was 0.0001 m3/sec (0.001cfs) on August 1, 2007 (A1.3.07). Cumulative rainfall totals for Alder Brook were approximately 17.0 inches (A1.4.07, Table 3). Cumulative runoff recorded was approximately 5 inches, or 29% of the total rainfall (A1.4.07, Table 3). 

In 2008 flow monitoring was conducted from May 14, 2008 to October 2, 2008 and precipitation data was collected from May 7, 2008 to October 20, 2008 (Table 3). Within the period of reliable records (149 days) we missed 19 days of stream flow data collection and 3 days of precipitation data due to malfunctions. Precipitation gauging in 2008 is only reported here through 2 October, to match the period of record reported for streamflow. By October of 2008, beaver activity began to impact the second established stream gauging location on Alder Brook. Due to this influence, stream data for Alder Brook 2008, including manual discharge measurements recorded for rating curve development, are only reported through 2 October. The 2008 rating curve for Alder Brook was created from a total of 12 manual measurements ranging from 0.0965 m3/sec (3.41 cfs) to 1.820 m3/sec (64.26 cfs) (A1.1.08).  The highest average daily discharge recorded was 9.92 cfs/mi2 ( 105.15 cfs) July 21, 2008 (A1.3.08). The lowest average daily discharge recorded was 0.34 cfs/mi2 on May 15, 2008 . Cumulative Rainfall recorded through 2 October 2009 totaled 17.75 inches (A1.4.08). Cumulative Runoff recorded in 2008 totaled 11.2 inches, approximately 63% of total rainfall (A1.4.08, Table 3). This amount may be slightly higher due to the beaver activity; however, it is difficult to separate these effects from the climactic effects observed 2008, as it was the wettest year included in this study.  


Although classified as an attainment watershed, Alder Brook has many of the characteristics of degradation present in the urban impaired watersheds, including bank instability and high flashiness. As reported in the 2006 field season, we found that the flashy nature of Alder Brook made it difficult to obtain manual discharge measurements during storm events. The stage rapidly rose to dangerously high levels making it unsafe to obtain manual measurements if the stage height at the TruTrak location measured above approximately 0.5 meters.  Subsequently the flows would fall rapidly so that it was difficult to mount a field initiative to record “wadable” high flow conditions.
Allen Brook (Attainment)

Upon initial installation of the Allen attainment site, we observed evidence of previous high flow events including the presence of large woody debris, bank failures, and sediment deposition in the surrounding floodplain. During the first year we lost data from August 21, 2006 to September 13, 2006 due to an unexplained error that occurred following a routine download from the logging device. The malfunctioning TruTrack capacitance probe was replaced following this discovery. 

In 2006 streamflow and precipitation were monitored at Allen Brook (attainment reach) June 30, 2006 to December 12, 2006 (Table 3). Within the period of reliable records (142 days) we missed 24 days of stream flow data collection and 0 days of precipitation data due to malfunctions. The 2006 rating curve for Allen (A) was created from a total of 9 manual discharge profiles over a range from 0.03 m3/sec (1.0 cfs) to 3.99 m3/sec (140.76 cfs) (A2.1.06). The lowest average daily discharge recorded was 0.04 cfs/mi2 (0.296 cfs) on August 19, 2006 (A2.3.06). The highest average daily discharge recorded was 13.02 cfs/mi2 (96.35 cfs) on October 21, 2006 (A2.3.06). This high flow event corresponded to a rainfall event during which the watershed received over 2 inches of rain in a twenty-four hour period. Base flows were elevated during late fall and were likely due to the large increase in precipitation amounts. Cumulative runoff amounts were approximately 42.27% of total rainfall, with a total of 8.2 inches of runoff, and 19.4 inches of total rainfall (Table 3, A2.4.06). 

In 2007 streamflow and precipitation monitoring resumed on Allen Brook (Attainment reach) beginning June 13, 2007 and ended November 29, 2007 (Table 3). Within the period of reliable records (170 days) we missed 0 days of stream flow data collection and 0 days of precipitation data due to malfunctions. The 2007 rating curve for Allen (A) was created from total of 14 manual discharge profiles obtained over a range from 0.000075 m3/sec (0.00 cfs) to 1.84 m3/sec (64.82 cfs) (A2.1.07). The highest average daily discharge was 6.01 cfs/mi2 on July 13, 2007 (A2.3.07). The lowest average daily discharge recorded in 2007 was 0.08 cfs/mi2 on July 1, 2007 (A2.3.07).  Cumulative rainfall recorded was approximately 22.4 inches (A2.4.07). Cumulative runoff totaled 4.1 inches, or approximately 18.3% of total rainfall (A2.4.07, Table 3).  
In 2008 streamflow and precipitation were monitored from May 14, 2008 to December 1, 2008 (Table 3). Within the period of reliable records (195 days) we missed 0 days of stream flow data collection and 0 days of precipitation data due to malfunctions. The 2008 rating curve for Allen Brook (attainment reach) was created from a total of 14 manual discharge measurements ranging from 0.02 m3/sec (0.81 cfs) to 1.43 m3/sec (50.39 cfs) (A2.1.08). The highest average daily discharge recorded was 12.94 cfs/mi2 on August 3, 2008 (A2.3.08).The lowest average daily discharge recorded was 1.05 cfs/mi2 on September 25, 2008 A2.3.08. Cumulative rainfall recorded was approximately 24.9 inches. Cumulative runoff recorded totaled 27.7 inches, approximately 111% of total rainfall (A2.4.08, Table 3). It is impossible for runoff to exceed total rainfall over a long period of time.  However, over shorter periods runoff may exceed rainfall if there are auxiliary water sources (e.g. natural and manmade impoundments, inter-basin water transfers, inter-basin groundwater percolation, etc.). In 2007 we noticed a large beaver dam on Allen Brook (see Appendices F and I). The beaver dam was identified from remote imagery in Google Earth while attempting to determine the cause of a possible lag in events at the Allen Brook impaired site. The dam is located between the attainment and impaired sites and the effects on the hydrology of the stream at the gauging locations are unknown.  
A USGS gauge is located along Allen Brook downstream from the UVM managed attainment site, where the stream intersects with VT 2A. (Upstream of impaired Allen reach). A comparison of the data collected at Allen (attainment) with data obtained by USGS revealed a good correlation between the two data sets. A 1:1 comparison of discharge data from USGS and Allen (attainment) data yielded a significant linear regression with a slope of 0.84 and an intercept of 0.27 (r2= 0.99, p=<0.0001), which confirms the reliability of the results at the Allen (A) site (Table 2) and generally indicates that the TruTrak devices provide discharge estimates that are comparable to the USGS gauging equipment. In 2007 this 1:1 comparison yielded a significant linear regression with a slope of 1.43 and a y-intercept of -0.20 (r2= 0.98, p=<0.0001).  In 2008 this 1:1 comparison yielded a significant linear regression with a slope of 0.11 and a y-intercept of 2.59 (r2= 0.84, p=<0.0001).  In general these analyses confirm that there is a good relationship between the USGS and UVM data but that this relationship is not always 1:1 at the Allen (A) site. 

Allen Brook (Impaired)
Although this location is fairly rocky, there was evidence of scouring and bank instability. Storm flows were consistently greater at the impaired site versus those observed at the attainment site. Similarly, low flows were consistently lower than those observed at the attainment site, as is often the case in urbanized watersheds. Although the amount of impervious surface area present around the impaired reach of Allen Brook is greater than that of the attainment reach, differences in soil structure may have also influenced the observed differences in flow. Soils at the impaired reach on Allen Brook are clay and therefore have low permeability. This characteristic combined with the high degree of urbanization are likely major contributors to the high rates of runoff observed during storm events, as well as the low rates of base flow during dry periods. 

Streamflow and precipitation gauging was conducted at the Allen Impaired site from June 28, 2006 to December 12, 2006. Flow levels were so low in Allen Brook during the summer and early fall of 2006 that the TruTrack level recorder was completely out of the water during the driest part of the summer. To compensate for this unexpected situation, a second TruTrack was installed to ensure data collection during extremely low conditions. Within the period of reliable records (167 days) we missed 0 days of stream flow data collection and 23 days of precipitation data due to malfunctions. The 2006 rating curve for Allen (I) was developed from a total of 8 manual discharge profiles that ranged from 0.07 m3/sec (2.47 cfs) to 5.51 m3/sec (194.56 cfs) (A3.1.06). The highest average daily discharge recorded at Allen (I) was 16.93 cfs/mi2 (172.69 cfs) on December 1, 2006 (A3.3.06). The lowest average daily discharge recorded was 0.14 cfs/mi2 (1.43 cfs) on August 16, 2006 (A3.3.06). Cumulative rainfall recorded at the impaired site totaled 19.5 inches (A3.4.06). Cumulative runoff was more than 50% of rainfall, totaling 10.1 inches (A3.4.06, Table 4). 

In 2007 streamflow and precipitation gauging was conducted from May 30, 2007 to November 29, 2007 (Table 4). Within the period of reliable records (184 days) we missed 15 days of stream flow data collection and 0 days of precipitation data due to malfunctions. The 2007 rating curve for Allen (I) was developed from a total of 10 manual discharge profiles that ranged from 0.01 m3/sec (0.17 cfs) to 3.37 m3/sec (119.14 cfs) (A3.1.07). The highest average daily discharge recorded at Allen (I) was 16.7 cfs/mi2 (170.34 cfs) on July 13, 2007 (A3.3.07). The lowest average daily discharge recorded was 0.11 cfs/mi2 (1.12 cfs) on September 4, 2007 (A3.3.07). Cumulative rainfall recorded at the impaired site totaled 23.1 inches (A4.4.07). Cumulative runoff was approximately 28.1% of rainfall, totaling 6.5 inches (A4.4.07, Table 4). 


In 2008 streamflow and precipitation gauging was conducted from May 22, 2008 to November 18, 2008. Within the period of reliable records (182 days) we missed 0 days of stream flow data collection and 3 days of precipitation data due to malfunctions. In 2008, the rating curve for Allen (I) was created from a total of 16 manual measurements with flows ranging from 0.01 m3/sec (0.24 cfs) to 2.25 m3/sec (79.56 cfs) (A3.1.08). The highest average daily discharge recorded was 16.32 cfs/mi2 (166.46 cfs) on August 3, 2008 (A3.3.08). The lowest average daily discharge recorded was 0.10 cfs/mi2 (1.02 cfs) on May 30, 2008 (A3.3.08). Cumulative rainfall recorded at the site totaled 21.8 inches, while cumulative runoff recorded totaled 11.7 inches, or approximately 53.7% of total rainfall (A3.4.08, Table 4). 

Data collected at Allen (I) in 2006 were compared to data collected at the USGS station just upstream from the monitoring site on Route 2A. This is the same USGS gauge compared with the Allen Attainment gauge. The UVM data differed somewhat from that collected by the USGS, especially during high flow storm events, during which the UVM data was consistently higher. A 1:1 relationship between the UVM and USGS data yield a linear regression with a slope of 1.07 and an intercept of 0.21 (r2= 0.99 P<0.0001) (Table 2).  In 2007, the 1:1 relationship between the UVM and USGS data yield a linear regression with a slope of 0.48 and an intercept of -0.05 (r2= 0.95 P<0.0001) (Table 2). The 1:1 comparison of 2008 UVM and USGS data yielded a slope of 0.15 and an intercept of 0.01 (r2 = 0.97 P<0.0001). These regression equations show that there a significant relationship between the UVM and USGS data but that the relationship was variable from year to year, from half to double the flows measured by the USGS.  

Bartlett Brook (Impaired)

The Bartlett Brook site has one of the smallest drainage areas included in this study (1.1 mi2), but it is also one of the most developed watersheds, draining parts of highly developed VT Route 7. The stream gauging site was established just downstream of the South Beach Road culvert in South Burlington. The precipitation gauge was established adjacent to South Beach Road in the parking lot of the South Burlington Living Machine. Due to the flashy nature of this stream, it was difficult to obtain high flow events manually. 

Streamflow and precipitation monitoring was conducted in the Bartlett Brook watershed from June 12, 2006 to December 6, 2006 (Table 4). Within the period of reliable records (178 days) we missed 16 days of stream flow data collection and 0 days of precipitation data due to malfunctions. In 2006, a rating curve was created from a total of 12 manual discharge profiles over a range of 0.003 m3/sec (0.11 cfs) to 0.60 m3/sec (21.2 cfs) (A4.1.06). The highest average daily discharge recorded at the Bartlett Brook station was 13.35 cfs/mi2 (14.69 cfs) on December 1, 2006 (A4.3.06). This high flow event corresponded to one of the largest storm events recorded in the watershed, with a total of 0.8 inches of rainfall recorded in less than twenty-four hours. The lowest average daily discharge recorded was 0.21 cfs/mi2 (0.231 cfs) on multiple dates throughout the period of record but especially following a period of two weeks during which less than one inch of rain fell (A4.3.06). Cumulative rainfall recorded for the Bartlett Brook watershed totaled 22.3 inches (A4.4.06). Total runoff recorded for Bartlett Brook was approximately 60% of total rainfall, with a total of 13.3 inches (A4.4.06, Table 4).
In 2007 streamflow and precipitation monitoring was conducted in the Bartlett Brook watershed from June 8, 2007 to November 1, 2007 (Table 4). Within the period of reliable records (147 days) we missed 0 days of stream flow data collection and 4 days of precipitation data due to malfunctions. In 2007 the rating curve was created from a total of 9 manual discharge profiles over a range of 0.00 m3/sec (0.07 cfs) to 1.17 m3/sec (41.31 cfs) (A4.1.07). The highest average daily discharge recorded at the Bartlett Brook station was 5.59 cfs/mi2 (16.15 cfs) on July 9, 2007 (A4.3.07). The lowest average daily discharge recorded was 0.001 cfs/mi2 (0.0011 cfs) on June 8, 2007 (A4.3.07). Cumulative rainfall recorded for the Bartlett Brook watershed totaled 13.8 inches (A4.4.07). Total runoff recorded for Bartlett Brook was approximately 18% of total rainfall, with a total of 2.5 inches (A4.4.07, Table 4).
In 2008 streamflow and precipitation monitoring was conducted in the Bartlett Brook watershed from May 21, 2008 to November 24, 2008 (Table 4). Within the period of reliable records (188 days) we missed 0 days of stream flow data collection and 6 days of precipitation data due to malfunctions. In 2008 the rating curve was created from a total of 17 manual measurements ranging from 0.00 m3/sec (0.15 cfs) to 0.20 m3/sec (7.19 cfs) (A4.1.08). The highest average daily discharge recorded was 9.44 cfs/mi2 (10.38 cfs) on July 20, 2008 (A4.3.08). The lowest average daily discharge recorded was 0.06 cfs/mi2 (0.066 cfs) on September 19-25, 2008 (A4.3.08).  Cumulative rainfall recorded in the watershed for 2008 totaled 21.6 inches. Cumulative runoff was a total of 4.2 inches, or approximately 19.4% of total rainfall (A4.4.08, Table 4).
Bump School Brook (Attainment)

The Bump School Brook is located in a small watershed in Benson, VT. The watershed is rural and according to descriptions from local farmers the area is frequently referred to as “the desert of Vermont.” Streamflow and precipitation monitoring was conducted in the Bump School Brook watershed from June 14, 2006 to December 11, 2006, June 1, 2007 to December 6, 2007 and May 28, 2008 to November 17, 2008 (Table 3).  Within the period of reliable records for 2006, (211 days) we missed 0 days of stream flow data collection and 0 days of precipitation data due to malfunctions. The 2006 rating curve for Bump School was developed from a total of 8 manual discharge profiles. The profiles ranged from 0.001 m3/sec (0.035 cfs) to 4.89 m3/sec (173 cfs) (A5.1.06). The highest average daily discharge recorded was 32.3 cfs/mi2 on June 14, 2006 (A5.3.06). The lowest average daily discharge recorded was 0.32 cfs/mi2 on August 14, 2006 (A5.3.06). The cumulative rainfall recorded for the Bump School Brook watershed totaled only 1.01 inches (A5.4.06). Cumulative runoff recorded was 25.9 inches, nearly 26 times the amount of recorded precipitation. The small amount of rainfall recorded equates to only 3.8% of total runoff. 

Several local residents noted that the 2006 season was particularly dry in the Benson area; nevertheless, our precipitation results for this watershed were unanticipated. The cumulative rainfall we measured was far less than the totals recorded for all other watersheds in the study and far less than the average annual total expected for this region (36.7 inches, USGS Vermont StreamStats). Given this seemingly anomalous result, we gathered precipitation data from alternative sources for comparison. Precipitation data for small towns like Benson are rare and so we obtained rainfall data for towns as close to the watershed as possible. Rainfall collected at Castleton, VT – less that 10 miles to the southeast –totaled only 2.5 inches for all of 2006. These data were obtained from a local NOAA affiliate and are therefore likely to be a credible source. We have no reason to think that the recording equipment at this site malfunctioned. However, the impossibly high runoff:rain ratio requires further explanation. There are at least two possibilities. First, the rain gauge may indeed have malfunctioned. But as explained above we think this may not have been the case. Second, it is possible that Bump School Stream is fed by ground water from wetlands, ponds, and lakes that lie above and to the east of the monitoring site, near the headwaters of the stream. The geology in this area is layered schist that could easily transmit seepage water via fractures in the rock. One resident noted that during the dry period in 2006 the pond water levels in this area fell several feet to very low levels, which might support this seepage hypothesis. Evaporation alone might only explain only about 2 feet of the lake level decline.
In 2007 the rating curve for Bump School Brook did not contain a wide enough range of measurements to produce reliable ratings and a three year rating curve was created by combining manually recorded flow measurements from 2006, 2007, and 2008. The established cross-section at Bump School Brook remained in the same location all three years. The three year rating curve contains a total of 26 manual measurements ranging from 0.001 m3/sec (0.035 cfs) to 1.49 m3/sec (52.61 cfs) (A5.1.07). The highest average daily discharge recorded was 47.12 cfs/mi2 (47.12 cfs) on November 27, 2007 (A5.3.07). The lowest average daily discharge recorded was 0.22 cfs/mi2 (0.22 cfs) on July 4, 2007 (A5.3.07).  Cumulative rainfall recorded during 2007 totaled 20.2 inches, while cumulative runoff recorded totaled 37.4 inches. Total rainfall accounts for only 54% of total runoff (A5.4.07, Table 3).  
In 2008 streamflow and precipitation monitoring was conducted from May 28, 2008 to November 17, 2008 (Table 3). Within the period of reliable records (175 days) we missed 21 days of stream flow data collection and 36 days of precipitation data due to malfunctions. In 2008 the rating curve for Bump School Brook was created from a total of 13 manual discharge profiles ranging in flow from 0.002 m3/sec (0.07 cfs) to 0.57 m3/sec (20.13 cfs) (A5.1.08). The highest average daily discharge recorded was 15.92 cfs/mi2 on June 29, 2008 (A5.3.08).  The lowest average daily discharge recorded was 0.01 cfs/mi2 on September 24, 2008 (A5.3.08).  Cumulative rainfall totaled 18.7 inches (A5.4.08).Cumulative runoff recorded for 2008 totaled 6.83 inches, or approximately 37% of total rainfall (A5.4.08, Table 3). 
Centennial Brook (Impaired)

Centennial Brook was among the initial installations in the study. The stream gauging location was selected based upon previous monitoring efforts. The TruTrack was mounted in the approximate location of the gauge previously used by Heindel and Noyes (2005). However, as the summer of 2006 progressed it became apparent that beavers had re-inhabited a lodge upstream from our monitoring site, on the south side of Patchen Road, and had repaired the dam at this location impounding a considerable volume of water. The location of the beaver dam undoubtedly changed the hydrology of the stream. As Centennial Brook was one of the first streams we gauged, we did not realize at the time how frequently we would encounter situations in which beaver activity influenced the streams in our study group. Thus, we thought it was prudent to move the gauging location upstream, above the beaver activity, to eliminate their influence.  We reoccupied this upstream site in 2007 and 2008. As noted in the Discussion (below) we now recommend against this move and think the gauge should be returned to the original site below Patchen Road.
Streamflow and precipitation monitoring was conducted in the Centennial Brook watershed from June 15, 2006 to December 13, 2006 (Table 4). Within the period of reliable records (152 days) we missed 33 days of stream flow data collection and 31 days of precipitation data due to malfunctions.  A total of 6 manual discharge profiles were recorded for the development of a rating curve with flows ranging from 0.00 m3/sec (0.07 cfs) to 2.03 m3/sec (71.82 cfs) (A6.1.06). The highest average daily discharge recorded for Centennial Brook was 30.49 cfs/mi2 on October 20, 2006 (A6.3.06). The lowest average daily discharge recorded was 0.08 cfs/mi2 on August 18, 2006 (A6.3.06). Cumulative rainfall recorded totaled 18.9 inches (A6.4.06). Cumulative runoff recorded was approximately 107% of total rainfall, with a total of 20.3 inches (Table 4, A6.4.06).

As noted above, the gauging station for Centennial Brook was relocated upstream for the 2007 season due to problems related to beaver activity in 2006. Stream gauging was established in UVM owned Centennial Woods and the precipitation gauge was established adjacent the stormwater pond located behind the Burlington Sheraton Hotel.   

In 2007 streamflow and precipitation monitoring resumed from June 7, 2007 to December 4, 2007 (Table 4). Within the period of reliable records (181 days) we missed 0 days of stream flow data collection and 0 days of precipitation data due to malfunctions. A total of 9 manual discharge profiles were recorded for the development of a rating curve with flows ranging from 0.00 m3/sec (0.04 cfs) to 0.13 m3/sec (4.59 cfs) (A6.1.07). The highest average daily discharge recorded for Centennial Brook was 4.35 cfs/mi2 on July 9, 2007 (A6.3.07). The lowest average daily discharge recorded was 0.0003 cfs/mi2 on May 27, 2007 (A6.3.07). Cumulative rainfall recorded totaled 20.2 inches (A6.4.07). Cumulative runoff recorded was approximately 7.4% of total rainfall, with a total of 1.5 inches (A6.4.07, Table 4). It is important to note that these numbers may be considerably low because we are gauging in undeveloped protected woods, and are located downstream of the stormwater pond located behind the Burlington Sheraton Hotel. 

In 2008, the Centennial Brook gauging location in Centennial Woods was reestablished and monitoring resumed from May 22, 2008 to November 9, 2008.  Within the period of reliable records (173 days) we missed 0 days of stream flow data collection and 0 days of precipitation data due to malfunctions. The 2008 rating curve was created from a total of 5 manual measurements ranging from 0.003 m3/sec (0.106 cfs) to 0.0385 m3/sec (1.36 cfs) (A6.1.08). The highest average daily discharge recorded was 2.23 cfs/mi2 (2.45 cfs) on October 26, 2008 (A6.3.08). The lowest average daily discharge recorded was 0.13 cfs/mi2 (0.14 cfs) on May 22, 2008 (A6.3.08). Cumulative rainfall recorded for the 2008 season totaled 24 inches (A6.4.08). Cumulative runoff recorded totaled 3.4 inches, approximately 14% of total rainfall (A6.4.08, Table 4). 

Clay Brook (Impaired)
The Clay Brook watershed is mountainous, draining 1.7 mi2 at the gauging site. The watershed includes portions of the Sugarbush Ski Resort. In 2006, the stream gauging location was established in an existing flume upstream from Inferno Road in Warren. The precipitation gauge was established at a higher elevation nearby, adjacent to a Sugarbush Resort maintenance shed. 

Clay Brook was among one of the last installations during the 2006 field season, with a record beginning July 17, 2006 and ending December 5, 2006 (Table 4). Within the period of reliable records (142 days) we missed 1 day of stream flow data collection and 0 days of precipitation data due to malfunctions. A rating curve was developed for the Clay Brook watershed from a total of 8 manual discharge profiles recorded with a range of 0.05 m3/sec (1.90 cfs) to 0.32 m3/sec (11.15 cfs) (A7.1.06). The highest average daily discharge recorded for Clay Brook was 11.59 cfs/mi2 on October 20, 2006 (A7.3.06). The lowest average daily discharge recorded was 0.17 cfs/mi2 on October 29, 2006 (A7.3.06). Cumulative rainfall totaled 27.9 inches and cumulative runoff totaled 16.5 inches, or approximately 59% of total rainfall (A7.4.06, Table 4). 
In 2007 streamflow and precipitation monitoring began on May 31, 2007 and ended November 28, 2007 (Table 4). Within the period of reliable records (195 days) we missed 0 days of stream flow data collection and 10 days of precipitation data due to malfunctions. The stream gauging location for 2006 was established in an existing flume upstream from Inferno Road in Warren. Due to deterioration of the flume and concern for safety, a new gauging location was established in 2007, just downstream of Inferno Road. The precipitation gauge was re-installed at the original site established in 2006. A rating curve for the 2007 season was developed for the watershed from a total of 12 manual discharge profiles recorded with a range of 0.02 m3/sec (0.78 cfs) to 0.33 m3/sec (11.54 cfs) (A7.1.07) ). The highest average daily discharge recorded for Clay Brook was 11.8 cfs/mi2 on October 27, 2007 (A7.3.07). The lowest average daily discharge recorded was 0.51 cfs/mi2 on September 6, 2007 (A7.3.07). Cumulative rainfall totaled 31.3 inches and a cumulative runoff total of 15.5 inches (A7.4.07), or approximately 50% of total rainfall (Table 4). 

In 2008 streamflow and precipitation monitoring began on May 20, 2008 and ended November 19, 2008 (Table 4). Within the period of reliable records (184 days) we missed 0 days of stream flow data collection and 0 days of precipitation data due to malfunctions. In 2008, the rating curve for Clay Brook was created from a total of 14 manual flow measurements ranging from 0.04 m3/sec (1.31 cfs) to 0.69 m3/sec (24.34 cfs) (A7.1.08 ). The highest average daily discharge recorded was 20.24 cfs/mi2 (34.31 cfs) on July 24, 2008 (A7.3.08). The lowest average daily discharge recorded in 2008 was 1.61 cfs/mi2 (1.74 cfs) on July 12, 2009 (A7.3.08). Cumulative rainfall recorded for the watershed in 2008 totaled 33.1 inches (A7.4.08). Cumulative runoff totaled approximately 79% of total rainfall, with a total of 26.2 inches recorded (Table 4, A7.4.08). 
Factors contributing to the high percentage of runoff at this site may include the development surrounding the Sugarbush Ski Resort and possibly runoff resulting from snowmelt. In addition, we can not rule out the possibility that the rain gauge does not accurately represent the watershed, due to more dramatic elevation differences throughout the mountainous watershed. 

The public community water system is permitted to extract water from Clay Brook, which may explain some rapid, but temporary drops in streamflow which are apparent on the hydrographs (A7.3.06, A7.3.07, A7.3.08). Further, the lowest flows observed in Clay Brook were higher than most of the low flows observed in the other watersheds included in this study. The moderate high flows and high low flows observed in this watershed may be due to its mountainous location. Low amounts of impervious area contribute to the moderate peak flows, while higher year-round precipitation amounts likely contribute to higher base flows through increased groundwater recharge.
Englesby Brook (Impaired)
UVM only measured precipitation in the Englesby Brook Watershed (A8.1.06, A8.1.07, A8.1.08). All discharge data for Englesby Brook presented in this report was provided by the USGS. The USGS gauging location drains 0.9 mi2 of the watershed.  Although listed as an impaired watershed, Englesby Brook has been the subject of considerable monitoring and remedial efforts. In recent years several important BMPs were installed in Englesby Brook to control runoff and the sediment and total phosphorus carried with it. Thus, although Englesby Brook should have a high runoff:rainfall ratio due to the high impervious cover (24%) within the watershed, this ratio should be lower and more like an  attainment watershed in years since the BMPs were installed.  
In 2006 precipitation monitoring began on June 21, 2006 and ended January 25, 2007 (Table 4). Within the period of reliable records (220 days) we missed 0 days of precipitation data due to malfunctions.  Total rainfall recorded totaled 25.0 inches. Cumulative runoff recorded for Englesby Brook totaled 7.36 inches, approximately 20% of total rainfall (A8.2.06). 
In 2007 precipitation monitoring began on April 17, 2007 and ended December 4, 2007 (Table 4). Within the period of reliable records (232 days) we missed 0 days of precipitation data due to malfunctions.  Total rainfall recorded totaled 23.3 inches. Cumulative runoff recorded for Englesby Brook totaled 0.02 inches, approximately 0% of total rainfall (A8.2.07). 

In 2008 precipitation monitoring began on May 20, 2008 and ended September 10, 2008 (Table 4). Within the period of reliable records (114 days) we missed 0 days of precipitation data due to malfunctions.  Total rainfall recorded totaled 15.4 inches. Cumulative runoff recorded for Englesby Brook totaled 0.01 inches, approximately 0% of total rainfall (A8.2.08). 

Indian Brook (Impaired)
Indian Brook was one of several streams included in the study located in the Essex/Colchester area. The Indian Brook watershed is among the most highly developed watersheds included in the study consisting of roughly 8.4% impervious cover (Fitzgerald 2007). Indian was also one of the more flashy streams included in the study. This made it difficult to safely obtain manual discharge measurements during storm events. The Indian Brook reservoir is located near the headwaters of Indian Brook and likely provides some storage and buffering of flows. The stream gauging station was established in 2006 in the approximate location of the monitoring equipment used previously by Heindel and Noyes, just downstream of the culvert under the Susie Wilson Bypass in Essex Junction. The precipitation gauge was established adjacent to the stream gauging site on private property. 

Streamflow and precipitation monitoring was conducted in the Indian Brook watershed in 2006 from June 7, 2006 to December 5, 2006 (Table 4). Within the period of reliable records (182 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. The 2006 rating curve for Indian Brook was developed using a total of 9 manual discharge profiles ranging from 0.04 m3/sec (1.47 cfs) to 0.70 m3/sec (24.78 cfs) (A9.1.06). The highest average daily discharge recorded for Indian Brook was 20.04 cfs/mi2 on October 21, 2006 (A9.3.06). The lowest recorded average daily discharge was 0.23 cfs/mi2 on August 16, 2006 (A9.3.06). Cumulative rainfall for Indian Brook was 22.1 inches and cumulative runoff of 13.7 inches, approximately 62% of total rainfall (A9.4.06, Table 4). 

In 2007 streamflow and precipitation monitoring was conducted April 24, 2007 to November 29, 2007 (Table 4). Within the period of reliable records (229 days) we missed 4 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2007, the rating curve for Indian Brook was developed using a total of 11 manual discharge profiles ranging from 0.02 m3/sec (0.84 cfs) to 0.73 m3/sec (25.62 cfs) (A9.1.07). The highest average daily discharge recorded for Indian Brook was 9.85 cfs/mi2 on November 22, 2007 (A9.3.07). The lowest recorded average daily discharge was 0.09 cfs/mi2 on September 8, 2007 (A9.3.07). Cumulative rainfall for Indian Brook was 22.4 inches and cumulative runoff of 6.6 inches (A9.4.07), approximately 30% of total rainfall. 

In 2008 streamflow and precipitation monitoring was conducted from May 7, 2008 to December 2, 2008. (Table 4). Within the period of reliable records (210 days) we missed 10 days of streamflow data and 19 days of precipitation data due to malfunctions. The 2008 rating curve was created from a total of 15 manual discharge measurements ranging from 0.04 m3/sec (1.54 cfs) to 0.72 m3/sec (25.55 cfs) (A9.1.08).  The highest average daily discharge recorded was 13.08 cfs/mi2 (91.56 cfs) on August 4, 2008 (A9.4.08). The lowest average daily discharge recorded was 0.26 cfs/mi2 (1.82 cfs) on July 8, 2008 (A9.4.08).  Cumulative rainfall recorded for the watershed during the 2008 season totaled 11.7 inches, while total runoff recorded totaled 9.8 inches, approximately 84% of total rainfall (A9.4.08). This rainfall total is lower than previous seasons and lower than the precipitation recorded in nearby watersheds. We are unaware of any equipment error other than a brief period in mid-summer when heavy pollen fall clogged our precipitation gauges in nearly every watershed included in the study. It is possible that the rain gauge location prevented some precipitation from being captured; however, the gauge was located in the same location used in both 2006 and 2007 when this difference in recorded precipitation was not witnessed. 
Indian Brook (Impaired, site 2)

Due to concern about accuracy of data collected around the culvert at Susie Wilson Road during high flows, we established a second stream gauging location on Indian Brook in 2007, just downstream of the initial site. A second TruTrack was installed so that we could compare stage data collected by the first site and determine its accuracy. Streamflow monitoring was conducted at this site from June 12, 2007 to November 29, 2007. Within the period of reliable records (178 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. We also established a second profile location to correspond to the newly established stream gauge. A rating curve was established using a total of 12 manual discharge profiles with flows ranging from 0.02 m3/sec (0.70 cfs) to 1.89 m3/sec (66.7 cfs). Because the second cross-section was located near a deep pool, we are able to obtain manual measurements at higher flows than was the case at the original cross-section located in the culvert. The highest average daily discharge recorded at the Indian Brook II gauge was 8.13 cfs/mi2 (56.91 cfs) on November 22, 2007 (A9.8.07). The lowest recorded average daily discharge was 0.23 cfs/mi2 (1.61 cfs) on September 8, 2007 (A9.8.07). Cumulative rainfall recorded was 20.4 inches, recorded by the same rain gauge used for the original site. Cumulative runoff recorded by the second TruTrak totaled 5.78 inches.  The difference in the cumulative total runoff volumes is primarily due to a difference in the period of record. Cumulative totals for the Indian Brook I site for the same period of record are 5.21 inches of runoff and 20.4 inches of rainfall. The small difference in cumulative runoff totals is likely the result of slight differences between the two rating curves.
LaPlatte River (Attainment)
The LaPlatte River watershed is in a rural area with little stormwater impact from impervious surfaces.  We could not obtain permission to install a rain gauge near the stream gauging location and chose to install the rain gauge in a lower portion of the watershed in Shelburne, VT just off of Spear St. The distance between the stream and rain gauging sites in the LaPlatte River watershed was the greatest of any of the other watersheds included in this study. This difference may partially explain discrepancies with individual storm events represented in these data. One of the more obvious differences between the gauging locations is elevation. The stream gauging station is located in Hinesburg among rolling hills; however, the precipitation gauging station located in Shelburne, VT is farther from the foothills and mountains. Thus, depending on the storm track and variability in intensive of rainfall, a particular rain event may appear to generate more or less runoff than expected.  The overall cumulative rainfall and runoff amounts may be less affected by this problem and so the runoff:rainfall ratio is probably useful. To partially address this issue of rain gauge location, a new precipitation monitoring station was established in 2007 on Gilman Rd approximately 300 meters before the LaPlatte River crossing. This site replaced the original Shelburne location.    
Continuous streamflow and precipitation data were collected for the LaPlatte River watershed in 2006 from June 21, 2006 to December 13, 2006 (Table 3). Within the period of reliable records (176 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. The 2006 rating curve was developed from a total of 11 manual discharge profiles ranging from 0.01 m3/sec (0.32 cfs) to 0.24 m3/sec (8.29 cfs) (A10.1.06). It was difficult to find a suitable location for profiling but the established location, just downstream from the stream gauging station has worked well. The highest average daily discharge recorded was 5.24 cfs/mi2 on October 28, 2006 (A10.3.06). The lowest average daily discharge recorded was 0.18 cfs/mi2 on August 13-15 2006 (A10.3.06). Total rainfall recorded from June 21, 2006 to December 13, 2006 was 20.3 inches (A10.4.06). Total runoff recorded during the same period totaled 4.3 inches, approximately 21% of total rainfall.
In 2007 streamflow and precipitation data were collected from June 20, 2007 to November 25, 2007 (Table 3). Within the period of reliable records (159 days) we missed 0 days of streamflow data and 5 days of precipitation data due to malfunctions. The 2007 rating curve was developed from a total of 11 manual discharge profiles ranging from 0.01 m3/sec (0.35 cfs) to 3.89m3/sec (10.5 cfs) (A10.1.07). The highest average daily discharge recorded was 3.68 cfs/mi2 on November 22, 2007 (A10.3.07). The lowest average daily discharge recorded was 0.10 cfs/mi2 on June 14, 2007 (A10.3.07). Total rainfall recorded was 19 inches (A10.4.07). Total runoff recorded during the same period totaled 0.88 inches, approximately 5% of total rainfall. 
In 2008 streamflow and precipitation data were collected from May 18, 2008 to December 15, 2008 (Table 3). Within the period of reliable records (212 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2008 the rating curve was developed from a total of eighteen manual measurements ranging from 0.01 m3/sec (0.24 cfs) to 0.25 m3/sec. (8.86 cfs) (A10.1.08). The highest average daily discharge recorded was 12.65 cfs/mi2 on July 28, 2008 (A10.3.08). The lowest average daily discharge recorded was 0.08 cfs/mi2 on May 18, 2008 (A10.3.08).  Total rainfall recorded was 28.9 inches (A10.4.08). Total runoff recorded for the same period totaled 10 inches, or approximately 34.6% of total rainfall (A10.4.08).    

Little Otter Creek (Attainment)
The Little Otter watershed was the largest included in the study, draining almost 21 square miles of land primarily used for agricultural purposes. Little Otter Creek was also one of the deepest streams included in the study limiting our ability to measure storm events manually for rating curves. 

Streamflow and precipitation monitoring was conducted in the Little Otter Creek watershed in 2006 from June 21, 2006 to December 13, 2006 (Table 3). Within the period of reliable records (176 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2006, the rating curve was developed from 11 manual discharge profiles ranging from 0.09 m3/sec (3.28 cfs) to 0.63 m3/sec (22.14 cfs) (A11.1.06). The highest average daily discharge recorded for Little Otter was 10.67 cfs/mi2 on June 27, 2006 (A11.3.06). The lowest average daily discharge was 0.13 cfs/mi 2 on July 11, 2006 and September 28, 2006 (A11.3.06). A total of 22.8 inches of rainfall was recorded, while total runoff recorded for the watershed totaled 4.4 inches, approximately 19% of total rainfall (A11.4.06, Table 3).

In 2007 streamflow and precipitation monitoring was conducted from May 25, 2007 to December 5, 2007 (Table 3). Within the period of reliable records (195 days) we missed 0 days of streamflow data and 6 days of precipitation data due to malfunctions. The 2007 rating curve was developed from 15 manual discharge profiles ranging from 0.08 m3/sec (2.67 cfs) to 2.13 m3/sec (75.24 cfs) (A11.1.07). The highest average daily discharge recorded for Little Otter was 3.21 cfs/mi2 on November 16, 2007 (A11.3.07). The lowest average daily discharge was 0.14 cfs/mi2 on August 29, 2007 (A11.3.07). A total of 19.3 inches of rainfall was recorded (A11.4.07). Total runoff recorded for the watershed totaled 2.7 inches, approximately 14% of total rainfall. As in 2006, these results suggest that runoff is not a major problem within the watershed. 
In 2008 streamflow and precipitation monitoring was conducted from May 20, 2008 to December 15, 2008 (Table 3). Within the period of reliable records (210 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2008, the rating curve was created from a total of 18 manual measurements ranging in flow from 0.08 m3/sec (2.67 cfs) to 1.23 m3/sec (43.46 cfs) (A11.1.08). The highest average daily discharge recorded was 12.09 cfs/mi2 on August 4, 2008 (A11.3.08). The lowest average daily discharge recorded was 0.49 cfs/mi2 on May 30, 2008 (A11.3.08). A total of 28.1 inches of rainfall was recorded during the 2008 season (A11.4.08). Total runoff recorded for the same period of record totaled 11 inches, or approximately 39% of total rainfall (A11.4.08, Table 3). 
Milton Pond Tributary (Attainment)
The gauging location in this watershed is located just downstream from Milton Pond and so the hydrology of this site is strongly influenced by its proximity to the large pond. 
Streamflow and precipitation monitoring was conducted in the watershed in 2006 from June 8, 2006 to December 1, 2006, May 30, 2007 to November 27, 2007, and May 27, 2008 to November 4, 2008 (Table 3). Within the period of reliable records (177 days) we missed 8 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2006, the rating curve was developed from a total of 10 manual discharge profiles with a range of 0.004 m3/sec (0.141 cfs) to 0.78 m3/sec (27.56 cfs) (A12.1.06). The highest average daily discharge recorded at the Milton Pond gauging location was 16.88 cfs/mi2, recorded on June 11, 2006 (A12.3.06). The lowest average daily discharge recorded was 0.0006 cfs/mi2 on August 18, 2006 (A12.3.06). Cumulative rainfall recorded for the watershed was a total of 20 inches (A12.4.06). Cumulative runoff recorded during the same period totaled 12.7 inches, approximately 64% of total rainfall. Milton Pond is located upstream in this watershed and may have been an auxiliary source of water throughout the period of record. The highly regulated rating curve and hydrograph from this site strongly suggest runoff control from Milton Pond.
In 2007 streamflow and precipitation monitoring was conducted from May 30, 2007 to November 27, 2007 (Table 3). Within the period of reliable records (182 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2007, the rating curve was developed from a total of 10 manual discharge profiles with a range of 0.001 m3/sec (0.035 cfs) to 0.89 m3/sec (31.40 cfs) (A12.1.07). The highest average daily discharge recorded at the Milton Pond gauging location was 9.67 cfs/mi2, recorded on November 16, 2007 (A12.3.07). The lowest average daily discharge recorded was 0.00 cfs/mi2 on September 3, 2007 (A12.3.07). Cumulative rainfall recorded for the watershed was a total of 15.9 inches (A12.4.07). Cumulative runoff recorded during the same period totaled 4.7 inches, approximately 30% of total rainfall. 

In 2008 streamflow and precipitation monitoring was conducted in the watershed from May 27, 2008 to November 4, 2008 (Table 3). Within the period of reliable records (175 days) we missed 14 days of streamflow data and 14 days of precipitation data due to malfunctions. During the 2008 monitoring season the rating curve was established from a total of 10 manual velocity measurements ranging in flow from 0.01 m3/sec (0.45 cfs) to 0.15 m3/sec (5.38 cfs) (A12.1.08). The highest average daily discharge recorded was 8.00 cfs/mi2 on July 25, 2008 (A12.3.08). The lowest average daily discharge was 0.11 cfs/mi2 on September 25, 2008 (A12.3.08 ). Total rainfall recorded for the 2008 season totaled 18.6 inches, while total runoff recorded totaled 8.3 inches, or approximately 45% of total rainfall (A12.4.08). The percentage of runoff was likely slightly higher than what is reported here. Streamflow data is missing during the period of 25 July to 7 August due to equipment failure. This period contained some storm events that likely produced runoff not reflected in the data reported  
Moon Brook (Impaired)
Streamflow and precipitation monitoring was conducted in the Moon Brook Watershed from June 13, 2006 to December 11, 2006 (Table 4). Within the period of reliable records (182 days) we missed 0 days of streamflow data and 34 days of precipitation data due to malfunctions. In 2006, a rating curve was developed for Moon Brook from a total of 9 manual discharge profiles that ranged from 0.03 m3/sec (1.01 cfs) to 0.13 m3/sec (4.5 cfs) (A13.1.06). The highest average daily discharge recorded for Moon Brook was 37.67 cfs/mi2 on July 14, 2006 (A13.3.06). The lowest average daily discharge recorded was 0.09 cfs/mi2 on August 18, 2006 (A13.3.06). Cumulative rainfall recorded during the 2006 period of record totaled 18.0 inches (A13.4.06). Cumulative runoff recorded for the watershed totaled 12.5 inches, approximately 69% of total rainfall. The high percentage of rainfall that results in runoff in Moon Brook is indicative of the amount of impervious surface area (13 %) in the watershed surrounding Rutland City, VT.
In 2007 streamflow and precipitation monitoring was conducted from June 1, 2007 to December 6, 2007 (Table 4). Within the period of reliable records (189 days) we missed 0 days of streamflow data and 16 days of precipitation data due to malfunctions. In 2007, streamflow and precipitation monitoring was conducted in the Moon Brook Watershed from June 1, 2007 to December 6, 2007 (Table 4). The rating curve developed for Moon Brook was created from a total of 7 manual discharge profiles that range from 0.04 m3/sec (1.25 cfs) to 0.36 m3/sec (12.71 cfs) (A13.1.07). The highest average daily discharge recorded for Moon Brook was 2.05 cfs/mi2 on November 27, 2007 (A13.3.07). The lowest average daily discharge recorded was 0.17 cfs/mi2 on September 6, 2007 (A13.3.07). Cumulative rainfall recorded during the period of record totaled 18.7 inches (A13.4.07). Cumulative runoff recorded for the watershed totaled 3.3 inches, approximately 18% of total rainfall. 

In 2008 streamflow and precipitation monitoring was conducted from May 28, 2008 to November 17, 2008 (Table 4). Within the period of reliable records (175 days) we missed 15 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2008, a rating curve was created from a total of 9 manual discharge profiles with flows ranging from 0.03 m3/sec (1.17 cfs) to 0.92 m3/sec (32.45 cfs) (A13.1.08). The highest average daily flow recorded during the 2008 season was 28.67cfs/mi2 on October 26, 2008, while the lowest average daily flow recorded was only 0.007 cfs/mi2 on May 30, 2008 (A13.3.08). Cumulative rainfall recorded for 2008 totaled 20.9 inches (A13.4.08). Total runoff recorded for the same period of record totaled 16.3 inches, approximately 78% of total rainfall (A13.4.08). As seen in the 2006 results, this high percentage of rainfall resulting in runoff is likely indicative of the amount of impervious area in the watershed. The lower ratio of runoff:rainfall observed in 2007 may have been due to the distribution of the rainfall in frequent, smaller events.
Morehouse Brook (Impaired)
Morehouse Brook was the smallest watershed included in the study, draining only 0.39 mi2. The Morehouse Brook channel is very unstable and prone to erosion and deposition, making it difficult to find a suitable site for streamflow gauging. The gauging stations were established at the most stable sites we could identify. 
Morehouse Brook was among the first field installations completed, with a streamflow record beginning on June 1, 2006. Due to difficulties obtaining landowner permission for the installation of a rain gauge in the watershed, precipitation gauging did not begin until July 10, 2006. Unfortunately, a significant landslide occurred on June 5, 2006 which dammed the channel downstream from the TruTrack and created a deep pool around it. The landslide occurred in an area that is historically prone to landslides due to the geological properties of the area. Evidence of previous landslides exists throughout this portion of Morehouse Brook. The TruTrack was relocated on July 10, 2006, after the stream had created a new path around the debris from the landslide and the stream returned to base flow conditions (see Appendices F and I). The 2006 discharge and rainfall graph presented in this report represents the record beginning on July 10, 2006, with relocation of the TruTrak and ending on November 14, 2006 due to unexplained equipment failure. All results reported are for the period of July 10, 2006 to November 14, 2006 (Table 4). Within the period of reliable records (124 days) we missed 93 days of streamflow data and 0 days of precipitation data due to malfunctions.
The 2006 rating curve for Morehouse Brook was created from a total of 8 manual discharge profiles. Manual profiles ranged from 0.001 m3/sec (0.035 cfs) to 0.233 m3/sec (8.23 cfs) (A14.1.06). The highest average daily discharge recorded was 32.47 cfs/mi2 on July 26, 2006 (A14.3.06). The lowest average daily flow recorded was 8.77 cfs/mi2 on September 27, 2006 (A14.3.06). Cumulative rainfall recorded for the period of record totaled 17.1 inches (A14.4.06). Cumulative runoff totaled 49.4 inches (A14.4.06). As total runoff can not exceed total rainfall during a long-term record, these results likely indicate the contribution of an auxiliary source of runoff. The sewershed contribution to Morehouse Brook, which drains highly developed Winooski, VT is a probable source. It is also possible that down-cutting is resulting in an interception of the groundwater table contributing what appears as additional runoff. We can not rule out the possibility that the rain gauge was not located in a representative site, but rainfall totals appear to be similar to surrounding watersheds.
In 2007, streamflow and precipitation record began on May 30, 2007 and ended on November 21, 2007. We reestablished gauging stations at the locations used in 2006. Within the period of reliable records (176 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. The rating curve for Morehouse Brook was created from a total of 6 manual discharge profiles. Manual profiles ranged from 0.0008 m3/sec (0.028 cfs) to 0.216 m3/sec (7.63 cfs) (A14.1.07). The highest average daily discharge recorded was 11.95 cfs/mi2 (4.66 cfs) on July 9, 2007 (A14.3.07 ). The lowest average daily flow recorded was 0.645 cfs/mi2  (0.24 cfs) on June 29, 2007 (A14.3.07 ). Cumulative rainfall recorded for the period of record totaled 20.8 inches (A14.4.07). Cumulative runoff totaled 10.0 inches, or approximately 48% of total rainfall. 

At the beginning of the 2008 field season, it was apparent that the stream had moved substantially isolating the previous gauging location and limiting flow to the area to high flow events. A new site was reestablished just downstream of the original site for the 2008 season. The site was far from ideal, but was the best option given the conditions of Morehouse Brook below Mallets Bay Avenue. Continuous precipitation and flow monitoring for 2008 was conducted from May 14, 2008 to November 25, 2008 (Table 4). Within the period of reliable records (205 days) we missed 23 days of streamflow data and 0 days of precipitation data due to malfunctions. The rating curve for 2008 was created from a total of 11 manual discharge measurements ranging from 0.002 m3/sec (0.059 cfs) to 0.128 m3/sec (4.51 cfs) (A14.1.08).  The highest average daily discharge recorded was 7.14 cfs/mi2 on July 24, 2008, and the lowest average daily discharge recorded was 0.003 cfs/mi2 on November 23, 2008 (A14.3.08). Cumulative rainfall totaled 24.2 inches (A14.4.08). Cumulative runoff for the same period of record totaled 6.1 inches, approximately25% of total rainfall (A14.4.08). It is important to note that the gauging station was not in an ideal location as we were unable to find a spot that met our standards. The gauging station was established in the best place found but due to constant change of the channel we can not guarantee that all of the flow was being measured at any given time. We believe the actual runoff totals for Morehouse Brook are considerably higher than those reported here.  
Munroe Brook (Impaired)
Munroe Brook is one of the more urban streams included in the study. Stage height at the Munroe Brook gauging site quickly became dangerously high during storm events making it difficult to safely obtain manual measurements during high flow events. On the other hand, during the drier portions of the period of record flow were often undetectable. Stage values of less than 0.3 cm were considered “below detection” for the Munroe Brook Watershed. In addition, it should be noted that although urbanized and impaired, Munroe Brook has a rather sizable wetland on one its two main tributaries, just east of Rt. 7.  This wetland may provide some level of hydrologic buffering.
After the initial installation, a small side-channel was noted just downstream from the gauging site. The origin of the tributary is unknown but we think it may have been the result of diverting storm flows during recent road construction along VT Route 7, which is located just upstream. The tributary is characterized by steep, eroding banks that seem to be the result of high storm flows. It appears that the side-channel is only active during high flow events. Additional monitoring would be required to quantify the minimum stage and discharge that activate the tributary. Given the existence of this side-channel, it is possible that the highest average daily discharge recorded was actually higher by and unknown amount of additional runoff from Route 7 entering below the stream gauging station via the tributary. 
Continuous streamflow and precipitation monitoring was conducted on the Munroe Brook watershed from June 9, 2007 to December 6, 2006 (Table 4). Within the period of reliable records (181 days) we missed 6 days of streamflow data and 73 days of precipitation data due to malfunctions. The 2006 rating curve for Munroe Brook was created from a total of 10 manual discharge profiles that ranged from 0.001 m3/sec (0.035 cfs) to 1.11 m3/sec (39.19 cfs) (A15.1.06). The highest average daily discharge recorded was 13.44 cfs/mi2 on December 1, 2006 (A15.3.06). The lowest average daily discharge recorded was 0.009 cfs/mi2 on September 8, 2006 (A15.3.06). Cumulative rainfall recorded for the Munroe Brook watershed totaled 20.9 inches (A15.4.06). Cumulative runoff totaled 6.6 inches, approximately 32% of total rainfall. It is likely that data obtained downstream from the tributary would have resulted in an increase in cumulative runoff recorded.
In 2007 streamflow and precipitation monitoring was conducted from June 15, 2007 to November 30, 2007 (Table 4). Within the period of reliable records (169 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2007, the Munroe Brook gauging site was again among the initial installations for the season. Streamflow and precipitation data was collected from June 15, 2007 to November 30, 2007 (Table 4). The rating curve for Munroe Brook was created from a total of 9 manual discharge profiles that ranged from 0.01 m3/sec (0.41 cfs) to 1.33 m3/sec (47.09 cfs) (A15.1.07). The highest average daily discharge recorded was 8.13 cfs/mi2 on November 22, 2007 (A15.3.07). The lowest average daily discharge recorded was 0.00006 cfs/mi2 on September 2, 2007 (A15.3.07). Cumulative rainfall recorded for the Munroe Brook watershed totaled 13.0 inches (A15.4.07). Cumulative runoff totaled 3.4 inches, approximately 26% of total rainfall. 
In 2008 streamflow and precipitation monitoring was conducted from May 13, 2008 to November 10, 2008 (Table 4). Within the period of reliable records (182 days) we missed 0 days of streamflow data and 48 days of precipitation data due to malfunctions. In 2008, the Munroe Brook rating curve was established from a total of 16 manual discharge measurements with flows ranging from 0.01 m3/sec (0.49 cfs) to 1.44 m3/sec (50.81 cfs) (A15.1.08). The highest average daily discharge recorded was 15.12 cfs/mi2 on August 3, 2008 (A15.3.08). The lowest average daily discharge recorded was 0.12 cfs/mi2 on September 23, 2008 (A15.3.08).  Cumulative rainfall totaled 11.24 inches; however, this number reflects missing data due to equipment failure. When compared to adjacent watersheds, we would expect total rainfall to be approximately 17.24 inches. Graphs presented with the 2008 data contain data borrowed from the Bartlett Brook rain gauge for periods of time missing from the Munroe gauge record. For runoff comparisons we assume a total cumulative rainfall of 17.24 inches. Cumulative runoff for 2008 totaled 11.57 inches, approximately 67% of total rainfall (A15.4.08, Table 4). 
Potash Brook (Impaired)
Potash Brook is one of the most highly developed watersheds included in this study. Similar to Munroe, Allen, and Alder Brooks, stage height in Potash Brook quickly became dangerously high during storm events making it difficult to safely obtain high flow data manually. Efforts should be made in future monitoring seasons to obtain high flow data manually to improve the accuracy of the rating curve. However, this may require alternative and more expensive approaches. 

Continuous streamflow and precipitation monitoring was conducted on the Potash Brook watershed from June 13, 2006 to December 6, 2006 (Table 4). Within the period of reliable records (177 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2006 streamflow and precipitation data was recorded for the watershed from June 13, 2006 to December 6, 2006 (Table 3). A rating curve for Potash Brook was created with a total of 7 manual discharge profiles that ranged from 0.03 m3/sec (1.08 cfs) to 0.98 m3/sec (34.70 cfs) (A16.1.06). The highest average daily discharge recorded for Potash Brook was 84.69 cfs/mi2 on December 1, 2006 (A16.3.06). The lowest average daily discharge recorded was 0.15 cfs/mi2 on August 18, 2006 (A16.3.06). Cumulative rainfall recorded during the period of record totaled 22.2 inches (A16.4.06). Cumulative runoff recorded for the same period totaled 15.4 inches. These results suggest that runoff is approximately 69% of total rainfall (Table 4). 

In 2007 streamflow and precipitation monitoring was conducted from April 17, 2007 to November 30, 2007 (Table 4). Within the period of reliable records (228 days) we missed 6 days of streamflow data and 0 days of precipitation data due to malfunctions. A rating curve for Potash Brook was created with a total of 12 manual discharge profiles that ranged from 0.03 m3/sec (1.06 cfs) to 4.0 m3/sec (141 cfs) (A16.1.07). The highest average daily discharge recorded for Potash Brook was 9.27 cfs/mi2 on November 23, 2007 (A16.3.07). The lowest average daily discharge recorded was 0.31 cfs/mi2 on September 3, 2007 (A16.3.07). Cumulative rainfall recorded during the period of record totaled 20.5 inches (A16.4.07). Cumulative runoff recorded for the same period totaled 7.8 inches (A16.4.07). These results suggest that runoff is approximately 38% of total rainfall. 
In 2008 streamflow and precipitation monitoring was conducted from April 29, 2008 to November 25, 2008 (Table 4). Within the period of reliable records (202 days) we missed 0 days of streamflow data and 9 days of precipitation data due to malfunctions. In 2008, we reestablished the monitoring sites used in 2006 and 2007. The rating curve was created from a total of 15 manual discharge measurements ranging 0.02 m3/sec (0.65 cfs) to 1.38 m3/sec (48.73 cfs) (A16.1.08). The highest average daily discharge recorded was 27.12 cfs/mi2 on August 2, 2008 (A16.3.08). The lowest average daily discharge recorded was 0.41 on September 22, 2008 (A16.3.08). Cumulative rainfall recorded during the 2008 season totaled 23.3 inches, while total runoff recorded totaled 16.1 inches, approximately 69% of total rainfall (A16.4.08, Table 4). 
The USGS conducts flow monitoring just upstream from the UVM gauging station. Data collected by UVM was compared to USGS flow data to assess the accuracy of the data we collected. A 1:1 comparison of USGS vs UVM flow data yielded a linear regression with a slope of 1.94 and an intercept of -0.66 (r2 = 0.93, p<0.0001) (Table 2). Points that do not correlate well are from isolated storm events in which the UVM data was consistently higher than the USGS data. The UVM gauging site is in a regularly-shaped channel that is not likely to remain stable in the long-term, but that remains relatively unchanged within a season. The USGS gauge is ~200 m upstream at a location that is much more stable but that is relatively flat on the true right bank. As flows approach bank full they may spill over this flat bank so that discharge might increase with little apparent increase in stage. This difference in channel morphology between the two sites may explain the difference in behavior at high flow. The result of the 1:1 comparison of the 2007 data yielded a linear regression with a slope of 0.72 and an intercept of -0.23 (r2 = 0.95, p<0.0001) (Table 2).  As before the points that did not correlate well were from isolated storm events in which the UVM data was consistently higher than the USGS data. The results of the 1:1 comparison of the 2008 data yielded a linear regression with a slope of 0.44 and an intercept of -0.44 (r2= 0.91, p<0.0001) (Table 2).  The points that do not correlate as well correspond to storm events indicating a difference in the calculation of high flows between UVM and USGS. As with other sites in which we are able to perform a 1:1 comparison with USGS data, the relationship with our data is highly significant.  However the relationship is not 1:1.
Rice Brook (Impaired)
Rice Brook is located in Warren, VT draining 0.82 mi2 at the gauging station. The watershed includes parts of the Sugarbush Ski Resort. The gauging station was established just upstream from the confluence with Clay Brook, adjacent to Golf Course Road in Warren, VT.  
Continuous streamflow and precipitation monitoring was conducted in 2006 on the Rice Brook watershed from August 10, 2006 to December 5, 2006 (Table 4). In 2006, Rice Brook was among the last installations of the monitoring season. Due to the late installation of field equipment in the Rice Brook watershed, the period of record is shorter than most of the watersheds included in the first year of this study. Given the smaller quantity of data collected for the watershed, the results for Rice Brook are assumed to be more conclusive after the 2006 season. Within the period of reliable records (118 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. The rating curve for Rice Brook was developed from a total of 7 manual discharge profiles that ranged from 0.03 m3/sec (0.89 cfs) to 0.12 m3/sec (4.17 cfs) (A17.1.06). Additional manual discharge profiles would have helped to develop a more reliable rating curve in 2006. The highest average daily discharge recorded for Rice Brook was 17.56 cfs/mi2 on October 28, 2006 (A17.3.06). The lowest average daily discharge recorded was 0.7 cfs/mi2 on August 14, 2006 (A17.3.06). Cumulative rainfall recorded for the watershed totaled 19.3 inches. Cumulative runoff totaled 12.2 inches (A17.4.06). The total runoff accounts for approximately 63% of the total rainfall. 
In 2007 streamflow and precipitation monitoring was conducted from May 17, 2007 to October 29, 2007 (Table 4). Within the period of reliable records (166 days) we missed 7 days of streamflow data and 13 days of precipitation data due to malfunctions. The rating curve for Rice Brook was developed from a total of 13 manual discharge profiles that ranged from 0.01 m3/sec (0.35 cfs) to 0.25 m3/sec (8.83 cfs) (A17.1.07). The highest average daily discharge recorded for Rice Brook was 8.45 cfs/mi2 on October 27, 2007 (A17.3.07). The lowest average daily discharge recorded was 0.09 cfs/mi2 on June 24, 2007 (A17.3.07). Cumulative rainfall recorded for the watershed totaled 26.7 inches. Cumulative runoff totaled 5.8 inches (A17.4.07). The total runoff accounts for approximately 22% of the total rainfall. 

In 2008 streamflow and precipitation monitoring was conducted on the Rice Brook watershed from May 20, 2008 to November 19, 2008 (Table 4). Within the period of reliable records (184 days) we missed 17 days of streamflow data and 6 days of precipitation data due to malfunctions. In 2008, monitoring was conducted from May 20 to November 19. The rating curve was established from a total of 13 manual discharge measurements ranging in flow from 0.01 m3/sec (0.30 cfs) to 0.18 m3/sec (6.46 cfs) (A17.1.08). The highest average daily discharge recorded was 11.06 cfs/mi2 on August 6, 2008 (A17.3.08). The lowest average daily discharge recorded was 0.04 cfs/mi2 on July 17, 2008 (A17.3.08). The cumulative rainfall recorded for the 2008 season totaled 28 inches, while the cumulative runoff recorded totaled 19.7 inches, approximately 70% of total rainfall (A17.4.08, Table 4). 
The natural, geophysical properties of the mountainous Rice Brook watershed probably explain the relatively high runoff to rainfall ratios observed in this watershed. It is also possible that additional runoff is being caused by snowmaking at Sugarbush Resort. The melting snow could be appearing as runoff, but it would not be included in the precipitation measurements because it is limited to the slopes of Sugarbush Resort. However, we can not rule out the possibility that the rain gauge did not accurately represent the total watershed, especially given the mountainous terrain of the Rice Brook watershed. Relocation of the rain gauge or the inclusion of alternative sources of precipitation data should be considered. There has also been increased development in the Sugarbush Resort that may have affected these results.

Roaring Brook - East Branch (Impaired)
The East Branch of Roaring Brook drains 0.83 mi2 at the stream gauging location. The watershed includes golf course and ski area development around the Killington Ski Resort. 
Continuous streamflow and precipitation monitoring was conducted on the East Branch of Roaring Brook in Killington, VT from August 1, 2006 to December 11, 2006 (Table 4). Within the period of reliable records (133 days) we missed 0 days of streamflow data and 13 days of precipitation data due to malfunctions. In 2006, the East Branch of Roaring Brook was among the last installations for the season, resulting in a limited period of record. The 2006 rating curve developed for the East Branch was created from a total of 7 manual discharge profiles that range from 0.01 m3/sec (0.27 cfs) to 0.16 m3/sec (5.63 cfs) (A18.1.06). The highest average daily discharge recorded was 41.08 cfs/mi2 on October 28, 2006 (A18.3.06). This corresponds to one of the largest storm events observed during the monitoring period with a total of over 2.5 inches of rainfall in the 48 hours preceding the highest recorded flow. The lowest average daily discharge recorded was 0.45 (cfs/mi2) on August 17, 2006 following a period of two weeks during which only 0.5 inches of rain fell (A18.3.06). The cumulative rainfall recorded for the period of record totaled 18.8 inches (A18.4.06). Cumulative runoff recorded totaled 30.8 inches. It is impossible for total runoff to exceed total rainfall in long-term records. However, in shorter term records runoff may exceed rainfall if there is an auxiliary source of runoff; e.g. an upstream reservoir or large groundwater stores. We cannot, however, rule out the possibility that the rain gauge was not located in a representative site, given the variation in elevation in mountainous watersheds. It is also likely that the high amount of recorded runoff is partially due to early snowfall, and snowmelt, in the Killington Resort area. Snow is inefficiently captured in a tipping bucket gauge. Thus, if considerable snow fell, then melted, there might appear to be an excess of runoff over rainfall.
In 2007 streamflow and precipitation monitoring was conducted on the East Branch of Roaring Brook in Killington, VT from June 4, 2007 to November 19, 2007 (Table 4). Within the period of reliable records (169 days) we missed 5 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2007, streamflow monitoring began on June 4, 2007 and ended on December 4, 2007. Precipitation monitoring began on June 4, 2007 and ended November 19, 2007. Precipitation after November 19, 2007 was primarily frozen, and therefore could not be accurately measured by our tipping buckets. For comparison purposes, runoff to rainfall ratios will be compared for the same period of time, June 4, 2007 to November 19, 2007 (Table 4). The rating curve developed for the East Branch in 2007 was created from a total of 9 manual discharge profiles that range from 0.001 m3/sec (0.035 cfs) to 0.26 m3/sec (9.16 cfs) (A18.1.07). The highest average daily discharge recorded was 1.35 cfs/mi2 on October 27, 2006 (A18.3.07). The lowest average daily discharge recorded was 0.03 (cfs/mi2) on June 30, 2007 (A18.3.07). The cumulative rainfall recorded for the period of record totaled 26.9 inches (A18.4.07). Cumulative runoff recorded for the same period of record totaled 11 inches, or approximately 41% of total rainfall. 

In 2008 streamflow and precipitation monitoring was conducted on the East Branch of Roaring Brook in Killington, VT from May 28, 2008 to November 6, 2008 (Table 4). Within the period of reliable records (164 days) we missed 15 days of streamflow data and 70 days of precipitation data due to malfunctions.  The rating curve in 2008 was developed from a total of 14 manual discharge measurements ranging from 0.41 m3/sec (14.48 cfs) to 8.2 m3/sec (289.54 cfs) (A18.1.08). The highest average daily discharge recorded was 18.80 cfs/mi2 on October 26, 2008 (A18.3.08). The lowest average daily discharge recorded was 0.0006 cfs/mi2 on July 11, 2008 (A18.3.08). Cumulative rainfall recorded for the period of record totaled 19.4 inches while cumulative runoff totaled 7.97 inches (A18.4.08). Cumulative runoff totaled approximately 41% of total rainfall (Table 4). 
Roaring Brook - North Branch (Attainment)
The North Branch of Roaring Brook is the attainment watershed for the impaired East Branch.  The North Branch drains an area of 4.3 mi2.

The North Branch was one of the last installations in 2006 resulting in a short monitoring season. Stream flow and precipitation was monitored on the North Branch of Roaring Brook from August 3, 2006 to December 11, 2006 (Table 3). Within the period of reliable records (131 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. The rating curve for the North Branch was created from a total of 7 manual discharge measurements recorded in the field. The field measurements ranged from 0.07 m3/sec (2.49 cfs), to 0.57 m3/sec (20.17 cfs) (A19.1.06). The highest average daily discharge recorded for the North Branch was 10.08 cfs/mi2 on October 28, 2006 (A19.3.06). This high flow event corresponds to the largest storm event during the period of record, with a total of 2.4 inches of rainfall in less than 24 hours. The lowest average daily discharge recorded was 0.5 cfs/mi2 on September 2, 2006 following a month long period during which there was only 0.56 inches of rainfall (A19.3.06). Cumulative rainfall recorded for the North Branch watershed totaled 20.9 inches (A19.4.06). Cumulative runoff totaled only 8.2 inches, approximately 39% of total rainfall.  
In 2007, stream flow and precipitation was monitored on the North Branch of Roaring Brook from June 21, 2007 to December 6, 2007 (Table 3). Precipitation data is only reported through November 19, 2007 because all precipitation occurring after this date was frozen and could not be accurately measured by our tipping buckets. For accuracy, all numerical totals presented in this narrative are based on a period of record of June 21, 2007 to November 19, 2007; however, graphical representations of these data will display streamflow data collected through December 6, 2007. Within the period of reliable records (152 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. The 2007 rating curve for the North Branch was created from a total of 9 manual discharge measurements recorded in the field. The field measurements ranged from 0.04 m3/sec (1.55 cfs), to 0.33 m3/sec (11.70 cfs) (A19.1.07). The highest average daily discharge recorded for the North Branch was 22.88 cfs/mi2 on October 16, 2006 (A19.3.07). This high flow event does not correspond to precipitation recorded by the tipping buckets in the North or East branch watersheds. We are unsure whether these results are due to an unexplained and self-resolved equipment error or whether there was a large and unexplained discharge to the stream.  Considering only events that could be reliably associated with rainfall, the highest average daily discharge recorded was 14.36 cfs/mi2 on October 27, 2007, which corresponds to a large storm event that delivered 2.66 inches of rainfall in 24 hours (A19.3.07). The lowest average daily discharge recorded was 0.24 cfs/mi2 on September 5, 2006 following a 2 week period during which only 0.42 inches of rain fell (A19.3.07). Cumulative rainfall recorded for the North Branch watershed totaled 24.1 inches (A19.4.07). Cumulative runoff totaled only 5.5 inches, approximately 23% of total rainfall. 

In 2008, repeated unexplained equipment failure resulted in a very short period of reliable data beginning late in the season. For this reason, we are cautious in drawing conclusions from this data. Streamflow and precipitation monitoring was conducted on the North Branch of Roaring Brook from September 1, 2008 to November 6, 2008 (Table 3).  We consider data from September 1, 2008 to November 6, 2008 to be reliable and will report all runoff and rainfall amounts for this period. Within the period of reliable records (68 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. Reliable precipitation data for the watershed is available from May 28, 2008 and will be provided in the Digital Archive. The rating curve developed for 2008 was created over the full period from May 28, 2008 to November 6, 2008 and was comprised of a total of 12 manual velocity measurements. The 2008 rating curve has a range of measurements from 0.06 m3/sec (2.12 cfs) to 0.49 m3/sec (17.30 cfs) (A19.1.08). The highest average daily discharge recorded was 32.65 cfs/mi2 on October 26, 2008. The lowest average daily discharge recorded was 0.66 cfs/mi2 on September 5, 2008 (A19.3.08). Cumulative rainfall amounts recorded for the reported period of record totaled 10.4 inches, while cumulative runoff totaled 6.8 inches, approximately 65 % of total rainfall (A19.4.08).
The ratio of runoff to rainfall observed in the North Branch of Roaring Brook in 2006 and 2007 was notably lower than that observed in the East Branch, where total runoff recorded was nearly two times the total rainfall recorded. These differences are likely due to the impacts of the Killington Ski Resort on the East Branch of Roaring Brook.  The runoff to rainfall ratio for the North Branch in 2008 was higher than for the East Branch, most likely because of the much shorter record in the North Branch during the cooler fall and early winter months.  This record period would favor runoff. 
Rugg Brook (Impaired)
Rugg Brook is an impaired stream located in the city of St. Albans. The stream gauging station was established at the Route 7 bridge in St. Albans. The gauge was affixed to a concrete bridge abutment in the gauge pool in the approximate location of the gauge previously used by Heindel and Noyes.
Stream flow and precipitation data were collected from the Rugg Brook watershed beginning on June 7, 2006 and ending on November 17, 2006 (Table 4). Within the period of reliable records (145 days) we missed 89 days of streamflow data and 2 days of precipitation data due to malfunctions. The rating curve for Rugg Brook was created from a total of 12 manual discharge profiles that range from 0.003 m3/sec (0.088 cfs) to 0.819 m3/sec (28.930 cfs) (A20.1.06). The highest average daily discharge recorded for Rugg Brook was 52.09 cfs/mi2 on June 10, 2006 (A20.3.06). The lowest average daily discharge recorded was 0.002 cfs/mi2 on August 18, 2006 (A20.3.06). Cumulative rainfall recorded for the Rugg Brook watershed totaled 18.7 inches (A20.4.06). Cumulative runoff recorded totaled 8.6 inches, approximately 46% of total rainfall. Several difficulties were experienced with the Rugg Brook monitoring equipment over the 2006 period of record (Appendix F). It is likely that the cumulative runoff results are not an accurate representation of the total runoff during the period of record due to the loss of data on multiple occasions. 
In 2007, the monitoring site was re-established as in 2006; however, beginning in July a 2m TruTrack was installed instead of a 1.5 meter rod. After analysis of the 2006 data, and observations made early in the 2007 field season it appears that a majority of the equipment failures were do to storm events during which the 1.5 meter rod became completely submerged. The streamflow and precipitation data were collected from July 11, 2007 and ending on November 27, 2007 (Table 4). Rain data is available beginning May 6, 2007; however, corresponding streamflow data is not available until July 11, 2007 due to multiple equipment errors similar to those experienced in the 2006 season at Rugg Brook. Within the period of reliable records (140 days) we missed 8 days of streamflow data and 0 days of precipitation data due to malfunctions.  The 2007 rating curve for Rugg Brook was created from a total of 11 manual discharge profiles that range from 0.003 m3/sec (0.088 cfs) to 0.49 m3/sec (17.43 cfs) (A20.1.07). The highest average daily discharge recorded for Rugg Brook was 43.48 cfs/mi2 on November 10, 2007 (A20.3.07). The lowest average daily discharge recorded was 0.04 cfs/mi2 on September 5, 2007 (A20.3.07). Cumulative rainfall recorded for the Rugg Brook watershed totaled 17.5 inches (A20.4.07). Cumulative runoff recorded totaled 6.1 inches, approximately 35% of total rainfall. 

Streamflow and precipitation monitoring was conducted in 2008 from May 15, 2008 to November 13, 2008 (Table 4). Within the period of reliable records (184 days) we missed 11 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2008, the rating curve was developed from a total of 10 manual discharge measurements ranging from 0.02 m3/sec (0.55 cfs) to 0.20 m3/sec (7.20 cfs) (A20.1.08). The highest average daily discharge recorded was 6.48 cfs/mi2 on August 8, 2008 (A20.3.08). The lowest average daily discharge recorded during the 2008 season was 0.035 cfs/mi2 on May 28-30, 2008 (A20.3.08). Cumulative rainfall recorded totaled 22.9 inches while runoff recorded totaled 7.8 inches, approximately 34% of total rainfall (A20.4.08, Table 4). 
Sand Hill Brook (Attainment)
Overall, monitoring in the Sand Hill Brook watershed went very smoothly. There were no major problems experienced with monitoring efforts at this site, which resulted in one of the longest, continuous data sets recorded during all 3 monitoring seasons. In general, we observed above average runoff in the Sand Hill Brook watershed when compared with the other attainment sites included in this study. The Sand Hill watershed is – as might be expected – underlain by sand and seems to deliver a nearly constant level of base flow from a large groundwater source.  
In 2006, streamflow and precipitation were monitored in the Sand Hill Brook Watershed from June 19, 2006 to January 7, 2007 (Table 3). Within the period of reliable records (203 days) we missed 7 days of streamflow data and 0 days of precipitation data due to malfunctions. The rating curve for Sand Hill Brook was created from a total of 10 manual discharge profiles that ranged from 0.04 m3/sec (1.37 cfs) to 0.24 m3/sec (8.42 cfs) (A21.1.06). The highest average daily discharge recorded for Sand Hill Brook was 7.47 cfs/mi2 on December 30, 2006 (A21.3.06). The lowest average daily discharge recorded was 1.05 cfs/mi2 on August 18, 2006 (A21.3.06). Cumulative rainfall recorded totaled 25.8 inches, and cumulative runoff totaled 12.8 inches, approximately 50% of total rainfall (A21.4.06). 
 
Monitoring was resumed in 2007 with streamflow data from April 27, 2007 to November 29, 2007 (Table 3). Within the period of reliable records (185 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. Precipitation data is available from May 15, 2007 to November 15, 2007 (Table 3). The 2007 rating curve for Sand Hill Brook was created from a total of 14 manual discharge profiles that ranged from 0.03 m3/sec (0.99 cfs) to 0.14 m3/sec (4.81 cfs) (A21.1.07). The highest average daily discharge recorded for Sand Hill Brook was 3.78 cfs/mi2 on July 9, 2007 (A21.3.07). The lowest average daily discharge recorded was 0.89 cfs/mi2 on June 29, 2007 (A21.3.07). Cumulative rainfall recorded totaled 14.8 inches, and cumulative runoff for the same period of record totaled 8.9 inches, approximately 60% of total rainfall (A21.4.07, Table 3). This is surprisingly high, especially given the drier conditions observed during the 2007 season but may indicate continued discharge for a large groundwater reservoir.  


In 2008, monitoring on the Sand Hill Brook watershed was performed from May 7, 2008 to December 2, 2008 (Table 3). Within the period of reliable records (211 days) we missed 0 days of streamflow data and 24 days of precipitation data due to malfunctions. The rating curve was developed from a total of nine manual discharge measurements ranging from 0.05 m3/sec (1.66 cfs) to 0.10 m3/sec (3.68 cfs) (A21.1.08).  The highest average daily discharge recorded was 8.37 cfs/mi2 on June 10, 2008 (A21.3.08).  The lowest average daily discharge was 0.69 cfs/mi2 on July 12, 2008 (A21.3.08). Cumulative rainfall recorded during the period of record totaled 33.7 inches, while cumulative runoff totaled 16.4 inches, approximately 49% of total rainfall (A21.4.08, Table 3). 
Sheldon Spring (Attainment)
In general, monitoring in the Sheldon Spring watershed went smoothly during all three years of monitoring, resulting in one of the more complete and reliable records from this project.  

Continuous streamflow and precipitation monitoring was conducted on the Sheldon Spring watershed from June 21, 2006 to December 15, 2006 (Table 3). Within the period of reliable records (178 days) we missed 8 days of streamflow data and 0 days of precipitation data due to malfunctions. A rating curve was developed for Sheldon Spring from a total of 9 manual discharge profiles that ranged from 0.02 m3/sec (0.66 cfs) to 0.48 m3/sec (16.77 cfs) (A22.1.06). The highest average daily discharge recorded was 9.71 cfs/mi2 on December 1, 2006, corresponding to the largest amount of rainfall recorded in a single 24-hour period during the monitoring season with 1.24 inches of rain (A22.3.06). The lowest average daily discharge recorded was 0.18 cfs/mi2 on August 16-18, 2006 (A22.3.06). Cumulative rainfall recorded for the watershed totaled 23 inches (A22.4.06). Cumulative runoff recorded totaled 7.6 inches, indicating that runoff was 33% of the total rainfall.
In 2007 streamflow and precipitation monitoring was conducted from May 29, 2007 to November 27, 2007 (Table 3). Within the period of reliable records (183 days) we missed 0 days of streamflow data and 10 days of precipitation data due to malfunctions. Precipitation data is available for May 29, 2007 through November 27, 2007 (Table 3). A rating curve was developed for Sheldon Spring from a total of 18 manual discharge profiles that ranged from 0.01 m3/sec (0.48 cfs) to 0.47 m3/sec (16.74 cfs) (A22.1.07). The highest average daily discharge recorded was 57.5 cfs/mi2 on October 15, 2007 (A22.3.07).  The reason for the occurrence of the highest daily discharge on October 15 is unknown. There was no recorded precipitation on that date. The second highest daily discharge was recorded on October 13, 2007 and it also does not correspond to any recorded precipitation. It is possible that some form of regulation resulted in the elevated flows, as there was no known equipment failure surrounding these dates. The lowest average daily discharge recorded was 0.25 cfs/mi2 on August 5, 2006 (A22.3.07).  Cumulative rainfall recorded for the watershed totaled 23.2 inches (A22.4.07). Cumulative runoff recorded totaled 5.9 inches, indicating that runoff is 25% of the total rainfall. 

In 2008 streamflow and precipitation monitoring was conducted from May 15, 2008 to November 5, 2008 (Table 3). Within the period of reliable records (176 days) we missed 10 days of streamflow data and 8 days of precipitation data due to malfunctions. In 2008, streamflow and precipitation monitoring was conducted from May 15, 2008 to November 5, 2008 (Table 3). The rating curve was created from a total of 16 manual discharge measurements ranging from 0.01 m3/sec (0.33 cfs) to 0.23 m3/sec (8.13 cfs) (A22.1.08). The highest average daily discharge recorded during the 2008 season was 11.49 cfs/mi2 on August 8, 2008 (A22.3.08). The lowest average daily discharge recorded during the same period of record was 0.11 cfs/mi2 on May 30, 2008 (A22.3.08). Cumulative rainfall recorded totaled 19.5 inches (A22.4.08). Cumulative runoff recorded totaled 6.7 inches or approximately 34% of total rainfall (A22.4.08, Table 3). 
Stevens Brook (Impaired)
Stevens Brook was one of the most urban watersheds included in the study. The urban location of our gauging site made it prone vandalism. Vandalism was experienced at the gauging site in 2006; however, the damage did not result in the loss of data. The watershed has been a concern for the city of St. Albans for over 50 years. One of the major concerns with Stevens brook was the risk of flooding in the densely populated downtown. To alleviate some of these concerns the state build a diversion from Stevens Brook to Rugg Brook that was designed to divert high storm flows away from Stevens Brook. The Stevens-Rugg diversion is located just downstream from the Stevens Brook 2006 stream gauging station. Due to issues with vandalism, a new stream gauging location was established in 2007. For this reason, we suggest that conclusions should be limited when comparing the 2006 record to that of 2007 and 2008. 
Continuous streamflow and precipitation monitoring was conducted for the Stevens Brook watershed from June 7, 2006 to December 15, 2006 (Table 4). Within the period of reliable records (192 days) we missed 8 days of streamflow data and 9 days of precipitation data due to malfunctions. In 2006, a rating curve was developed from a total of 13 manual discharge profiles that ranged from 0.0007 m3/sec (0.03 cfs) to 0.67 m3/sec (23.66 cfs) (A23.1.06). The highest average daily discharge recorded was 16.1 cfs/mi2 on June 10, 2006 (A23.3.06). The lowest average daily discharge recorded was 0.02 cfs/mi2 on August 25, 2006 and September 12, 2006 (A23.3.06). Cumulative rainfall recorded for the Stevens Brook watershed totaled 20.5 inches (A23.4.06). Cumulative runoff recorded totaled 8.1 inches, or approximately 40% of total rainfall (A23.4.06, Table 4).
Due to vandalism experienced in 2006 at the gauging site we decided to reinstall the stream gauging equipment upstream from the original location on Lemnah Drive close to the Rugg-Stevens diversion. Streamflow and precipitation data were collected from May 8, 2007 to December 5, 2007 (Table 4). Within the period of reliable records (204 days) we missed 9 days of streamflow data and 10 days of precipitation data due to malfunctions. A rating curve was developed from a total of 12 manual discharge profiles that ranged from 0.01 m3/sec (0.24 cfs) to 0.46 m3/sec (16.07 cfs) (A23.1.07). The highest average daily discharge recorded was 25.63 cfs/mi2 on October 19, 2007 (A23.3.07). The lowest average daily discharge recorded was 0.27 cfs/mi2 on June 18, 2007 (A23.3.07). Cumulative rainfall recorded for the Stevens Brook watershed totaled 24.5 inches (A23.4.07). Cumulative runoff recorded totaled 9.6 inches, or approximately 39% of total rainfall (A23.4.07, Table 4). 

In 2008 streamflow and precipitation monitoring was conducted from May 15, 2008 to November 13, 2008 (Table 4). Within the period of reliable records (184 days) we missed 10 days of streamflow data and 0 days of precipitation data due to malfunctions. The profile location used in 2007 was re-established and a rating curve was developed from a total of 15 manual measurements ranging in flow from 0.02 m3/sec (0.61 cfs) to 0.28 m3/sec (10.01 cfs) (A23.1.08). The highest average daily discharge recorded was 8.22 cfs/mi2 on July 18, 2008 (A23.3.08). The lowest average daily discharge recorded was 0.33 on July 8, 2008 (A23.3.08). Cumulative rainfall recorded for the 2008 season totaled 20.3 inches, while cumulative runoff recorded during the same period of record totaled 9.6 inches, approximately 47% of total rainfall (A23.4.08, Table 4). 
The USGS also gauges Stevens Brook in St. Albans. In order to better assess our accuracy a 1:1 comparison of data was made for each year of the study. In 2006 a 1:1 comparison yielded a slope of 0.39 and a y-intercept of 0.25 (r2 = 0.92, p < 0.0001). In 2007 the 1:1 comparison yielded a slope of 0.32 and a y-intercept of 0.29 (r2 = 0.97, p < 0.001). In 2008, the comparison yielded a slope of 0.95 and a y-intercept of 0.43 (r2 = 0.91, p < 0.001). 
Sunderland Brook (Impaired)
Sunderland Brook was among the flashiest streams included in the study, making it difficult to catch storm flows manually. Evidence of significant changes in the geomorphology of this stream was apparent throughout the monitoring periods. At the gauging site on Sunderland Brook the stream was confined to a straight and narrow strip of land between two steep slopes. Stream banks in the area were collapsing, leading to large amounts of erosion and sediment aggradation. Sedimentation was a major problem at the stream gauging site throughout all 3 years of the study. Large amounts of sediment deposition were observed surrounding the base of the TruTrak gauge at every visit and so we recommend that this gauging site should be relocated for any future monitoring efforts. Aggradation of sediment around the logging device may have resulted in reported stage height values lower than the actual stage. Future monitoring efforts and proposed relocation of the monitoring device may help eliminate such doubt. Additional problems with the Sunderland Brook site included increasing amounts of beaver activity. By the late summer of 2008, the monitoring location became too impacted by beaver activity for the collection of reliable data. Efforts were made to find a more suitable gauging location in both 2007 and 2008 without success. [A new site scouted in early 2009 may prove to be a better loation.]  

In 2006, streamflow and precipitation monitoring began in the Sunderland Brook watershed on June 7, 2006 and ended on December 1, 2006 (Table 4). Within the period of reliable records (216 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. The rating curve for Sunderland Brook was created from a total of 8 manual discharge profiles that ranged from 0.03 m3/sec (1.18 cfs) to 0.42 m3/sec (14.66 cfs) (A24.1.06). The highest average daily discharge recorded for the Sunderland Brook watershed was 9.76 cfs/mi2 on August 20, 2006 (A24.3.06). The lowest average daily discharge recorded was 0.02 cfs/mi2 on August 26, 2006 (A24.3.06). Cumulative rainfall recorded for the watershed totaled 26.4 inches (A24.4.06). Cumulative runoff totaled 8.4 inches, approximately 32% of total rainfall.
In 2007, streamflow and precipitation monitoring was conducted in the Sunderland Brook watershed from April 27, 2007 to September 19, 2007 (Table 4). Sedimentation was a major problem at the stream gauging site in 2006, and continued to be a problem in the 2007 season. Consequently, we established a second monitoring location on the downstream site of the culvert; however, aggradation was also a problem at the second site. The rating curve data reported here is based on the original site; data recorded by the second stream gauge on Sunderland Brook are included in the Data Archive. Within the period of reliable records for the original site (146 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. The rating curve for Sunderland Brook was created from a total of 9 manual discharge profiles that ranged from 0.02 m3/sec (0.84 cfs) to 0.15 m3/sec (5.15 cfs) (A24.1.07). The highest average daily discharge recorded for the Sunderland Brook watershed was 7.36 cfs/mi2 on July 9, 2007 (A24.3.07). The lowest average daily discharge recorded was 0.28 cfs/mi2 on August 20, 2007 (A24.3.07). Cumulative rainfall recorded for the watershed totaled 13 inches (A24.4.07). Cumulative runoff totaled 5.5 inches, approximately 42% of total rainfall. 


In 2008 beaver activity around the gauging location had increased; however, the gauging location was re-established as in 2006 and 2007 due to an inability to find a suitable replacement site. Monitoring was conducted during the 2008 season from May 18, 2008 to July 29, 2008 (Table 4). However, equipment was removed from the field on July 29 after concluding that beaver activity had become too severe and that we were no longer collecting reliable data. Within the period of reliable records (59 days) we missed 0 days of streamflow data and 11 days of precipitation data due to malfunctions. The rating curve for 2008 was created from a total of 8 manual velocity measurements ranging from 0.05 m3/sec (1.74 cfs) to 0.16 m3/sec (5.48 cfs) (A24.1.08). The highest average daily discharge recorded was 0.91 cfs/mi2 on July 21, 2008 (A24.3.08). The lowest average daily discharge recorded was 0.26 cfs/mi2 on May 18, 2008 (A24.3.08). Cumulative rainfall for the period of record totaled 9.3 inches, while cumulative runoff totaled 3.9 inches, or approximately 42% of total rainfall (A24.4.08, Table 4). 
Tenney Brook (Attainment)
The Tenney Brook watershed was chosen as the attainment watershed for comparison with Moon Brook, the impaired watershed located in Rutland City, VT. 

In 2006, streamflow and precipitation monitoring were conducted in the Tenney Brook watershed from June 13, 2006 to December 11, 2006 (Table 3). Within the period of reliable records (182 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. A rating curve for Tenney Brook was created from a total of 10 manual discharge profiles that ranged from 0.068 m3/sec (0.241 cfs) to 0.325 m3/sec (11.48 cfs) (A25.1.06). The highest average daily discharge recorded was 5.08 cfs/mi2 on October 21, 2006 (A25.3.06). The lowest average daily discharge recorded was 0.158 cfs/mi2 on June 12, 2006 (A25.3.06). Cumulative rainfall recorded totaled 23.2 inches (A25.4.06). Cumulative runoff recorded totaled 9.32 inches, approximately 40% of total rainfall.
In 2007, streamflow and precipitation monitoring were conducted in the Tenney Brook watershed from June 21, 2007 to December 6, 2007 (Table 4). Within the period of reliable records (169 days) we missed 0 days of streamflow data and 30 days of precipitation data due to malfunctions. The rating curve for Tenney Brook was created from a total of 8 manual discharge profiles that ranged from 0.06 m3/sec (2.1 cfs) to 0.47 m3/sec (16.6 cfs) (A25.1.07). The highest average daily discharge recorded was 9.06 cfs/mi2 on November 27, 2007 (A25.3.07). The lowest average daily discharge recorded was 0.21 cfs/mi2 on June 30, 2007 (A25.3.07). Cumulative rainfall recorded totaled 17.6 inches (A25.4.07). Cumulative runoff recorded totaled 10.3 inches, approximately 58.5% of total rainfall. 

In 2008, streamflow and precipitation monitoring was conducted from May 28, 2008 to November 17, 2008 (Table 4). Within the period of reliable records (175 days) we missed 21 days of streamflow data and 3 days of precipitation data due to malfunctions. A total of 13 manual discharge measurements were used to create the rating curve with measurements ranging from 0.083 m3/sec (2.94 cfs) to 0.579 m3/sec (20.43 cfs) (A25.1.08). The highest average daily discharge recorded was 48.68 cfs/mi2 on June 29, 2008 (A25.3.08). The lowest average daily discharge recorded was 0.07 cfs/mi2 on July 12, 2008 (A25.3.08). Cumulative rainfall totaled 8.1 inches while cumulative runoff recorded totaled 3.91 inches, approximately 48% of total rainfall (A25.4.08). 
Youngman Brook (Attainment)
The soil at the streamflow gauging site on Youngman Brook is very sandy. Storm events were difficult to catch on Youngman Brook because the storm stage heights returned to base flow levels very quickly. The sandy soils likely contributed to this process.  

Streamflow and precipitation monitoring was conducted in the Youngman Brook watershed beginning June 21, 2006 and ending December 15, 2006 (Table 3). Within the period of reliable records (172 days) we missed 10 days of streamflow data and 4 days of precipitation data due to malfunctions. In 2006, the rating curve for Youngman Brook was developed from a total of 10 manual discharge profiles that ranged from 0.010 m3/sec (0.351 cfs/mi2) to 0.157 m3/sec (5.54 cfs) (A26.1.06). The highest average daily discharge recorded for Youngman Brook was 10.4 cfs/mi2 on December 2, 2006 (A26.3.06). The lowest average daily discharge recorded was 0.25 cfs/mi2 on September 12, 2006 (A26.3.06). Cumulative rainfall recorded totaled 19.7 inches (A26.4.06). Cumulative runoff totaled 8.7 inches, approximately 44% of rainfall.
In 2007 streamflow and precipitation monitoring was conducted from May 29, 2007 to December 5, 2007 (Table 3). Within the period of reliable records (191 days) we missed 0 days of streamflow data and 0 days of precipitation data due to malfunctions. In 2007, streamflow and precipitation monitoring was conducted in the Youngman Brook watershed beginning on May 29, 2007 and ending on December 5, 2007 (Table 3). In 2007 the rating curve for Youngman Brook was developed from a total of 12 manual discharge profiles that ranged from 0.008 m3/sec (0.28 cfs/mi2) to 0.15 m3/sec (5.3 cfs) (A26.1.07). The highest average daily discharge recorded for Youngman Brook was 92.6 cfs/mi2 on September 26, 2007 (A26.3.07). The lowest average daily discharge recorded was 0.26 cfs/mi2 on August 22, 2007 (A26.3.07). Cumulative rainfall recorded totaled 17.9 inches (A25.4.07). Cumulative runoff totaled 8.3 inches, approximately 46% of total rainfall. 

In 2008 streamflow and precipitation monitoring was conducted from May 15, 2008 to December 3, 2008 (Table 3). Within the period of reliable records (190 days) we missed 31 days of streamflow data and 13 days of precipitation data due to malfunctions. In 2008, the rating curve for Youngman Brook was developed from a total of 9 manual discharge profiles that ranged from 0.008 m3/sec (0.282 cfs) to 0.07 m3/sec (2.37 cfs) (A26.1.08). The highest average daily discharge recorded for Youngman Brook was 2.81 cfs/mi2 on October 28, 2008 (A26.3.08). The lowest average daily discharge recorded was 0.16  cfs/mi2 on May 28, 2008 (A26.3.08). Cumulative rainfall recorded totaled 22.4 inches (A26.4.08). Cumulative runoff totaled 5.7 inches, approximately 25.45% of total rainfall.
Discussion
Streamflow and precipitation monitoring was conducted by the University of Vermont 14 of the 15 impaired streams previously monitored by Heindel and Noyes (Heindel and Noyes 2006) plus 11 attainments watersheds selected in consultation with VTANR. With the exceptions noted we generally were able to collected reliable data from early June until mid- to late-November in each of the three years of the study.
Field Equipment Performance

Initially, we experienced few problems with the monitoring equipment selected for use in this study.  Appendix F in the Data Archive summarizes the reliable performance period for each installation, including all gaps in either precipitation or streamflow data. Almost all losses of precipitation data over all 3 field seasons can be explained by batteries that expired in the Hobo® Event Recorders. There were a few isolated incidents in which loss of data was due to apparent vandalism to the tipping buckets. The majority of lost precipitation data during June 2008 was due to clogged buckets from pollen. Gaps in stream level data used to calculate stream flow occurred for a variety of reasons. Some losses would be attributed to malfunction of the TruTrack capacitance probe logger while others could be attributed to the Palm device used to download the data from the loggers. Malfunctions experienced with the TruTracks appear to coincide with large storm events, apparent vandalism, or damage from large woody debris. The largest gaps in streamflow data were in the record for Rugg Brook in 2006 and the North Branch of Roaring Brook in 2008. While the performance of the TruTrack capacitance probes was satisfactory in most cases, we have concluded that these devices are less reliable than we had anticipated. As we discuss below, there are alternative devices that may perform better. 
Comparisons to USGS Gauging Stations

At four of the sites monitored during this project, streamflow was also monitored by USGS, which provides an opportunity to compare data between USGS and UVM. The easiest comparison to make is between the mean daily flows calculated from the two data sets. The results of these comparisons (Table 2) reveal that the UVM data tracked the USGS data very well in all four of the monitored streams (Allen Attainment, Allen Impaired, Potash, and Stevens Brook). An r-squared (r2) value of 1.00 indicates perfect correspondence between two datasets. At all four monitored sites the r2 values were above 0.90. At all sites except Allen Brook Attainment in 2008 the r2 values were at least 0.96. Ideally the slope of the relationship between the USGS estimates of flow and those estimated by UVM would be close to 1.00 with an intercept close to 0.00; i.e., there would be a 1:1 correspondence in flow rate with no offset at low flow. The intercept values we estimated were all reasonably low (typically <+0.5 cfs/sq. mile, except at Potash Brook in 2006 and Allen Brook Attainment in 2008). However, although low the estimated intercepts were all significantly different from zero except for Allen Brook Impaired in 2008. Furthermore, the slope values usually differed significantly from 1 as well.
There are a number of reasons why the UVM data might track the USGS well (high r2) but not correspond exactly (different slope and intercept). In some cases the UVM measurement sites were different from the USGS measurement sites. However, expressing the data as specific discharge (i.e., cfs/sq. mile) should have minimized differences due to different measurement locations. Second, open channel flow measurement is always challenging, especially using temporary gauge installations. These installations are inherently subject to more systematic errors in measurement than installations that are permanent (weirs or flumes) and that have stilling wells built to engineered specifications. Finally, the rating curves developed by UVM were all created from measurements made under “wadable” conditions.  Thus, they are based on flow conditions that tend to prevail under moderate to low flow and have to be extrapolated to higher flow events. The field crews made every attempt to obtain high flow measurements, but for health and safety reasons, could not make measurements in the highest storm flow events. Thus, though we created new rating curves for every station each year, the highest flows were estimated by extrapolation from lower flow stages and measured discharges. This could be a significance source of error. High/storm flow event flow could be measured relatively easily using conservative tracer additions (e.g., salt or Rhodamine WT dye).  However, this would have required additional equipment and would require permits for discharges of these substances into the streams. If these measurements are continued in the future VTANR should consider obtaining high flow measurements by this or some other means.  Finally, it is possible that some of the differences between the UVM and USGS data are due to the difference in minimum stage sampling interval we used. USGS uses a 15 min interval while we used a 5 min interval. 
Given these potential sources of variance, the correspondence between the UVM and USGS flow measurements is good.  It is likely that the USGS estimates of absolute flow rate are better and this suggests that the absolute flow rates measured by UVM at all of the sites – especially high flow storm events – should be used with caution. However, the generally high r2 between the USGS and UVM data suggests that the UVM data tracks the dynamics of flow quite well. Several of the hydrologic indices that might be most useful to characterize differences between attainment and impaired streams take advantage of these dynamics and are less sensitive to the absolute value of calculated flow. Examples of these indicators include the standard deviation of the flow, the coefficient of variation of the flow, and the number of flow events greater than a set threshold. 
Table 2. Comparison of flow estimates from USGS gauged streams with data collected during this project.  In the regression equations below Y is the flow at the UVM gauge and X is the flow at the USGS gauge.  The column labeled “+1 SE Slope” is the standard error of the slope estimate.  In all cases the probability that these estimates were different from zero was P<0.0001.  The column labeled “P>0 Intercept” is the probability that the estimated intercept was different from 0.  In all cases except Allen Brook Impaired in 2008 these estimates were highly significantly different from 0.
	Year

	Site
	Regression Equation
	Fit
 (r2)
	+1 SE
Slope
	P > 0 Intercept

	
	
	
	
	
	

	2006
	Allen (A)
	Y = 0.80X + 0.26
	1.00
	0.01
	P<0.0001

	
	Allen (I)
	Y = 1.00X+ 0.21
	0.99
	0.01
	P<0.0001

	
	Potash
	Y = 1.98X – 0.62
	0.96
	0.04
	P<0.0001

	
	Stevens
	Y = 0.39X  + 0.24
	0.96
	0.01
	P<0.0001

	
	
	
	
	
	

	2007
	Allen (A)
	Y = 0.69X + 0.14 
	0.99
	0.01
	P<0.0001

	
	Allen (I)
	Y = 2.23X + 0.12 
	0.98
	0.03
	P=0.0007

	
	Potash
	Y = 1.12X + 0.24 
	0.98
	0.02
	P<0.0001

	
	Stevens
	Y = 0.50X + 0.29 
	0.98
	0.01
	P<0.0001

	
	
	
	
	
	

	2008
	Allen (A)
	Y= 1.12x + 2.59
	0.92
	0.04
	P<0.0001

	
	Allen (I)
	Y = 1.49x – 0.01
	0.98
	0.02
	P=0.71

	
	Potash
	Y = 3.23x – 0.47
	0.96
	0.07
	P<0.0001

	
	Stevens
	Y = 0.90x + 0.42
	0.96
	0.02
	P<0.0001


Cumulative Runoff:Rainfall

Tables 3 and 4 (below) summarize the total rainfall, total runoff, and the runoff:rainfall ratio from the attainment (Table 3) and impaired (Table 4) watersheds for the stated period of observation in each year. Several watersheds had short-term runoff greater than rainfall, which is impossible to maintain in the long-term. It is important to note, however, that these ratios have been calculated for only a portion of the year (usually May to December). In some cases runoff might exceed rainfall if there is storage within the watershed of precipitation that fell outside the periods of measurement. This could occur for watersheds that have large impoundments upstream or significant snowmelt (e.g. mountain watersheds). Important impoundments include reservoirs (e.g., Milton Pond), large BMPs (e.g., Bartlett, Centennial and Englesby), or natural impoundments from beaver activity (e.g., some years at Centennial and Alder Brooks).  
The summary in Table 5 omits these watersheds as well as the data from Morehouse and Bump School Brooks.  Discharge in Morehouse Brook proved to be very difficult to measure due to the shifting geometry of the stream bed, even within a season. At Bump School rainfall was remarkably low in 2006, though local residents recall this summer and fall as being exceptionally dry and local weather records corroborate these recollections.  However, we also suspect that the local geology in this area might promote the transfer of water from a higher watershed to the east, through layered schist, to streams draining the watershed divide to the west, like Bump School Brook.
An analysis of variance (ANOVA) of the data used to summarize Table 5 shows that across all years, the probability that the runoff ratio for the Attainment watersheds was similar to the Impaired watersheds is only P = 0.038. This is moderately strong evidence that – all other factors aside (e.g., soil type, topography, aspect, etc.) – runoff from the impaired watersheds was different from the attainment watersheds. We found strong evidence that the runoff:rainfall ratio differed across years; the probability that this ratio was the same across years was only P = 0.05. A part of this might be due to lower rainfall in 2007 than in 2006 and 2008. A separate ANOVA does show that the measured rainfall was lower in 2007, but it was not significantly lower. It is more likely that the highly significant differences in runoff:rainfall across years was due to greater evapotranspiration and possibly differences in the storm sizes (e.g., many smaller events).  There was no evidence for a strong interaction effect between impairment status and years (P = 0.529).  When analyzed by years, the probabilities that runoff:rainfall ratios were equivalent in attainment and impaired watersheds in 2006, 2007, and 2008 were P = 0.082, P = 0.745, and P = 0.123.  Analysis by years is a somewhat weaker test but does indicate that the probability that the measured runoff:rainfall could be obtained by chance alone was only about 0.1 (10%) in 2006 and 2008, which were the wettest years of the study period. 
Revised 2006 Streamflow Data

The streamflow data reported here and stored in the Digital Archive for 2006 differs from the data reported in the original 2006 Annual Report.  This later data should take precedent.  After the 2006 data was originally analyzed and reported we began to note discrepancies in the streamflow data that caused us to rethink the way in which we used the TruTrack data to calculate flow based on the rating curve data obtained by the velocity-area profiling method.

Briefly, as described in the methods section of this report we recorded a manual stage measurement when completing each manual velocity profile to calculate discharge as part of the process for developing site specific rating curves for each station. Typically, these manually recorded measurements of stage (SM) closely matched the stage measurements recorded simultaneously by our TruTrack stage recording devices (SR).  The relationships are shows in the graphs sets for each station and year.  In our initial protocol, we decided to use the reported TruTrack SR values as the best estimate of stage for the purposes of building the rating curve, reasoning that the discharge record would be derived from the TruTrack values as well and that the rating curve basis and the data record basis should match.  By this reasoning the manual measurements (SM) were simply ancillary information. A closer look at the 2006 data revealed that there was a poor relationship between the SR and SM values at Morehouse Brook (and some other stations) in 2006. There are several reasons why such discrepancies occur, including differences between the TruTrack base datum and the true elevation (an additive error), mis-calibration of the TruTrack (a proportional error), and simple random error.  After considering these error sources further, we decided to revise our analysis protocol to base the rating curve on the manual stage measurements (SM) and to use a regression between SM and SR to correct the TruTrack raw data values to a “manual equivalent” stage estimate.  This revised protocol allows us to base the rating curve entirely on measured values, which are more reliable, and provides a mechanism that effectively creates a seasonally-averaged calibration curve for the TruTrack recording devices. The adaptation of this new analysis procedure appears to lower base flows, peak flows, and runoff to rainfall ratios when compared to results obtained using the original protocol followed for the 2006 data previously reported.
Table 3.  Runoff and rainfall totals for attainment watersheds 2006-2008.

	Watershed
	Year
	Days of Record
	Total Rainfall (in)
	Total Runoff (in)
	%Runoff

	 Alder
	2006
	Jun 12 - Dec 3; 175
	26.0
	12.2
	46.9

	
	2007
	Jul 13 - Nov 29; 140
	17.0
	5
	29.4

	 
	2008
	May 14 - Oct 20; 150
	18.6
	11.2
	60.2

	 Allen (A)
	2006
	Jun 30 - Dec 12; 139a
	19.4
	8.2
	42.3

	
	2007
	Jun 13 - Nov 29; 154b
	22.4
	4.1
	18.3

	 
	2008
	May 22 - Dec 1; 195
	24.9
	27.7
	111.2

	Bump School
	2006
	Jun 14 – Dec 12; 181
	1.0
	25.9
	2564.4

	
	2007
	Jun 1 – Dec 6; 189
	20.2
	37.4
	185.1

	 
	2008
	May 28 - Nov 17; 141c
	18.7
	8.5
	45.5

	 LaPlatte
	2006
	Jun 21 - Dec 13; 176
	20.3
	4.3
	21.2

	
	2007
	Jun 20 - Nov 25; 159
	19.0
	0.9
	4.7

	 
	2008
	May 18 - Dec 15; 212
	28.9
	10.0
	34.6

	 Little Otter
	2006
	Jun 21 - Dec 13; 176
	22.8
	4.4
	19.3

	
	2007
	May 25 - Dec 5; 195
	19.3
	2.7
	14.0

	 
	2008
	May 20 - Dec 15; 210
	28.1
	11.0
	39.1

	 Milton Pond
	2006
	Jun 8 - Dec 1; 177
	20.0
	12.7
	63.5

	
	2007
	May 30 - Nov 27; 182
	15.9
	4.7
	29.6

	 
	2008
	May 27 - Nov 4; 150d
	18.6
	8.3
	44.6

	 Roaring (N)
	2006
	Aug 3 - Dec 11; 131
	20.9
	8.2
	39.2

	
	2007
	Jun 21 - Nov 19; 147e
	24.1
	5.5
	22.8

	 
	2008
	Sep 1 - Nov 6; 68
	10.4
	6.8
	65.4

	 Sand Hill
	2006
	Jun 19 - Jan 7; 196f
	25.8
	12.8
	49.6

	
	2007
	May 15 - Nov 15; 185
	14.8
	8.9
	60.1

	 
	2008
	May 7 - Dec 2; 211
	33.7
	16.4
	48.7

	Sheldon Spr
	2006
	Jun 21 - Dec 15; 169g
	23.0
	7.6
	33.0

	
	2007
	May 29 - Nov 27; 183
	23.2
	5.9
	25.4

	
	2008
	May 15 - Nov 5; 176
	19.5
	6.7
	34.4

	 Tenney
	2006
	Jun 13 - Dec 11; 182
	23.2
	9.9
	42.7

	
	2007
	Jun 21 - Dec 6; 169
	17.6
	10.3
	58.5

	 
	2008
	May 28 - Nov 17; 175
	25.0
	44.9
	179.6

	 Youngman
	2006
	Jun 21 - Dec 15; 163h
	19.7
	8.7
	44.2

	
	2007
	May 29 - Dec 5; 191
	17.9
	8.3
	46.4

	
	2008
	May 15 - Nov 20; 176i
	22.4
	5.7
	25.4


Missing dates: 
a Aug 20 - Sep 14 
d Jul 25 - Aug 7

g Jul 5 - Jul 13 

 


b Oct 17 - Oct 31
e Oct 31 - Nov 4

h Jul 5 - Jul 13



 
c Jun 24 - Jul 8 and 
f Jul 13 - Jul 19

i Jun 10 -18 and 
 


  Aug 11 - Aug 29



  Oct 31 - Nov 4


Table 4.  Runoff and rainfall totals for impaired watersheds 2006-2008.

	 
	Year
	Days of Record
	Total Rainfall (in)
	Total Runoff (in)
	% Runoff

	Allen (I)
	2006
	Jun 28 - Dec 12; 167
	19.5
	10.1
	51.8

	 
	2007
	May 30 - Nov 29; 170a
	23.1
	6.5
	28.1

	 
	2008
	May 22 - Nov 18; 182
	21.8
	11.7
	53.7

	Bartlett
	2006
	Jun 12 - Dec 6; 178
	22.3
	13.3
	59.6

	 
	2007
	Jun 8 - Nov 1; 147
	13.8
	2.5
	18.1

	 
	2008
	May 21 - Nov 24; 181h
	21.6
	4.2
	19.4

	Centennial
	2006
	June 15 - Nov 13, 152
	18.9
	20.3
	107.4

	 
	2007
	Jun 7 - Dec 4; 181
	20.2
	1.5
	7.4

	 
	2008
	May 22 - Nov 9; 173
	24.0
	3.4
	14.2

	Clay
	2006
	Jul 17 - Dec 5; 142
	27.9
	16.5
	59.1

	 
	2007
	May 31 - Nov 28; 190b
	31.3
	15.5
	49.5

	 
	2008
	May 20 - Nov 19; 184
	33.1
	26.2
	79.2

	Englesby
	2006
	Jun 21 - Jan 25; 219
	25.0
	7.4
	29.6

	 
	2007
	Apr 17- Dec 4; 232
	23.2
	0.0
	0.1

	 
	2008
	May 20 - Sep 10; 114
	15.4
	0.0
	0.1

	Indian
	2006
	Jun 7 - Dec 5; 182
	22.1
	13.7
	62.0

	 
	2007
	Apr 24 - Nov 29; 225c
	22.4
	6.6
	29.5

	 
	2008
	May 7 - Dec 2; 191f
	11.7
	9.8
	83.8

	Moon
	2006
	Jun 13 - Dec 11; 182
	18.0
	12.5
	69.4

	 
	2007
	Jun 1 - Dec 6; 189
	18.7
	3.3
	17.6

	 
	2008
	May 28 - Nov 17; 175
	20.9
	16.3
	78.0

	Morehouse
	2006
	Jul 14 - Nov 14; 124
	17.1
	49.4
	288.9

	 
	2007
	May 30 - Nov 21; 176
	20.8
	10.0
	48.1

	 
	2008
	May 14 - Nov 25; 197
	24.2
	2.9
	12.0

	Munroe
	2006
	Jun 9 - Dec 6; 175i
	20.9
	6.6
	31.6

	 
	2007
	Jun 15 - Nov 30; 169
	13.0
	3.4
	26.2

	 
	2008
	May 13 - Nov 10; 182
	16.9
	7.5
	44.4

	Potash
	2006
	Jun 13 - Dec 6; 177
	22.2
	15.4
	69.4

	 
	2007
	Apr 17 - Nov 30; 222d
	20.5
	7.8
	38.0

	 
	2008
	Apr 29 - Nov 25 
	23.3
	16.1
	69.1

	Rice
	2006
	Aug 10 - Dec 5; 118
	19.3
	12.2
	63.2

	 
	2007
	May 17 - Oct 29; 166
	26.7
	5.8
	21.7

	 
	2008
	May 20 - Nov 19; 184
	28.0
	19.7
	70.4

	Roaring (E)
	2006
	Aug 1 - Dec 11; 133
	18.8
	30.8
	163.8

	 
	2007
	Jun 4 - Nov 19; 169
	26.9
	11.0
	40.9

	 
	2008
	May 28 - Nov 6; 164
	19.4
	8.0
	41.2


Table 4. Runoff and rainfall totals for impaired watersheds 2006-2008. Continued.
	 
	Year
	Days of Record
	Total Rainfall (in)
	Total Runoff (in)
	% Runoff

	
	
	
	
	
	

	Rugg
	2006
	Jun 7 - Nov 17; 145
	18.7
	8.6
	46.0

	 
	2007
	Jul 11 - Nov 27; 129e
	17.5
	6.1
	34.9

	 
	2008
	May 15 - Nov 13; 184
	22.9
	7.8
	34.1

	Stevens
	2006
	Jun 7 - Dec 15; 183j
	20.3
	8.1
	39.9

	 
	2007
	May 8 - Nov 27; 195g
	24.5
	9.6
	39.2

	 
	2008
	May 15 - Nov 13; 184
	20.3
	9.6
	47.3

	Sunderland
	2006
	Jun 6 - Dec 1; 179
	26.4
	8.4
	31.8

	
	2007
	Apr 27 - Sep 19; 146
	13.1
	5.5
	42.0

	 
	2008
	Jun 3 - Jul 31; 48k
	8.1
	1.3
	16.0

	
	
	
	
	
	


	 
	 
	 
	 
	 

	Missing dates:
	aOct 18 - Oct 31
	gOct 24 - Nov 1

	
	bSep 4 - Sep 8
	hJul 16 - Jul 22

	 
	cOct 6 - Oct 9
	iSep 1 - Sep 6

	 
	dJun 27 - Jul 2
	jJul 5 - Jul 13

	 
	eNov 1 - Nov 11
	kJun 12 - Jun 22

	 
	fJun 22 - Jul 5, Sep 28 - Oct 2
	 
	 


Table 5. Mean percent runoff from Attainment and Impaired watersheds for each year of the study and for all years together. For the purposes of this analysis some watersheds reported in Tables 3 and 4 have been omitted from the analysis.  See the text for explanations and statistical results.

	 
	Attainment Watersheds
	 
	Impaired watersheds

	Year
	Average
	SE
	n
	 
	Average
	SE
	n

	2006
	37.6
	3.6
	9
	
	50.2
	5.1
	10

	2007
	31.1
	6.5
	9
	
	33.4
	3.9
	13

	2008
	44.0
	5.5
	7
	
	51.4
	8.9
	7

	Overall
	37.0
	3.2
	25
	 
	45.3
	3.3
	35


Recommendations

The monitoring stations we re-occupied or established for this study have been documented so that monitoring can easily be resumed in future seasons. Reference points were established and surveyed at all of the gauging stations to allow for reinstallation of the equipment – especially the stage or level loggers – in as nearly the same horizontal and vertical position as was the case in 2006-2008. Even if these devices are reinstalled accurately, we recommend that the rating curves should be reestablished for each station, each year. Reexamination of the data may suggest that it is possible to combine the rating curve data among years and use a single master rating curve for a station. This may be more feasible if and when higher flows are included in the rating curves. However, shifts in rating curves are likely in uncontrolled, open-channel gauging such as this and is a cost of employing this approach. The cost of constructing controlled flow gauging structures (weirs or flumes) favors the low-tech but more variable approach taken here. 

With respect to future monitoring efforts, consideration should be given to alternative flow monitoring strategies, specifically tracer dilution methods. In some of the streams included in this study (e.g., the mountainous watersheds like Clay and Rice) rocky, high gradient channels, and turbulent flows may limit the reliability of flow monitoring via the velocity-area method, particularly during low flow events. During normal and higher flows the rocks are typically submerged adequately to use the velocity-area method with confidence. But under the highest flows associated with large storm events, manual gauging by the velocity-area method is unsafe, which is an additional reason to consider tracer dilution approaches. However, tracer dilution methods require additional effort, equipment, and analyses.  
Additional recommendations for future monitoring efforts include an alternative gauging approach for Morehouse Brook. Rapid and regular changes in the shape of the stream channel have made it nearly impossible to obtain a reliable record for streamflow in this impaired watershed. We recommend that the two primary culverts that drain the topographic watershed and the additional sewershed, respectively, should be gauged separately.
Finally, we recommended the use of new stream stage or level monitoring equipment in the future. We recommend the HOBO® Water Level Loggers from Onset Corporation (or their equivalent) for future use in the Flow Monitoring Project. These pressure transducer type loggers have a water level accuracy of 0.3 cm (0.075% full scale) versus the 1.5-2.0 cm (1% full scale) for the 1.5 and 2 meter TruTracks. The unit cost of the HOBO® loggers have steadily declined and are now available at prices that are comparable to the TruTrack capacitance probes. We have used the HOBO® Water Level Loggers in other research projects and have found them to be reliable, accurate, and easy to use. These water level loggers are unvented and so they require a matching barometric logger (which can be another HOBO® Water Level Logger) mounted in the air near each stream. We estimate the need for only 12 of these barometric loggers because Onset Corporation recommends one barometric logger within 10 miles of every stream level logger. Due to the close proximity of many of the urban sites in the Flow Monitoring Project, we do not need to install barometric loggers at every site. 

Finally, we note that as originally conceived we proposed that this monitoring project could be managed by a graduate student assisted by undergraduate temporary (hourly) employees. Using temporary employees has worked well. However, our experience has shown that managing the Flow Monitoring Project requires a full-time, year-round technician, especially if the objective is to initiate sampling as early as possible in the spring and to run as long as possible into the fall and early winter. The combined duties of hiring and training seasonal field crews, checking the performance of field equipment, managing the data acquisition, maintaining the field equipment, and reducing the voluminous data from 26 sites requires dedicated, full-time attention. A significant part of the cost for this open channel based flow monitoring program is the need to measure manual flow rates on a more frequent basis than is typically necessary for a fixed cross-section (weir or flume) installation. Costs might be lowered or contained by developing partnerships with VTANR field personnel or other contractors.  However, this would require shared flow velocity monitoring equipment which would be a new expense and a new source of variation.
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