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Introduction
The hydrologic monitoring program at Redwood National and State Parks (RNSP) consists of hydrologic data collection at a network of stream gaging stations within the Redwood Creek basin, and the preparation and dissemination of hydrologic data for use in various analyses and for publication. This progress report updates and expands upon the previous one, prepared in 1998. 
Since 1998, the hydrologic monitoring program at has undergone some significant changes. Most importantly, several pre-existing gaging stations have been retrofit with electronic turbidity sensors in addition to the pre-existing data collection and sampling equipment, two gages have been discontinued, and several new gages employing the latest technologies have been added to the network. The addition of turbidity in continuous data collection allows vast improvement in our ability to provide accurate estimates of suspended sediment yields, a product of primary interest to users of RNSP’s hydrologic data. In addition, several data processing software changes have been implemented, some in response to the addition of turbidity data to the suite of observations made at the gaging stations.
In addition to ‘in-house’ use of the data, a variety of users are provided with data products from the hydrologic monitoring program. Our data are provided upon request (free of charge) to the research, resource management, and regulatory communities and the public. The park’s hydrologic data provides essential support for numerous master’s theses and PhD dissertations from many universities, to researchers from both the educational and governmental sectors, to regulators tasked with developing water quality regulatory programs (such as ‘TMDLs’, or total maximum daily load programs), and to private timber companies. Likewise, we freely share our technologies with others undertaking similar hydrologic monitoring (e.g, the Yurok Tribe, Simpson Timber Co., etc.).
In 1999, we produced the first-ever hydrologic data release from RNSP. This large document contains both USGS-style daily records from our stream gages (daily average discharge, daily total suspended sediment yield, and daily total rainfall) as well as monthly averages and totals for the period of 1990-1998, and includes graphical plots of the data. Following this publication, we transmitted our hydrologic data to the NPS Water Resource Division (WRD) for uploading to the national water resource database STORET. A second ‘episode’ of data transmittal will eventually occur, but is not presently scheduled.
An unique and important function of RNSP’s hydrologic monitoring program, stemming from our role as stewards of some of the last remaining pristine redwood watersheds, is to collect and disseminate hydrologic data that characterize ‘baseline’ hydrologic conditions in the redwood ecosystem. This is critical for understanding the physical conditions under which dependent aquatic species (salmon, etc.) evolved before major human disturbances began, and for providing a basis for comparison against managed watersheds to improve society’s ability to sustainably manage watersheds for ecological as well as societal values. With maybe one exception (Humboldt Redwoods State Park), nowhere else in the redwood region does the opportunity exist for characterizing baseline conditions, and we consider our role in providing hydrologic data from such areas as much a mandate as an option, a notion supported in the following section.
History and Objectives of Hydrological Monitoring in Redwood Creek

Prior to the creation of Redwood National Park in 1968, two gaging stations were established on the main channel of Redwood Creek by the US Geological Survey (11482500, Redwood Creek at Orick, 1911; 1148150, Redwood Creek near Blue Lake, 1953). In the mid-1970's, the USGS began a Forest Geomorphology project, which consisted of a monitoring and research program designed to evaluate the effects of upstream and upslope land use (primarily timber harvest and associated road building) on park resources.

The Forest Geomorphology Project clearly demonstrated that timber harvest and road building outside the park’s 1968 boundaries were damaging resources within the park, leading to the park’s expansion in 1978. The Redwood National Park Expansion Act of March 27, 1978 (P.L. 95-250) directed the Secretary of the Interior to

"...undertake and publish studies on erosion and sedimentation originating within the hydrographic basin of Redwood Creek with particular effort to identify sources and causes, including differentiation between natural and man-aggravated conditions..." (92 STAT.166).

This element of the expansion legislation led to numerous research and monitoring efforts, many of which were supported by continuation and expansion of the stream gaging network in Redwood Creek. While some of the gages were run for only a few years, several continue to be operated. Of the original group, the remaining active gages are presently operated either solely by Redwood National and State Parks (RNSP) or cooperatively by RNSP, the US Geological Survey (USGS), and the California Department of Water Resources (DWR).
Consistent with the expansion legislation, the overall goal of the gaging program is to measure streamflow and sediment transport and yield within Redwood Creek. Objectives within this general goal are: 1) to elucidate management effects on stream sedimentation in Redwood Creek (complies with 92 STAT. 166); 2) to provide information for evaluating impacts to aquatic biota, 3) to provide basic hydrologic design criteria for park restoration and capital improvements.
Gage placement is designed to fulfill these objectives within sub-watershed areas within and upstream and downstream of RNSP areas in Redwood Creek. However, with the discontinuation of a stream gaging station at the south (upstream) park boundary in 1981 (period of record: 1971-1981) due to budget cuts and deterioration of the bridge used for high flow discharge measurements, our ability to differentiate between “natural and man-aggravated conditions” has been limited.  The only remaining upstream gage on the main channel (Redwood Creek near Blue Lake, Station No. 11481500) is approximately 15 miles upstream from the park’s boundary. The drainage areas for these two locations are quite different (67.7 mi2 for the remaining gage and 185 mi2 for the discontinued gage). Thus, there is a substantial ungaged area contributing sediment to the park. Because of the lack of a bridge or cableway at the south park boundary and the large width of the channel, re-establishing a gage at this location would be very expensive (estimated costs of re-establishment are approx. $50,000, with an additional $20,000/year for operation and maintenance).
Several other tributary gages established as part of the USGS Forest Geomorphology Project were also discontinued between the late 1970s and 1980s. Only the gages on Coyote, Lacks, and Panther Creeks were continued after the 1980s by the USGS, and were operated through 1991, at which time the USGS ceased funding these gages and RNSP took them over. Because of loss of access, Coyote Creek was shut down in 1995. Lacks and Panther Creeks continue to be operated by RNSP.
Another network of stream gaging stations with suspended sediment sampling was also established in 1990 (and since modified) in Prairie Creek, a relatively large tributary to lower Redwood Creek whose drainage area is mostly within RNSP. The objective for establishing these gages was to evaluate the effects of erosion from the Prairie Creek Bypass (State Highway 101 north of Orick) which occurred in the fall of 1989. Several of these gages continue to be operated while several have been discontinued and several new ones have been established. 
Finally, the most recent additions to the gaging network were five new stream gages in the Lost Man Creek watershed (tributary to Prairie Creek) installed in 2002 (two) and 2003 (three more). These gaging stations (along with other monitoring) were installed to examine the effects of the park’s restoration program on water quality, and will continue to be operated until that study is completed (by about 2008), unless funding is terminated or runs out sooner, or unless one or more are needed for other purposes and funding can be secured beyond 2008.
Figure 1 shows the Redwood Creek watershed and locations of all active gaging stations maintained either solely by RNSP or cooperatively with the USGS and DWR. Table 1 lists the active gages along with certain attributes. Near the end of this report, the future of hydrologic monitoring at RNSP is discussed along with scenarios for downsizing to meet the needs of the park’s ‘Functional Planning Process’.
Table 1. Active RNSP stream gaging stations and attributes.

	Name
	USGS Number (code)
	Drainage Area      (mi2)
	Present Variables Collected*
	Period of Record

	Gaging Stations Not Within RNSP

	Redwood Creek at Orick**
	11482500 (ORK)
	278
	STA, MSS, BDL, ARN, MTU
	1911-13; 1953-presnet

	Redwood Creek nr Blue Lake**
	11481500 (OKN)
	67.7
	STA, MSS, BDL, ARN, MTU
	1953-58; 1972-present

	Lacks Creek
	11482110 (LAC)
	16.9
	STA, MSS, AUS, ARN, MTU
	1980-present

	Panther Creek
	11482125 (PAN)
	6.1
	STA, MSS, AUS, MTU
	1979-present

	Gaging Stations Within RNSP (all are in the Prairie Creek watershed)

	Prairie Creek above May Creek
	N/A

(PRW)
	12.6
	STA, MSS, AUS, MTU, ATU
	1991-present

	Prairie Creek above Boyes Creek
	N/A

(PAB)
	8.0
	STA, MSS, AUS, MTU, ATU
	2003-present

	Prairie Creek below Brown Creek
	N/A

(PRL)
	6.4
	STA, MSS, AUS, MTU
	1990-present

	Prairie Creek above Brown Creek
	N/A (PRU)
	4.1
	STA, MSS, AUS, MTU, ATU
	1990-present

	Godwood Creek
	N/A (GOD)
	1.7
	STA, ATU, MSS, MTU
	2000-present

	Lost Man Creek at Hatchery Site
	N/A (LMC)
	12.1
	STA, ATU, MSS, MTU
	2002-present

	Larry Damm Creek
	N/A (LDC)
	1.9
	STA, ATU, MSS, MTU
	2003-present

	North Fork Lost Man Creek
	N/A (NFL)
	2.4
	STA, ATU, MSS, MTU
	2003-present

	Middle Fork Lost Man Creek
	N/A (MFL)
	2.4
	STA, ATU, MSS, MTU
	2003-present

	South Fork Lost Man Creek
	N/A (SFL)
	4.3
	STA, ATU, MSS, MTU
	2002-present

	Little Lost Man Creek
	11482468 (LLM)
	3.5
	STA, MSS, AUS, MTU, ATU
	1974-1988;

1993-present

	
	
	
	
	


*Abbreviations: STA = stage; MSS = manual suspended sediment; AUS = automated suspended sediment; BDL = bedload; ARN = automated rain gage; SRN = storage rain gage; ATU = automated turbidity; MTU = manual turbidity

** Cooperatively funded by RNSP, USGS, and DWR

Cooperative Monitoring Program

Since the 1980s, an annual agreement is struck each fall with the USGS to provide services to RNSP for operating stream gages in Redwood Creek. This enable the operation and maintenance of the gaging stations on the main stem of Redwood Creek at Orick and near Blue Lake (see Table 1). We have a cost-sharing arrangement whereby contributions from RNSP are added to those from the USGS and a third cooperator, the California State Department of Water Resources (DWR). The DWR’s interest in these gages is for their value as part of the Northcoast District’s flood warning system. Without the contributions of all three agencies, the gaging stations would likely have to be discontinued, as have many others on the northcoast, due to substantial and recurring budget cuts for hydrologic monitoring.
Although the costs to RNSP have been gradually rising in recent years due to cost of living increases, we still consider this a good investment for several reasons: 1) it provides data that allows us to continue to track sedimentation in Redwood Creek, building on a long term data set; 2) some of the data collection involves methods and equipment that the park service is not capable of using without a large expense for equipment purchase, personnel, and training; and 3) we only pay for a fraction of the actual costs because of the cost-sharing arrangement with our cooperators. Table 2 lists annual cost estimates going back to the beginning of  the program in 1981, when the scope of services was quite large. Actual costs are probably the same for all years, although these data are not readily available. The costs reflect a savings based on assistance with high flow sampling provided by RNSP personnel.
	Water Year
	Cost
	Scope of Services

	1981
	$164,360
	Operating 6 main stem and 7 tributary stream gages, survey of 65 cross sections, operation of 3 recording and 18 storage rain gages, operation of groundwater recorders along Redwood Creek, operation of a gaging station on Mill Creek, synoptic sampling, data processing

	1982
	$69,450
	Operating 6 main stem and 7 tributary stream gages, survey of 65 cross sections, operation of 3 recording and 18 storage rain gages, operation of groundwater recorders along Redwood Creek (coast adjusted downward due to personnel assistance from RNP), synoptic sampling, data processing, lease of rain gages and groundwater recorders

	1983
	$77,650
	Operating 3 main stem and 3 tributary stream gages, synoptic sampling, data processing

	1984
	$120,550
	Operating 3 main stem and 4 tributary stream gages, rehabilitation of one tributary gage, synoptic sampling, data processing, lease of rain gages and groundwater recorders

	1985
	$96,200
	Operating 3 main stem and 4 tributary stream gages, rehabilitation of one tributary gage, synoptic sampling, data processing

	1986
	$103,100
	Operating 3 main stem and 4 tributary stream gages, synoptic sampling, data processing

	1987
	$103,250
	Operating 3 main stem and 4 tributary stream gages, synoptic sampling, data processing

	1988
	$111,400
	Operating 3 main stem and 4 tributary stream gages, synoptic sampling, data processing, relocation of the Orick station

	1989
	$111,850
	Operating 3 main stem and 4 tributary stream gages, synoptic sampling, data processing

	1990
	$72,490
	Operating 3 main stem and 4 tributary stream gages, synoptic sampling, data processing

	1991
	$74,535
	Operating 2 main stem and 2 tributary stream gages, synoptic sampling, data processing (Coyote Creek taken over by RNSP, Redwood Creek above Panther Creek and Little Lost Man Creek dropped)

	1992
	$50,260
	Operating 2 main stem stream gages, synoptic sampling, data processing (Panther and Lacks Creeks taken over by RNSP)

	1993
	$52,600
	Operating 2 main stem stream gages, synoptic sampling, data processing

	1994
	$4,950
	Operate 1 main stem station (O’Kane), synoptic sampling data processing for two main stem stations (Orick, O’Kane)

	1995
	$4,950
	Operate 1 main stem station (O’Kane), synoptic sampling data processing for two main stem stations (Orick, O’Kane)

	1996
	$34,650
	Re-activate O’Kane station, operate 2 main stem stations (Orick, O’Kane), synoptic sampling and data processing 

	1997
	$6,300
	Synoptic sampling and data processing for 2 main stem stations (Orick, O’Kane)

	1998
	$16,900
	Operating 2 main stem stream gages (Orick, O’Kane), synoptic sampling, data processing (high flow option)

	1999
	$14,100
	Operating 2 main stem stream gages (Orick, O’Kane), synoptic sampling, data processing

	2000
	$14,590
	Operating 2 main stem stream gages (Orick, O’Kane), synoptic sampling, data processing

	2001
	$15,080
	Operating 2 main stem stream gages (Orick, O’Kane), synoptic sampling, data processing

	2002
	$15,570
	Operating 2 main stem stream gages (Orick, O’Kane), synoptic sampling, data processing

	2003
	$16,100
	Operating 2 main stem stream gages (Orick, O’Kane), synoptic sampling, data processing

	2004
	$16,550
	Operating 2 main stem stream gages (Orick, O’Kane), synoptic sampling, data processing

	2005
	$17,000
	Operating 2 main stem stream gages (Orick, O’Kane), synoptic sampling, data processing

	Total =
	$1,384,485
	

	Ann. Ave =
	$55,377
	


Methods and Equipment Used
The following briefly discusses the methods used for collecting hydrologic data. For more details, the reader is referred to the "National Handbook of Recommended Methods for Water-Data Acquisition" by the US Geological Survey and the USFS Redwood Science Laboratory’s (RSL) website at http://www.fs.fed.us/psw/rsl/.
Rainfall
Rainfall is recorded at two locations as part of the RNSP hydrologic monitoring program: at the Little Lost Man Creek (LLM) and Lacks Creek (LAC) gaging stations. Other recording and storage rain gages exist within the Redwood Creek basin that are maintained by others groups.

The rain gages are of the tipping bucket type and are connected to our stream gaging data loggers. No complex data processing is required for the rainfall data, except in the case of an equipment failure. In this case, we may synthesize data from another source to estimate the missing record so that we have a complete record. Typically, we calculate total annual rainfall (on a water year basis) as well as daily and monthly depths. If needed, rainfall depths of other durations (e.g., 12-hour, 6-hour, and hourly depths) and intensities can be calculated from our 10-minute spreadsheet files, but this is not routinely done.
Stream Stage

For most stations, stage (height of the water surface above a datum) is both read visually from a staff gage and recorded continuously by means of a pressure transducer (which senses water depth) connected to a data logger, which records and stores the data. The pressure transducer is deployed into the stream inside a stilling well. The data logger is located inside a small hut up on the adjacent streambank, above the expected reach of high water. Data are downloaded to storage devices for processing on a bi-weekly basis during the winter and less often at other times of the year. The recording interval for RNSP data loggers is 10 minutes.
Discharge

Periodic discharge measurements are made at each gaging station throughout the year typically using a spinning cup-type current meter to take velocity measurements across the gaging cross section. Occasional measurements are also made with an electromagnetic current meter. During non-stormflow periods, measurements are made by wading across the stream. During high flow events, measurements are taken from either a bridge or cableway using a winch apparatus to lower the current meter into the flow. Stage is visually read during a measurement. Thus data pairs of stage and discharge are accumulated for each gaging station which are used to develop and update stage-discharge relationships. It is this relationship that allows us to calculate stream discharge from automatic (electronic) and manual stage observations.
Continuous discharge is calculated from electronically recorded stage data using a stage-discharge relationship (rating table or curve) specific to each stream gage. Rating curves are developed graphically by plotting discharge data (from field measurements) against the corresponding stage at the time the discharge measurements are taken. Line segments are visually fit to the plotted points, and a rating table (a list of stage-discharge pairs covering the range of measurements) is developed from the rating curve. Discharge measurements are taken at all gages every year in order to maintain accurate rating curves. Minor changes in the configuration of the channel cross section at the gages, which occur virtually every year, can alter stage-discharge relationships at low flows, while high flows can alter the entire stage-discharge relationship over the full range. Consequently, rating curves must be continually updated by periodic discharge measurements.
Turbidity
In recent years, technological developments have resulted in several types of ‘in situ’, data-logger compatible turbidity sensors becoming available. Various kinds of sensors are available, but the most common employ the ‘optical backscatter’ method, where an infrared light beam is emitted into the flowing water from the sensor and the amount of light reflected back to the sensor has a consistent relationship with turbidity (solid particles in the water that create turbidity reflect the light back, whereas clear water does not). The turbidity sensor is interrogated every 10 minutes and returns value expressed as ‘NTU’ (nephalometric turbidity units).
The turbidity sensor is deployed in the stream using an overhead boom assembly (see Fig. 2). The assembly is custom designed to fit the situation at each gaging station. Most often, a road bridge or footbridge is use for mounting the boom over the stream, but where no bridge exists, a bank-mounted or cable-suspended boom must be used. Various examples of boom designs are provided at RSL’s website (http://www.fs.fed.us/psw/rsl/).
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Figure 2. Overhead, bridge-mounted boom for deployment of turbidity sensor and pumping sampler intake at Prairie Creek above Brown Creek (PRU).

Although turbidity data have long been used to evaluate water quality, the primary use of recording sensors is as a surrogate for suspended sediment concentration (SSC) because these two variables are typically well-correlated. Consequently, SSC can be estimated from recorded NTU using linear regression or other models (based on paired data) for each 10-minute sampling interval. This provides a relatively accurate means to estimate suspended sediment yield compared to more traditional methods that rely only on physical samples that, out of practical necessity, cannot be taken on frequent time intervals throughout the high flow season. 
Unfortunately, a record of turbidity data can rarely be used directly in its raw form: the raw data must first be scrutinized for spurious values, validated, and then erroneous values must be corrected to the extent possible. There are many sources of erroneous turbidity data, such as detritus or biofouling obscuring the sensor’s optics, air bubbles entrained in the water column, direct sunlight reflecting off the streambed toward the sensor, etc. Consequently, correcting turbidity data is almost always necessary to some degree, and the physical samples provide the main basis for checking the raw data and making corrections where necessary. RNSP uses the Excel spreadsheet program for making corrections, although other tools are also available for this.
Suspended Sediment Sampling and Analysis
Stream water samples are occasionally taken for measuring suspended sediment concentration at gaging stations. These are taken during stormflows either manually, using handheld manual devices or by automated pumping samplers. Manual samples are taken either by RNSP personnel and volunteers or by paid observers who reside near the gaging stations.

Automated pumping samplers are used at gaging stations on most of the smaller streams in the network. A pumping sampler is housed in the gaging hut, and a water line is run to a depth-proportional intake device anchored to the streambed or suspended from an overhead boom (utilizing the same boom for the turbidity sensor and the pumping sampler intake; see Fig. 2). The samplers are stage activated (they begin sampling when stream stage exceeds a preset threshold) where no turbidity sensor is present, and the data logger is pre-programmed to sample more frequently as stage increases above the threshold. By this means, sampling intensity increases with both discharge and suspended sediment concentration. At the gaging stations where we have turbidity sensors deployed, turbidity is used to control the automatic sampler with the same strategy as that for stage (higher sampling intensity at higher turbidities). This strategy is termed ‘Turbidity Threshold Sampling’ (TTS) and the programming, as well as data processing code, was developed and is supported by RSL.

Both the manual and automated samples are taken to our Orick laboratory for analysis of suspended sediment concentration. Initially, turbidity is determined from a bench-top turbidity meter, a necessary step in correcting raw turbidity data. Then, a vacuum filtration procedure is used to determine the weight of sediment in each sample, and concentration is calculated as the sample’s sediment weight divided by the sample’s water volume (mg/l). The sand content (coarser part of the suspended load) is also determined by sieving the sediment contained within the sample.
Suspended Sediment Yield

After correcting turbidity data and calculating discharge from the recorded stage data, the information is ready for calculating suspended sediment yield. For each 10-minute turbidity value, the regression equation of recorded NTU against laboratory SSC is used to estimate SSC. SSC estimates are then converted to total sediment mass for each 10-minute interval by calculating the water volume for each interval and multiplying that by the sediment concentration. Cumulative suspended sediment yield is then calculated by summing each 10-minute value. Depending on the consistency of the NTU-SSC relationship over a season, either a single regression equation can be used for the entire season, or a suite of regression equations (one or more for individual storms) can be used to estimate SSC from turbidity.
For gaging stations without turbidity sensors, suspended sediment yield must be estimated using only continuous stage (discharge) and the samples obtained over the high flow season. Because sampling SSC is infrequent compared to stage, SSC must sometimes be interpolated between sampling times during a storm, and must always be decreased after the storm sampling period ends to represent the clearing up of streamflow during the recession, a time when few if any samples are taken, and eventually brought to zero if/when the stage record indicates a return to baseflow. Endpoints for a period of suspended sediment transport are estimated using best professional judgment assisted by graphical plots of stage and sediment concentration. This must be done to avoid overestimating suspended sediment yield between storms. Suspended sediment yield for a water year is calculated by summing all the 10-minute sediment yields for the year, many of which are zero between storms. 

Using turbidity as a surrogate for SSC provides a means to estimate suspended sediment yield with far greater accuracy than relying on water samples alone. For example, a typical wet winter will yield about 100 water samples from a gaging station with an automated pumping sampler. Without the use of turbidity as a surrogate, these 100 samples will be all the ‘hard data’ that are available to estimate suspended sediment yield for the 7-month winter runoff period. However, with 10-minute turbidity values, there are 3,052,800 ‘samples’ over the same period, a much more powerful data set (of course, many of those values will be zero).

Data Storage and Output Formats

In their final states, the annual data files for each gaging station consist of two main types: the full spreadsheet files where the 10-minute data are preserved (very large files), and also as text files similar to the standard USGS style for publication, consisting if either daily averages (streamflow) or daily totals (rainfall and suspended sediment yield). If desired, the daily average or total files can be imported to a spreadsheet as numbers for further analysis. The spreadsheet files are useful for more intensive and/or detailed analyses, and can be reduced to hourly, daily, weekly, or monthly (or other) totals/averages using spreadsheet functions as needed. Also, more accurate plots (e.g., hydrographs or sedigraphs) can be made using the 10-minute data, as plots made using the daily data miss detail during times of unsteady flow (storms). Most spreadsheet files contain plots of the main variables, and Figure 3 provides an example.
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Figure 3. Example hydrograph plot showing discharge, turbidity, and suspended sediment flux or yield.

In addition to storing data internally for our own use and fulfilling data requests, we periodically transmit our data to the NPS Water Resource Division (WRD) staff in Fort Collins. WRD staff prepare the data for uploading to the national data base STORET, where it can be accessed via the internet.
Supplemental Analyses

Beyond processing data into final form, additional analyses are occasionally done as time allows and as specific needs arise. For example, flood frequency analyses are useful (and often essential) for a variety of planning needs, from deciding how high to construct a bridge across a creek to estimating how frequently an area proposed for a parking lot will be flooded. In addition, flow duration analyses are now required for some culvert replacement projects on fish-bearing streams. Our data allow these calculations to be done with far greater accuracy that the alternative of using regional hydrological models.
To examine potential biological impacts of timber harvest and road building, a turbidity duration analysis was performed recently (with support for the USEPA) using turbidity data from stream gaging stations in northwestern California. The analysis showed very large differences among the eight streams included, and suggested a direct relationship to the rate of timber harvesting and road density (Klein, 2002). While turbidity data from non-RNSP gaging stations composed the bulk of the data set analyzed, the analysis results are applicable to watersheds included in and draining to RNSP. 
Moreover, with the basic hydrologic data collected by RNSP, many other types of analyses are possible than are routinely performed. The data set we maintain provides a permanent record that can be used for both retrospective as well as predictive research. As the record at our hydrologic monitoring network accumulates, the predictive power will increase. However, present and future budget realities require a critical review of the hydrologic monitoring program, one that preserves the core functions of the program while reducing the present scope by an as yet unknown amount.
Summary of Results
Table 3 shows the status of hydrologic data processing as of December, 2004. Data processing for several gaging stations lags 2-3 years behind those that are up to date. Unlike the USGS, we do not have a staff specifically dedicated to processing and publishing data, thus we fit data processing into our schedule as time allows, with priority given to processing files needed for a specific hydrologic analysis or requested by an end-user. Using the final data sets available, summary results are presented in this section.

Table 3. Data processing status for Redwood Creek gaging stations (gages listed in italics have been discontinued). Bracketed years are completed (earlier records available for some gages).
	RAINFALL

	USGS Station Number (code)
	Station Name
	Water Years

	11482110/LAC*
	Lacks Creek near Orick
	1993-2004

	11482468/LLM*
	Little Lost Man Creek
	1993-2004

	STREAMFLOW

	USGS Station Number (code)
	Station Name
	Water Years

	11481500 (OKN)
	Redwood Creek near Blue Lake
	1993-2001**

	11482110 (LAC)*
	Lacks Creek near Orick
	1993-2001**

	11482125 (PAN)*
	Panther Creek near Orick
	1993-2002**

	11482130 (COY)*
	Coyote Creek near Orick
	1992-1995**

	N/A (PRU)
	Prairie Creek above Brown Creek
	1990-2004

	N/A (BRU)
	Upper Brown Creek
	1990-1994

	N/A (BRL)
	Lower Brown Creek
	1990-1995

	N/A (PRL)
	Prairie Creek below Brown Creek
	1990-2001

	N/A (BOY)
	Boyes Creek
	1995-1996

	N/A (PAB)
	Prairie Creek above Boyes Creek
	2004

	N/A (GOD)
	Godwood Creek
	N/A

	N/A (PRW)
	Prairie Creek above May Creek
	1991-2001 & 2004

	N/A (LMC)
	Lost Man Creek at Hatchery
	2003-2004

	N/A (LDC)
	Larry Damm Creek
	2004

	N/A (NFL)
	North Fork Lost Man Creek
	2004

	N/A (MFL)
	Middle Fork Lost Man Creek
	2004

	N/A (SFL)
	South Fork Lost Man Creek
	2004

	11482468 (LLM)*
	Little Lost Man Creek
	1993-2004**

	11482500 (ORK)
	Redwood Creek at Orick
	1993-2001**

	SUSPENDED SEDIMENT YIELD

	USGS Station Number/Code
	Station Name
	Water Years

	11481500 (OKN)
	Redwood Creek near Blue Lake
	1993-2001**

	11482110 (LAC)*
	Lacks Creek near Orick
	1992-2001

	11482125 (PAN)*
	Panther Creek near Orick
	1992-2002

	11482130 (COY)*
	Coyote Creek near Orick
	1992-1995

	N/A (PRU)
	Prairie Creek above Brown Creek
	1990-2004

	N/A (BRU)
	Upper Brown Creek
	1990-1994

	N/A (BRL)
	Lower Brown Creek
	1990-1995

	N/A (PRL)
	Prairie Creek below Brown Creek
	1990-2001

	N/A (BOY)
	Boyes Creek
	1995-1996

	N/A (PAB)
	Prairie Creek above Boyes Creek
	2004

	N/A (GOD)
	Godwood Creek
	N/A

	N/A (PRW)
	Prairie Creek above May Creek
	1991-2001 & 2004

	N/A (LMC)
	Lost Man Creek at Hatchery
	2003-2004

	N/A (LDC)
	Larry Damm Creek
	2004

	N/A (NFL)
	North Fork Lost Man Creek
	2004

	N/A (MFL)
	Middle Fork Lost Man Creek
	2004

	N/A (SFL)
	South Fork Lost Man Creek
	2004

	11482468 (LLM)*
	Little Lost Man Creek
	1993-2004

	11482500 (ORK)
	Redwood Creek at Orick
	1993-2001**


* No longer USGS stations; now operated by RNSP; ** Earlier data were published by the USGS.

Rainfall

Figure 4 shows annual rainfall totals for the two continuous stations operated by hydrologic monitoring staff (data not yet available for Lacks Creek for 2002-2004; Little Lost Man Creek data for 2002-2003 estimated from Prairie Creek State Park records). Interestingly, the rainfall average is higher for Little Lost Man Creek than for Lacks Creek, despite its being lower in elevation and closer to the coast. The reason for this is unknown, but a possible explanation is that Lacks Creek may be subject to a mild rain shadow effect from the western divide of Redwood Creek.

[image: image3.emf]Figure 4. Annual rainfall at Little Lost Man and Lacks Creeks, 1993-2004 .
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As mentioned earlier, rainfall data files exist in two formats: 1) continuous data collected on the same 10-minute time interval as other data, and 2) daily totals with monthly and annual totals and maximum daily values. Each format lends itself to further analyses which are not routinely performed, but are done as specific needs arise (depth-duration-frequency analyses or calculation of antecedent precipitation indices). Other analyses could also be performed by combining rainfall data with other data, such as calculation of runoff coefficients or relating storm rainfall and antecedent precipitation to peak streamflow.
Discharge

As with rainfall, discharge (or streamflow) data files are maintained in two formats: 1) continuous (10-minute) data and 2) tables of daily average data which include monthly averages and monthly and annual peak discharges. Occasionally, supplemental analyses are performed, such as flow duration and flood frequency analyses. Table 4 shows peak discharge data, expressed as both cubic feet per second (cfs) and cfs per square mile (cfs/mi2).
Table 4. Peak discharge data for Redwood Creek tributary streams, 1990-2004 (see Table 1 for gaging station codes). (Notes: 1) data for PAB, installed in WY2004, are not included due to insufficient discharge rating curve development; 2) WY2003 peak discharge for LLM is preliminary and may change substantially upon final analysis).
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For several of the tributary gages that have sufficiently long periods of record (>10 years), we have performed flood frequency analyses. Figures 5-7 show the flood frequency curves for the three completed thus far: Little Lost Man Creek (LLM; Fig. 5), Prairie Creek above Brown Creek (PRU; Fig. 6), and Prairie Creek above May Creek (PRW; Fig. 7). Table 5 shows annual peak discharges and associated recurrence intervals for these gages. (Note that peak discharge for LLM for WY2003 is preliminary and may change substantially upon final analysis).
[image: image5.emf]Figure 5. Little Lost Man Creek, Log-Pearson Type III Flood Frequency Distribution
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[image: image6.emf]Figure 6. Prairie Creek above Brown Creek (PRU), Log-Pearson Type III Flood Frequency Distribution

Drainage Area = 4.06 sq. mi. Period of Record: WY1990-2003
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[image: image7.emf]Figure 7. Prairie Creek above May Creek, Log-Pearson Type III Flood Frequency Distribution

Drainage Area = 12.6 sq. mi. Period of Record: WY1981-2003
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WY1991       261 cfs        1.1 years

WY1992      241 cfs        1.1 years

WY1993      451 cfs        1.5 years

WY1994      307 cfs         1.2 years

WY1995       773 cfs         2.5 years

WY1996      1,404 cfs          8 years

WY1997       1,767 cfs        14 years

WY1998       887 cfs           3 years

WY1999      1,336 cfs       6.5 years

WY2000       687 cfs        2.2 years

WY2001        90 cfs        0.7 years

WY2002       880 cfs          3 years

WY2003     1,220 cfs       5.5 years

WY1997

WY1996

WY1998

WY1993

WY1991 and 1992


Table 5. Annual peak discharges and recurrence intervals (RI) for Little Lost Man Creek (LLM), Prairie Creek above Brown Creek (PRU), and Prairie Creek above May Creek (PRW) (Note:  peak discharge for LLM for WY2003 is preliminary and may change substantially upon final analysis; blank cells indicate no data available).
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In some cases, comparing recurrence intervals (RI) among the three streams in Table 5 reveals some large disparities, e.g., the 1997 peak flows for LLM (15.8 years), PRU (5.0 years), and PRW (6.8 years) were substantially different.  These differences are likely due to: 1) the influence of the length and period of record, 2) actual flow magnitude differences due to rainfall variability, or 3) errors in peak discharge estimation. Most likely, all three of these factors influence the RIs in Table 5 to varying degrees.
Suspended Sediment and Turbidity

Table 6 gives suspended sediment yields for most existing and current RNSP tributary gaging stations. Both tons and tons per square mile are shown. Because the gaging stations drain different sized watersheds, comparing yields among these watersheds is more valid on a per-unit-area basis.

Table 6. Suspended sediment yields for RNSP tributary gaging stations, WY 1990-2004 (see Table 1 for gaging station codes). (Notes: 1) data for PAB, installed in WY2004, are not included due to insufficient discharge rating curve development; 2) WY2003 suspended sediment yield for LLM is preliminary and may change substantially upon final analysis).
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The RNSP tributary gaging stations have, over the past several years, been converted from stage-based sampling protocols to turbidity-based protocols. In other words, automated samples are triggered by the turbidity level versus the former method that used stream stage. The newer method is called ‘turbidity threshold sampling, or ‘TTS’, and was devised and is supported by the local USFS Pacific Southwest Forest and Range Experiment Station, also known as Redwood Sciences Laboratory. Conversion to this protocol requires major changes in hardware and software at the gaging stations. Turbidity probes must be installed at the stations, deployed in the streamflow using overhead swinging booms. Use of the turbidity probes and the TTS software also required replacement of our older data loggers with new ones, which subsequently required replacement of our older pressure sensors with new ones that are compatible with the newer data loggers and software. Consequently, the conversion of stations was expensive and laborious. However, estimation of suspended sediment yields has become far more accurate as a result, as described in the Introduction.
Although not all years for all gaging stations are processed for estimating suspended sediment yields, the estimates that are presently available are graphed in Figure 8. It is clear the some streams are much higher sediment producers than others. For example, Lacks (LAC) and Panther (PAN) creeks almost always yield higher suspended sediment per unit area than all the others. The relatively pristine watersheds (LLM, PRU, PRL), on the other hand, almost always had lower yields. The only exception is LLM in WY1999, when LLM experienced an unusually high level of geomorphic activity (unrelated to land use) upstream from the gaging station. This was again the case in WY2003, although the estimate for LLM for WY2003 is very preliminary.
[image: image10.emf]Figure 8. Suspended sediment yields for Redwood Creek active gaging stations on tributaries, 

WY1990-2004 (partial).
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The two highest sediment producers, PAN and LAC, also exhibited some interesting shifts in sediment yield. Prior to WY1996, yields from PAN were  consistently lower than those from LAC. However, from WY1996-1997, their roles reversed, and PAN became the higher sediment producer. In WY1998, their yields were nearly the same, and then from 1999 on, their more traditional roles returned. The most likely explanation for this period of elevated sediment yields for PAN is the occurrence of a debris torrent in 1996 upstream of the gaging station. The annual yields of PAN relative to LAC document the occurrence, level of impact, and subsidence of this large erosion feature and its effects of sediment yield.
Turbidity data can also be used to assess differences in erosion among the tributary basins, although its primary use in the RNSP hydrologic monitoring program is as a surrogate for suspended sediment concentration. With continuous turbidity data as we now collect at six permanent gaging stations and five temporary gaging stations (the Lost Man Creek study), turbidity duration characteristics can be calculated and related to thresholds in the published literature (e.g., Sigler and others, 1984; Newcombe and MacDonald, 1991; Henley and others, 2000). An example of such an analysis is shown below. This is a plot of turbidity durations above several threshold values for a suite of recording turbidity stations on the northcoast (including two within RNSP: PRU and GOD) from Klein (2003).
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Klein (2003) also related turbidity duration to two land use variables: road density and harvest rate (percent of watershed area harvested from 1988-2002, expressed as an annual percentage). Regression analysis indicated these two variables have a significant and nearly equal direct correlation with turbidity level at the 10% duration.

Since the time of Klein’s (2003) report, numerous additional continuous turbidity stations have been established on the northcoast of California. An updated analysis of turbidity duration would provide a much more comprehensive basis for evaluating effects of timber harvest and associated activities (e.g., yarding, road use, etc.) on chronic turbidity. Perhaps the most significant challenge will be to account for and/or extract the effects of basin size and geology from the analysis of land use effects.
Summary and Recommendations

The hydrologic monitoring program has a long and valuable history at RNSP. Data and analytical results have been used for a variety of issues, including development of land use regulations, scientific investigations by RNSP staff as well as outside investigators, adaptive management for RNSP’s watershed restoration program, among others. Moreover, the information collected in the program’s infancy played a major role in expanding the park in 1978.
In 1999, we produced the first-ever hydrologic data release, containing information on rainfall, streamflow, and suspended sediment transport. This document (and accompanying electronic files) resulted from a large effort to take our data from the ‘in-house’ condition, similar to that published by the USGS, to a condition useable by virtually anyone. And, as mentioned earlier, these data were provided to the NPS-WRD for upload to STORET for much wider distribution and use. A subsequent data release is planned for the near future.
The hydrologic monitoring program has continually changed over the years to keep apace with technological improvements, provide information for changing resource management and protection issues, and meet a critical need for evaluating background conditions, a need that can only be met by RNSP due to the preservation of relatively intact redwood watersheds of substantial size. In fact, RNSP has played a key role in fostering dialogue among various entities involved in watershed physical monitoring. We hosted the first ever ‘Turbidity Discussion Group’ in 2004 to bring together a wide spectrum of turbidity data collectors, processors, and users in an effort to share insights and find solutions to common problems.
With the present gaging network, we are pushing the limits of our data collection and processing capability in terms of both personnel and equipment budgets, but with the recent station upgrades, the equipment costs will hopefully remain low for some time. The lag time in processing data files (see Table 3) is largely a result of limited personnel time. However, we should be able to catch up in the near future (barring extreme events that might cause extensive damage) since the added time commitments of station upgrades is behind us for the most part. For the upcoming year (2005) we are implementing some new work and scheduling procedures that should help us to remain more current with data processing. These include creating appended raw files as new data downloads are brought in from the field and processing the appended (year-to-date) files into near final form on a quarterly basis, rather than waiting until the end of the water year. Because some processing must wait for laboratory analyses to be completed, estimating suspended sediment yields must still wait for all samples to be processed (typically by June each year).
Future budget constraints and priorities will likely reduce the scope of hydrologic monitoring. There are many ways in which the scope can be reduced to require a lower budget. By far, the largest share of the hydrologic monitoring budget is for personnel, consequently, substantive budget cuts will have to be accomplished by reallocating or reducing personnel. The program is presently funded at about 1.3 FTE (one full time hydrologic technician and a portion of a half-funded hydrologist). Were the scope of data collection and processing to be reduced by half, for example, the personnel required to continue the program could be as low as 0.7 FTE (note that some tasks will be required whether we have just one gaging station or ten, thus reducing the number of gages by one-half would not reduce staffing needs by one-half). Other levels of reductions in scope would have proportionally similar FTE requirements.
Prioritizing gaging stations to be continued versus discontinued could be based on several criteria: 1) the reliability of data (stability of rating curve, tendency for equipment malfunctions, etc.), 2) the utility of the data (baseline watershed, co-location with complementary studies, relative importance to TMDL, etc.), 3) accessibility of the gaging station, and 4) period of record (the longer the record, the more valuable the gage in terms of hydrologic analyses). Stakeholders should be involved in the gage prioritization process.
The following is a ‘short list’ of nine of the present total of 14 stream gaging stations composing the hydrologic monitoring network in Redwood Creek. They represent the most important sites for long term hydrologic monitoring in the Redwood Creek watershed. A brief statement about the specific relevance of each gage is included. They are ordered from most to least important.

Redwood Creek at Orick: this gage captures basin-wide hydrological processes and reflects the sum total of land use and restoration activities occurring upstream. It also provides critical information for floodway and estuary  management and restoration.

Redwood Creek near Blue Lake: similar to Redwood Creek at Orick, this gage captures hydrological processes and reflects the sum total of land use and restoration activities occurring upstream in the upper one-third of the watershed. As such, it allows the sedimentation measured at Orick to be partitioned into that derived from the uppermost part of the watershed versus the lower part.
Middle Prairie Creek (above Boyes Creek): This gage is relatively new (operated since 2003) and, like Upper Prairie Creek, is rare in that it drains a pristine redwood watershed. In fact, at 8 square miles in area, it is the largest pristine redwood watershed in the region. The data from this gage will also support  research projects and, in combination with Upper and Lower Prairie creeks, will allow basin scale effects on hydrological processes to be investigated.

Upper Prairie Creek (above Brown Creek): This gage is relatively long-term (operated continuously since 1990) and is rare in that it drains a pristine redwood watershed. The data from this gage has supported numerous research projects.

Little Lost Man Creek: This gage is relatively long-term (operated 1974-88 and 1993-present) and is rare in that it drains a pristine redwood watershed. The data from this gage has supported numerous research projects. Because this basin has all relevant factors except geology in common with Upper Prairie Creek, the two gages together allow investigation of the effects of geology on hydrological processes.
Lost Man Creek (at former fish hatchery): This gage is presently just one of five online in this watershed. These gages are operated as part of a limited-term study of the effects of road decommissioning on water quality. Upon completion of this study, we intend to continue operation of only this downstream-most gage (at the former fish hatchery). Data from this site will allow characterization of a managed reference condition for comparison with actively managed redwood watersheds in the region. In addition, the gage site is also the planned site for the ‘Redwood Watershed Science Center’ and the gage will provide a hands-on facility for educational and research purposes.
Lower Prairie Creek (above May Creek): This gage is relatively long-term (operated continuously since 1982 except for two years) and was recently re-furbished. The data from this gage has supported many research projects and is likely to continue to do so. With the two other Prairie Creek gages, we have a nested trio of gages that provide the unique capability for investigating spatial and basin scale issues.

Panther Creek: This is a long term tributary gaging station located on private land that provides information that characterizes streamflow and sedimentation processes from the western portion of the basin, which is underlain by Franciscan metamorphic rocks. Access to this site is becoming more problematic as time goes on.
Lacks Creek: This is a long term tributary gaging station on private land that provides information that characterizes streamflow and sedimentation processes from the eastern portion of the basin, which is underlain by Franciscan sedimentary rocks. Access to this site is becoming more problematic as time goes on and the station needs refurbishing. The landowner has been supportive of our gaging activities thus far, but future access is uncertain.
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