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Abstract 
 
The Napa River has been listed as impaired by sediment.  Sediment has blanketed 
anadromous fish spawning gravel and pools, reduced habitat diversity, and reduced the 
food supply for fish.  The community-developed Napa River Watershed Owner’s Manual 
recommends strategies to reduce sediment delivery to the river system, which are being 
widely implemented.  Among these are the use of permanent vegetative ground cover and 
runoff control in vineyards.  It is hypothesized that the use of these measures, as opposed 
to annual tillage and uncontrolled surface runoff, will lead to a decrease in sediment 
delivery to the channel system.  It is further hypothesized that an increase in vineyard 
development, in place of other land uses, will lead to an increase in sediment delivery to 
the channel system.  To test these hypotheses, it is necessary to devise a way to measure 
sediment loads at the field scale and the watershed scale.  This study established sediment 
stations at vineyard runoff sites and in a local creek, where flow could be measured 
continuously and suspended sediment concentration (SSC) sampled at intervals during 
storms.  We employed the Turbidity Threshold Sampling (TTS) methodology developed 
by the Redwood Sciences Laboratory, in order to use turbidity to control the sampling 
schedule and to develop a turbidity-SSC regression to aid in estimating storm sediment 
loads.  The resultant sediment load estimates for the major storms of the past two winters 
will help the community better understand sediment issues in the Napa River system. 

 2



Table of Contents 

 Abstract 

1. Introduction..........................................................................................................................5 

a. Sediment in the Napa River Watershed ...................................................................5 

b. Turbidity Threshold Sampling, Pre-existing Monitoring Sites................................5 

2. Project Design and Organization .........................................................................................6 

a. Study Plan ................................................................................................................6 

b. Quality Assurance Project Plan and Permits .........................................................10 

c. Technical Advisory Team......................................................................................10 

d. Community Outreach.............................................................................................11 

3. Data Collection ..................................................................................................................11 

a. Stream Sediment Stations ......................................................................................11 

b. Vineyard Runoff Sites............................................................................................15 

c. Laboratory Analysis...............................................................................................17 

4. Data Quality .......................................................................................................................17 

a. Turbidity data.........................................................................................................17 

b. Flow data (all sites)................................................................................................18 

c. SSC samples (all sites)...........................................................................................19 

5. Results ................................................................................................................................20 

a. Sediment Loads in Streamflow..............................................................................20 

b. Vineyard Runoff ....................................................................................................23 

6. Discussion..........................................................................................................................27 

a. Stream Sediment Stations ......................................................................................27 

b. Vineyard Runoff Sites............................................................................................29 

7. Community Outreach.........................................................................................................30 

8. Conclusions and Recommendations ..................................................................................32 

 3



Figures: 

Figure 1: Layout of Vineyard Runoff Sites 
Figure 2: Locations of Stream Sediment Stations 
Figure 3: Concentrations of Depth-Integrated Samples vs. Simultaneous 

Pumped Samples, Stations CAS and CAH 
Figure 4: Sediment Loads and Storm Peaks, Station CAH 
Figure 5: Sediment Loads and Storm Peaks, Station CAS 
Figure 6: Storm Sediment Load vs. Peak Storm Discharge, Stations 

CAS and CAH 
Figure 7: Net Runoff vs. Rainfall Depth, Sites B1 and B2 
Figure 8: Net Runoff, Site B1 vs. Site B2 
Figure 9: Measured Sediment Load vs. Net Runoff, Sites B1 and B2 

 

Appendix: 

Photos of Field Equipment 

Handling Doubtful Samples at TTS Sites 

Acknowledgments 

 4



1. Introduction 
 
 
a. Sediment in the Napa River Watershed 

 
The Napa River was listed as impaired by sediment in 1990.  Since then, the San 
Francisco Bay Regional Water Quality Control Board has studied the water quality 
concerns associated with elevated sediment levels in the Napa River and tributaries, 
finding that sediment has blanketed anadromous fish spawning gravel and pools, reduced 
habitat diversity, and reduced the food supply for fish.  The community-developed Napa 
River Watershed Owner’s Manual, completed in 1994, recommended a variety of 
measures to address this issue, and since that time sediment issues have increasingly 
claimed the attention of citizens concerned about the health of the Napa River watershed 
ecosystem.   
 
As the public discussion of this topic unfolds, there is an urgent need both to improve our 
technical understanding of the relationship between human land use and sediment 
delivery to the channel system and to educate the public on this subject.  The strategies 
recommended in the Owner’s Manual to reduce sediment in the river system are being 
implemented in many places; the effectiveness of these strategies needs to be evaluated, 
and the strategies need to be refined and further promoted.   
 
In early 2002, Napa County Resource Conservation District, under funding from the 
California State Water Resources Control Board, embarked on the Sediment and 
Stewardship project, which aimed both to improve our technical understanding of 
sediment processes in the Napa River watershed and to educate the public on the subject.  
That project is the subject of this report. 
 
The technical goal of the project, according to the scope of work, was to “evaluate the 
effectiveness of permanent vegetative ground cover and other erosion control practices 
used on hillside vineyards to prevent and control on- and off-site erosion caused by 
human activities that results in the delivery of sediment to the channel.”  At the same 
time, we aimed to educate the public by building on our citizen volunteer water quality 
monitoring program and by offering more formal educational opportunities as well.   
 
 

b. Turbidity Threshold Sampling, Pre-existing Monitoring Sites 
 
The technical work carried out under this project made use of the turbidity threshold 
sampling (TTS) methodology.  TTS is an automated procedure for measuring turbidity 
and sampling suspended sediment, which was developed by Rand Eads and Jack Lewis 
of the Redwood Sciences Laboratory (RSL) in Arcata, California.  The RSL is part of the 
Pacific Southwest Research Station, the research and development branch of the USDA 
Forest Service for California and the Pacific.  The TTS method is currently operating at a 
number of gaging sites in northern California and several outside the state as well. 
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The basic equipment for TTS consists of a programmable data logger, a turbidity meter 
mounted in the stream, a pumping sampler, and a stage-measuring device. The data 
logger program uses turbidity to govern sample collection during each storm.  The goal is 
to collect a set of samples during each storm which are usefully distributed over the 
duration of the storm.  The data logger controls this by triggering the sampler when 
specific thresholds of turbidity are crossed, either ascending or descending.  The resulting 
samples can then be used in conjunction with the turbidity record to predict sediment 
concentrations throughout the storm, and these concentrations, combined with a 
discharge record, make it possible to estimate total storm loads. 
To study the problems of sediment in the Napa River watershed, we found it convenient 
to make use of both stream gage sites and field-scale vineyard runoff sites.  The latter 
were inherited from an earlier project, Farming in a Watershed Context (SWRCB No. 9-
082-250-0), which established vineyard runoff sites for the explicit comparison of 
different styles of runoff management.  
 
 
2. Project Design and Organization 
 

a. Study Plan 
 
Study Hypotheses 
While the project includes both a technical and an educational element, the study plan 
concerns only the technical element.  There are two general technical questions which 
have arisen, given the possible impairment of the Napa River system by sediment and the 
degree of vineyard development in our watershed: 
 

• how effective are the use of permanent vegetative ground cover and other 
recommended vineyard erosion control practices in preventing the delivery of 
sediment to the channel network? 

• what is the relationship between land use, specifically vineyard development, and 
sediment delivery to the channel network? 

 
One question explores the association between particular vineyard practices and 
sediment delivery, and the other explores the association between vineyards as a land use 
and sediment delivery. 
 
Correspondingly, two different hypotheses may be posed regarding hillside vineyards in 
the Napa River watershed: 
 
H1:The use of permanent vegetative ground cover and runoff control, as opposed to 
annual tillage and uncontrolled surface runoff, will lead to a decrease in sediment 
delivery to the channel system. 
 
H2:An increase in vineyard development, in place of other land uses, will lead to an 
increase in sediment delivery to the channel system. 
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Testing H1 amounts to a field test of currently recommended erosion control practices 
and meets a clear need, given the public scrutiny to which hillside agricultural practices 
are currently being subjected in Napa County.  Although the tools used to evaluate 
erosion control plans in Napa County represent the best information currently available, 
they rely on information derived from experiments in other places, and local testing is a 
high priority.  For this project, we decided to attempt a test of H1 by use of vineyard 
runoff measurement sites established under the Napa County RCD’s previous Farming in 
a Watershed Context project.  The rationale underlying the choice of these sites will be 
discussed below. 
 
H2 is a much more controversial hypothesis.  The hydrologic response of conversion of 
land from other uses to vineyards depends in part on what the other uses were, and it 
might well be argued that in some cases a conversion to vineyard will decrease sediment 
delivery.  Beyond that, the issue is one on which professional opinions differ.  However, 
the issue is an important one in Napa County, and any light we can shed on H2 would be 
a strong contribution to the current land use planning debate in Napa County.  Although 
an explicit test of the hypothesis is probably not possible in the context of this three-year 
project, we chose to begin to address H2 by establishing stream sediment stations on 
selected Napa River tributaries, as discussed below. 
 
Methodology and Site Selection:  H1 
H1 was tested using the paired watershed experimental design.  That is, two watersheds 
were identified that were similar in many physical respects while differing in the 
presence or absence of the features being tested.  Of course, there are always many real 
differences between paired watersheds other than the features being tested; this 
experimental design assumes that the hydrologic effects of these differences are 
negligible. 
 
To test H1, we selected two vineyard sites in the northern Napa River watershed, where 
we had established runoff measurement sites in 2000 under an earlier project.  The sites 
are at the drainage outlets of adjacent vineyard blocks which have virtually the same 
slope and aspect; they drain 0.5 ac and 0.56 ac, respectively.  The soils are both mapped 
as 108 Boomer gravelly loam in the Napa County Soil Survey, each with an overall slope 
of 12%, and the two are generally similar hydrologically, in the opinion of NRCS soil 
scientist Ken Oster (Oster, 2002, pers. comm.).  Rainfall is virtually identical because 
they are adjacent.  Both vineyard blocks are terraced.  Block B-1 is tilled every spring 
and has no runoff control; it represents an older style of vineyard.  The other block, B-2, 
has contemporary erosion control practices:  a permanent cover crop which is not tilled, 
and runoff control in the form of underground drainage pipes fed by one drop inlet per 
terrace.  Figure 1 illustrates the layout of the two blocks. 
 
At the beginning of this project, equipment had already been installed at these sites to 
measure runoff discharge continuously (with data recorded at 5-minute intervals), by 
means of a flume-mounted water level sensor at B-1 and a water level sensor mounted in 
the drainage pipe at B-2. The flume at B-1 – which receives runoff from the older-style 
vineyard block, without piped drainage – is located in a natural drainage swale which 
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concentrates the runoff from the drainage area identified.  In addition, samplers had been 
installed to collect water samples for sediment analysis.  For the present project, we kept 
all this equipment initially for the field season 2002-03, but we then made improvements 
for the subsequent field seasons of 2003-04 and 2004-05.  Our goal was to obtain the best 
possible continuous measurements of discharge and to obtain suspended sediment 
samples representative of storm runoff.  The instrumentation we used to do this is 
described below under section 3, Data Collection. 
 
The path followed by runoff from its point of origin in the vineyard blocks is quite 
different in the two cases; in B-1 the terraces are outsloped, and runoff moves down the 
hill from one terrace to the next, while in B-2 the terraces are insloped, so that runoff 
moves along a terrace to the lowest point, where the pipe drop inlet is located.  In the 
latter case, the effective slope (from the point of view of erosion) is much less, and the 
distance of overland travel is also less.  These differences are an essential feature of the 
runoff control practices being tested and are not a concern to the experimental design. 
 
As it happens, the two drainage areas are differently shaped; B-1 is much narrower than 
B-2.  In consequence, B-1 would be smaller than B-2, if the pipe drainage system in B-2 
had not been altered in 2000, when these runoff measurement sites were established.  At 
that time, in order to make the two drainage areas approximately equal in size for 
purposes of the study, the pipe drainage system in B-2 was altered to divert runoff from 
the more uphill part of the block.  This has the effect that, besides being differently 
shaped, drainage area B-2 is located further downslope than B-1, and the natural hillside 
slope is less there than in B-1.  These differences were neglected in this study in the 
expectation that they would affect runoff much less than the institution of runoff control 
in B-2. 
 
Continuous (15-minute) rain data is available for several sites on the property, including 
one directly between B-1 and B-2. 
 
Sites B-1 and B-2 were maintained through the three years of this project, with upgrades 
to the field equipment as we gathered more experience.  The samples collected were 
analyzed for suspended sediment concentration (SSC). 
 
Methodology and Site Selection:  H2 
Hypothesis H2 begs to be evaluated at a considerably larger scale, since the issue is 
defined in terms of a general change in land use, which will have considerable variation 
from site to site.  We looked for a pair of watersheds at the level of Napa River tributaries 
which differed in the amount of vineyards but were otherwise hydrologically similar; 
however, the search was unsuccessful.  At this scale, there proved to be a variety of 
differences between watersheds that might affect their hydrologic response, and at the 
same time we failed to find a dramatic difference in the amount of vineyard development 
between one tributary watershed and another.   
 
Instead, we chose a single tributary where there was potential for vineyard development, 
Carneros Creek, and established stations there with a view to the future.  Our idea was to 
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measure sediment loads given the current amount of vineyard development, under the 
present project, and then seek further funding to continue monitoring as new vineyards 
come in.  We could then compare sediment loads before and after the change in land use, 
with no confusion resulting from the comparison of two different watersheds. 
 
Detailed information on current and historical land use, channel geomorphology, and 
overland sediment sources in the Carneros Creek watershed was available, to assist in 
interpretation of the sediment records obtained.  Under a separate project funded by 
CALFED, the RCD and two technical partners ((San Francisco Estuary Institute and 
Pacific Watershed Associates) carried out a comprehensive watershed assessment 
including all these issues in the Carneros Creek watershed, which was completed in May 
2005.  This project included extensive field work and interpretation both of channel 
geomorphology and of overland sediment sources.  In addition, the Phase I Napa River 
Basin Limiting Factors Analysis (the TMDL study) provided useful information on the 
creek. 
 
The first sediment station on Carneros Creek (identified as CAH) was installed before the 
field season of 2002-03 at a point about halfway down the watershed.  The creek here 
drains approximately 3400 acres, of which some 220 acres are in vineyards.  Immediately 
above this station approximately 160 acres of new vineyard have been proposed, 
increasing the total acreage in vines substantially, to 380 acres.  As of this writing, the 
new vineyards have not been installed. 
 
After the field season of 2002-03, a second sediment station on the creek (identified as 
CAS) was established, upstream of essentially all vineyards in the Carneros Creek 
watershed.  The purpose of the second station was to isolate the sediment contribution of 
the area between the two stations, where the proposed new vineyard development is to 
take place.  The increase in vineyard acreage described above – from a total of about 220 
to about 380 acres – will occur entirely within the 1632 acres of watershed lying between 
stations CAS and CAH.  Field data gathering took place at both sites over the following 
two field seasons, 2003-04 and 2004-05, using the TTS methodology and equipment to 
be described in section 3 below, Data Collection. 
 
The relative locations of the two sediment stations on Carneros Creek are shown in 
Figure 2. 
 
Following the TTS methodology, we attempted to establish relationships between 
suspended sediment concentration and turbidity as measured at the two sediment stations.  
In doing that, we had to take into account the effects of sediment particle size on the 
representative nature of the pumped samples.  Success in establishing relationships 
between SSC and turbidity for individual storms was essential, if we expected to use our 
data to test H2.  Therefore, the first test of our work is to address the following 
hypothesis H3: 
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H3:Turbidity measurements provide an acceptable surrogate for suspended sediment 
concentration in Napa River tributaries, so that sediment flux over a storm or season can 
be reasonably estimated from turbidity measurements. 
 
Only to the extent that we are able to confirm H3 will we be in a position to address H2. 
If, for example, we find that the creek has sizeable sand fractions in their suspended 
sediment loads which are not adequately represented in pumped samples, then the 
chances for success with this methodology are reduced.  Therefore, H3 is itself just as 
important to our study as H2, and successful confirmation or rejection of it will itself be a 
useful finding. 
 
 

b. Quality Assurance Project Plan and Permits 
 
The Quality Assurance Project Plan for this project, dated November 15, 2002, was 
approved by William R. Ray, Quality Assurance Program Manager for the State Water 
Resources Control Board and by the following individuals:  Robert Zlomke, Project 
Director/Quality Assurance Manager; Blaine Jones, Field Manager/Data Processing 
Manager; Michael Napolitano, State Contract Manager; and Peter Husby, Laboratory 
Manager. 
 
The approved QAPP included elements of Napa River Watershed Stewardship:  Quality 
Assurance Project Plan for CALFED Project M92, 98-EO1, with the notable addition of 
further protocols for types of data collection not included in the earlier project.  These 
included suspended sediment sampling in streams using USGS-style samplers; automated 
measurement of discharge at vineyard runoff sites; automated sampling of suspended 
sediment at vineyard runoff sites; and turbidity threshold sampling.  The approved QAPP 
also includes a protocol for laboratory analysis of suspended sediment concentration. 
 
A copy of the approved QAPP was submitted to the State Contract Manager in early 
2003. 
 
It was determined by the project manager and contract manager that no CEQA/NEPA 
documents or environmental permits were necessary for this project, since it consisted 
only of passive data collection activities.  The RCD obtained signed right of entry forms 
from the three landowners on whose property data collection took place, copies of which 
were submitted to the contract manager. 
 
 

c. Technical Advisory Team 
 

A Technical Advisory Team (TAT) was established to provide independent peer review 
of the draft study plan and interim reports for the project.  It included members of the 
technical team previously established under the Farming in a Watershed Context 
program.  The TAT for this project met three times over the course of the contract; 
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meeting agendas, attendee lists, and minutes were submitted to the State Contract 
Manager as attachments to the appropriate quarterly reports. 
 
The Technical Advisory Team first met on March 26, 2002.  This was early in the 
project, and in fact the draft study plan had not yet been prepared.  The meeting featured 
a discussion of the turbidity threshold sampling (TTS) technology proposed for the 
project, including a presentation by Rand Eads of the Redwood Sciences Laboratory, and 
a field trip to proposed field sites.  The discussion helped fine-tune our understanding of 
the issues and helped in evaluating the proposed sampling sites.  Accordingly, we 
prepared a draft study plan, which was circulated by e-mail among team members and 
revised after extensive discussion. 

The technical advisory team met again on July 24, 2003, to review the first year’s field 
work on the project and to offer advice on future work.  The TAT met for the final time 
under this project on September 30, 2004 to review the second year’s field work.  On 
both these occasions, we found it most useful to present our results informally to the 
TAT.  The TAT discussion at each of these meetings is reflected in two annual interim 
reports to the State contract manager. 

Interim reports were submitted to the State Contract Manager on September 17, 2003 (for 
year 2) and October 27, 2004 (for year 3).  The information included in them has been 
incorporated into the present report. 
 
 

d. Community Outreach 
 
An important element of this project was the promotion of public awareness of erosion 
control and sedimentation issues in the Napa River watershed.  The information gathered 
under the technical portion of the project was presented to the public in a well-attended 
forum on erosion and sediment from agricultural land, and several other workshops on 
related topics were offered to the public. 
 
 
3. Data Collection 
 

a. Stream Sediment Stations 
 
The equipment installed at each stream sediment station is shown in the following list.  
Here and elsewhere in this report, brand names and model identifications are solely for 
convenience of reference and do not constitute endorsement of any equipment. 
 
1. Forest Technology Systems DTS-12 turbidity sensor, mounted to a bridge via a 

hinged arm, for continuous measurement of turbidity 
2. Druck  PDCR 1830-8388 pressure transducer, for continuous measurement of 

water level 
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3. ISCO 6712 pumping sampler, with intake on the hinged arm that holds the 
turbidity sensor, to collect water samples for SSC analysis at specific thresholds 
of turbidity 

4. Campbell Scientific CR10X datalogger, programmed to record turbidity and water 
level data and to control the pumping sampler, mounted in a moistureproof case 

5. staff gage 
6. Power supply 
 
Installation also included construction at each site of a secure and waterproof equipment 
shelter large enough to walk around in, where the pumping sampler and datalogger were 
installed, as well as fabrication and installation of an aluminum hinged arm, which 
suspends the turbidity sensor and pump intake in the flow while shedding most debris.  
Care was taken to locate the pressure transducer at a depth below the normal rainy-season 
low flow level, near the staff gage, and to make sure that the intake tube for the sampler 
had no dips.  The hinged arm which carries the turbidity sensor and pump intake was 
weighted to keep it in the flow, even during high water.  The hinged design permits the 
unit to rise up and out of the way when struck by large floating debris.  Photographs of 
the hinged arm and equipment shelter are shown in the Appendix. 
 
Field work included frequent maintenance of the equipment, in particular the turbidity 
sensor, carrying out measurements of discharge, and collecting depth-integrated SSC 
samples. 
 
A continuous discharge record was developed on the basis of the level record and a level-
discharge rating curve, and the hand-collected SSC samples were used to evaluate the 
pumped samples which were collected automatically, when specific predetermined 
turbidity thresholds were passed; these thresholds were established with a target of 
collecting 8 – 12 samples per storm.  Turbidity and water level were measured 
continuously and recorded at 10-minute intervals. 
 
Initial Stream Sediment Station:  Field Season 2002-03 
During the water year 2002-03 a TTS station code-named CAH was established on 
Carneros Creek on the property of a cooperating landowner. 
 
The suite of equipment described above, necessary for turbidity threshold sampling, was 
installed at the site in late 2002.  The staff gage was mounted to a steel fence post driven 
into the streambed, in a somewhat sheltered area at the side of the main channel.  The 
pressure transducer was mounted inside a protective PVC pipe, open at the bottom, which 
was attached to the bedrock channel bottom by means of construction stakes and cable.   
Later in the winter the pressure transducer was moved to a lower position, below the 
rainy-season low flow level. 
 
The datalogger was used to record water level and turbidity measurements continuously 
and to control the action of the pumping sampler, under the TTS program written by 
Rand Eads and others of Redwood Sciences Laboratory.  The TTS program records 
readings of level and turbidity every 10 minutes, and it signals the pumping sampler to 
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take a sample when predetermined turbidity thresholds are exceeded and under other 
specific circumstances. 
 
Unfortunately, our initial installations in December were marred by equipment 
malfunctions.  Both the turbidity sensor and the datalogger had to be returned to their 
respective manufacturers for warranty service in January.  The datalogger functioned 
properly after that, but the turbidity sensor had to be returned again after problems 
persisted.   We were able to salvage the turbidity record for the storms of February and 
March 2003.  However, because of the problems with the sensor, the sampler did not take 
as many samples during the peaks of these storms as would be desirable, even though the 
TTS program and sampler functioned properly. 
 
The continuing problems were largely related to the calibration equation for the 
instrument.  The instrument was originally calibrated using a fifth-order equation which 
behaved very poorly outside the calibrated range.  On the advice of Jack Lewis and Rand 
Eads of Redwood Sciences Laboratory, the record was salvaged by backcalculating the 
raw voltage signal for periods outside the calibrated range, by means of the calibration 
equation, and then substituting a linear relation.  The corrected values of turbidity peak at 
just over 2000 NTU, the maximum the instrument can measure.   The salvaged data 
record shows the maximum NTU value for extended periods, when the sensor is 
presumed to be out of range. 
 
The stage offset for February and March was not recorded.  However, there is a 
continuous stage record for this period which shows the relationship between storm peaks 
and turbidity.  In addition, there are periodic SSC samples during the storms of this 
period, except that during peak flow periods some samples were missed because of the 
problems with the turbidity sensor. 
 
During this entire period, the landowner’s employees helped with station maintenance in 
various ways; among other things, they made an all-terrain vehicle available for our use, 
since the site does not have rainy-season road access. 
 
For the two large storms in this period, a total of 27 samples were collected and 
associated with a simultaneous turbidity reading.  Preliminary analysis yielded the 
following tentative results:  of the 27 data points, 4 were excluded because of 
uncertainties about the turbidity value.  The remaining 23 points fit a straight line with an 
R2 value of approximately 0.88, so that the relationship between turbidity and SSC at this 
site appears to be roughly linear.  These preliminary results encouraged us to think that 
the TTS technology had potential to estimate sediment load continuously in Carneros 
Creek, and after discussion with the TAT we resolved to continue to maintain this station 
and to establish the second TTS station further upstream on the creek. 
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Stream Sediment Stations:  Field Season 2003-04 
The second TTS station, code-named CAS, was established in the fall of 2003.  A suite of 
equipment virtually identical to that at CAH was installed there, in time for the winter 
rains. 
 
Continuous measurements of stage, temperature, and turbidity were made, and turbidity-
controlled samples were taken at station CAS, for six major storms during the rainy 
season.  All equipment functioned properly, except that the location initially selected for 
the turbidity sensor arm had to be changed in early January, when we discovered that the 
sensor and pump intake had become buried in mud.  There were no further problems after 
the sensor arm was moved away from the bank.  A similar set of measurements and 
samples were taken at station CAH, except that because of continuing problems with the 
stage offset there were no data from the first two storms.  Both sites were rated for 
discharge during this rainy season;  the collection of discharge measurements included 
one measurement over 300 ft3/s at station CAS and one over 400 ft3/s at station CAH.  
 
A total of 305 pumped samples were collected at the two sites over the field season and 
analyzed for total SSC;  in addition, the breakdown between sand and fines was noted, 
with suspended material over 62.5 microns considered to be sand.  Two depth-integrated 
samples over the entire cross section were taken by hand, both of them at station CAS, 
for explicit comparison with simultaneous pumped samples.  
 
 
Stream Sediment Stations:  Field Season 2004-05 
The two stations on Carneros Creek were continued for the 2004-05 season.  As in the 
2003-04 season, continuous measurements of stage, temperature and turbidity were made 
at both sites.  This season was noteworthy in that there were more storms, but smaller 
ones, than in the previous field season, and they were spread out over a longer period.  In 
particular, there were more measured storms in the latter part of the field season, from 
March 2005 on.  There were data from fourteen storms for this field season, and eleven of 
those storms were large enough to provide useful data.   
 
There was continued sediment deposition near the turbidity sensor (DTS-12) at CAS 
during medium-sized events.  The DTS-12 was installed nearly a foot above the stream 
bed, but after several of this season’s storms the sensor was found to be partially buried 
in sediment.  This problem was most noticeable in the latter period of the field season, 
from March 2005 on, and it appears to be related to unusual spikes in the turbidity record. 
 
A total of 575 pumped samples were collected at the two sites over the field season and 
analyzed for total SSC;  in addition, the breakdown between sand and fines was noted, 
with suspended material over 62.5 microns considered to be sand.  A total of 8 depth-
integrated samples over the entire cross section (4 at each site) were taken by hand, for 
explicit comparison with simultaneous pumped samples.  
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b. Vineyard Runoff Sites 
 
The vineyard runoff sites used for this project were inherited from an earlier project.  
Each site had equipment installed to measure water level and flow and to collect storm 
runoff samples.  Each had a Global Water WL-14 level logger and a Global Water SS201 
automatic storm runoff sampler, which was programmed by the manufacturer to collect 
two pumped samples per storm, a “first flush” sample and a distributed sample.  In 
addition, the site with no piped runoff (B-1) had a flume (Adjust-a-Flume, 200 gpm size) 
with stilling well, so that the level could be directly converted to flow.  This equipment 
had been installed and used through two rainy seasons.  There was no instrumentation to 
measure turbidity. 
 
 
Vineyard Sites:  Field season 2002/03 
In 2002 we began to upgrade the field equipment installed at the vineyard runoff sites, 
because of limitations of the level loggers and samplers we had been using.  The level 
loggers showed a tendency to drift, probably related to the fact that they were vented 
directly to the atmosphere, and the samplers were limited in the number of samples they 
could take.  An ISCO 6712 automatic pumping sampler with bubbler module was 
installed at site B-1, to measure flow in the flume already installed there and to collect 
multiple samples at intervals over periods of runoff.  Previous to this year, site B-2 had 
had a level sensor installed directly in the runoff pipe, but this year we installed a flume 
like the one at B-1, to make possible more precise flow measurement, using a concrete 
bump to convert the flow from supercritical to subcritical.  We fabricated and installed 
this bump on the advice of Dr. John Replogle of Agricultural Research Service (ARS), 
the hydraulic engineer who designed the Adjust-a-Flume.  Because of the technical 
difficulty in measuring turbidity in these very shallow flows, we did not attempt to install 
turbidity measurement equipment.   
 
The bubbler module installed at site B-1 gave good results.  The unit showed little or no 
tendency to drift and produced a satisfactory record of water level in the flume, one that 
could be converted to discharge using the flume equation.  However, programming issues 
with the sampler, which unfortunately were not completely addressed before the onset of 
winter storms, hindered satisfactory collection of SSC samples.  The bump and flume 
installed in the runoff pipe at site B-2 weathered the storms satisfactorily.   
 
Comparison of the rainfall record for this winter with the flow in the flume at B-1 showed 
less than 10% of the rainfall for selected storms actually running off through the flume.  
This comparison led us to suspect that some runoff might have been leaking around the 
flume at B-1 and possibly at B-2 as well, although it is also possible that the drainage 
area is actually smaller than we have supposed. 
 
 
Vineyard Sites:  Field season 2003/04 
The equipment installed at site B-1 was duplicated at site B-2, in time for measurements 
this year.  The installation at each site now included a 200-gpm flume and an ISCO 
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sampler with bubbler module, to measure flow in the flume and to collect samples at 
intervals over periods of runoff.  We hoped that this would permit us to measure 
discharge at both sites and to compare the two.  The programming issues which had 
caused trouble the previous year were resolved by simplifying the program and making 
sure to verify its correctness with the manufacturer.  Each unit was set to collect a sample 
every 20 minutes as long as the level was above a certain minimum, initially 0.03 ft but 
raised to 0.05 ft in the flume at B-2.  Photos of the equipment installed at the two sites are 
included in the Appendix. 
 
To make sure that there was no leakage around the flumes, the approach to each flume 
was scrupulously sealed with pondliner and roofing cement.  Care was taken to make 
sure that the bubbler tube and the pump intake were installed in as similar a fashion as 
possible at the two sites.  The pump intake was located between 12 and 24 inches 
upstream of the flume, in an area where water ponded slightly, at an elevation 1-2 inches 
above the bottom.  Both pump intakes faced downstream.  At site B-1, the end of the 
bubbler tube was glued to the side of the flume, at the same level as the intake for the 
stilling well, and facing downstream.  At B-2, the bubbler tube was taped to a narrow 
piece of rebar that was placed vertically in the stilling well. 
 
The equipment functioned well, except that the two bubbler modules needed to be 
returned to the manufacturer for pump repairs.  Luckily the problems were discovered 
early and the equipment reinstalled before serious rains began.  The reinstalled equipment 
measured water level satisfactorily at both sites, with no apparent drift.  The ISCO 
samplers performed as expected and collected 297 samples, which were analyzed for 
total SSC. 
 
 
Vineyard Sites:  Field season 2004/05 
The two vineyard runoff sites B-1 and B-2 were continued for the 2004-05 season.  
Before the season began, all monitoring equipment was calibrated, and the programs 
were reviewed to ensure continuity with last season’s program.  The specifications for 
installation and site setup were identical to last season. 
 
Before the season began, the drainage areas at the two vineyard sites were resurveyed to 
make certain that no errors were made when the original drainage areas were established.  
Using a stadia rod and transit, the drainage area was determined.  The drainage area 
corresponded to the original drainage area analysis. 
 
During 2004/05, 174 samples were collected during the field season.  Overall, the 
equipment performed satisfactorily.  Minor problems included unreliable battery life and 
a few instances of variable sample volumes pumped into the sample bottles. 
 
At B-1, the bubbler malfunctioned and had to be returned to the manufacturer, so no data 
were collected at the site from January 12, 2005 until January 24, 2005.  Fortunately, 
there were no significant storms during this period. 
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At B-2, on December 30, 2004, a large storm carried debris down the pipe, which became 
lodged in the flume.  This caused the water in the pipe to back up and eventually flood 
the entire data collection area.  It knocked over the ISCO, and a short amount of flow 
data was lost.  There were no problems with the bubbler at this site. 
 
 

c. Laboratory Analysis 
 
All samples taken at the stream sediment stations and vineyard runoff sites were analyzed 
for suspended sediment concentration (SSC) according to ASTM D3977-97 – Standard 
Test Methods for Determining Sediment Concentration in Water Samples, Test Method B 
– Filtration by the USEPA Laboratory in Richmond, California.  All samples from the 
stream sediment stations were analyzed for total SSC, and the breakdown between fines 
and sand was noted as well;  for the vineyard runoff sites, only total SSC was done. 
 
 
4. Data Quality 
 

a. Turbidity Data 
 
Stream Sediment Stations 
The sensing and recording equipment at stations CAH and CAS collect 10-minute 
turbidity data within the range of 0 to 2150 NTU.  Turbidity data were collected over the 
greater part of two field seasons, 2003/04 and 2004/05.  The 2003/04 datasets are 
confined to the periods of a limited number of storms (6 at CAS, 4 at CAH), all of them 
within the period from December 24, 2003 to February 27, 2004.  The 2004/05 CAH 
turbidity dataset covers the period from October 14, 2004 to May 19, 2005, and is 
complete except for a short gap from March 23 through March 25.  The 2004/05 CAS 
turbidity dataset covers the period from November 30, 2004 to May 19, 2005, and it is 
complete except for two periods of highly anomalous data (March 30 to April 4, and 
April 8 to April 13) that were removed from the dataset. 
 
Over-range turbidity readings are recorded as 2150 NTU.  During the 2004/05 field 
season, there were 7 periods of over-range turbidity at station CAH, and 9 periods of 
over-range turbidity at station CAS, each at the peaks of major storms. 
 
There are several factors that can reduce the quality of data collected using these systems, 
including the following: 
 

• Progressive fouling; 
• Debris fouling; 
• Direct sunlight; 
• Air bubbles; 
• Non-submergence; 
• Bedload and burial; and, 
• Interference from the water surface. 
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RCD regularly removes debris from the sensor housing and cleans the optical window of 
the sensor to minimize data quality problems from fouling, and the sensor mounts were 
designed to position the sensors beneath the water surface, above the saltation zone, and 
away from direct sunlight.  However, due to site-specific stream characteristics, some of 
these problems are experienced at stations CAH and CAS.  Anomalous spikes and dips 
occur in the turbidity record for station CAH at periods of low stage and turbidity (in 
between storms).  RCD believes these are due to sunlight contacting the optical window, 
either directly, or reflected off the water surface.  Also, after high flows, the swing arm at 
station CAH will occasionally get hung up on the streambank, temporarily leaving the 
sensor suspended in air until it either breaks loose or RCD frees it during the next field 
visit.  This shows up in the turbidity record as a period of unusually low turbidity.  
Station CAS is located in a section of Carneros Creek with a very active streambed.  
Often during recession of medium-sized stormflows, sand and gravel will be deposited 
beneath and near the sensor, sometimes partially burying the optical window.  In this 
case, a period of unusually high turbidity, or completely anomalous data, will be apparent 
in the dataset. 
 
As mentioned above, these problems often produce distinctive patterns in the data.  The 
2003/04 turbidity data were analyzed storm by storm, and anomalous data points were 
corrected, during sediment load analysis.  However, during the following year the 
Redwood Sciences Laboratory developed an improved software program called TTS 
Adjuster.  RCD used this software to append the data collected during the 2004/05 field 
season into a single file and reviewed the dataset to identify and correct data quality 
issues.  RCD removed many small anomalous spikes and dips, deemed to be due to 
sunlight interference, from the CAH and CAS datasets by interpolation.  In addition, for 
CAH, three periods of anomalous turbidity on the recession limbs of major storms on 
December 8, December 28, and December 30, deemed to be due to non-submergence of 
the sensor, were identified and either removed or corrected by interpolation or 
reconstruction.  For CAS, large spikes and dips occurring at the ends of storms 
(December 8-10, March 22-23, March 27-28, March 29, March 30-April 4, April 8-13, 
and May 8-11), and deemed to be due to burial or partial burial of the sensor, were 
removed, or corrected by interpolation or reconstruction. 
 
 

b. Flow Data (all sites) 
 
Stream sediment stations 
Flow data are derived from two sources:  a quasi-continuous level record and a set of 
discharge measurements associated with specific levels, which permit the development of 
a stage-discharge rating curve and the conversion of the level record to a discharge 
record.  At both stream sediment stations, the Druck pressure transducers generally 
compared favorably with the physical staff gage, whenever we visited the sites.  The 
Druck stage and the physical staff gage readings generally agreed within ±0.01 ft when 
the stage was under 2.0 ft.  At higher levels, the discrepancy between the Druck stage and 
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the physical staff gage was larger, ranging up to 0.2 ft on occasion as the stage increased 
to over four feet.  This was true at both sites CAS and CAH.   
 
This discrepancy is probably explained by the difficulty of reading the staff gage 
accurately at high flow, because there were rapid and irregular level fluctuations caused 
by turbulence.  We did note that, at high flow, the staff gage readings at both sites tended 
to run higher than the Druck values, indicating a bias in either the visual observations or 
in the Druck record.  However, since each instrument was carefully calibrated before 
installation, the bias is most likely associated with the visual observations rather than the 
Druck record.  In data postprocessing, all stage data were checked for plausibility and 
corrected as appropriate. 
 
No flow data are available for the initial 2002-03 season at CAH, when for most of the 
season the stage offset was not available.  The pressure transducers are not located in 
stilling wells; however, each is located in a relatively quiet area of the stream. 
 
We were able to get a good range of discharge measurements at each site during the 
2003-04 season, using USGS-type wading and suspension equipment and the same 
protocol we have used for several years in local streamgaging, and we have confidence in 
the stage-discharge rating curves produced.  Therefore, we judge the discharge records 
produced for the two sites for the 2003-04 and 2004-05 seasons to be of good quality.  
Further information on these discharge records may be obtained from paul@naparcd.org. 
 
 
Vineyard runoff sites 
The ISCO bubbler units installed for this project did not show any detectable tendency to 
drift.  This was first verified by preliminary analysis of the data from vineyard runoff site 
B-1, for the period January – April 2003.   The record was quite stable.  Unfortunately, 
for the 2002-03 season we still had the older equipment installed at site B-2, so for the 
2002-03 season there is good level information for one site but not the other.  In the 
following two seasons of 2003-04 and 2004-05, however, there is generally good quality 
level data at 5-minute intervals available for both sites. 
 
Since the flow at each site passes through a flume, we were able to make use of the flume 
equation to convert the level record to discharge.  The flume designer, John Replogle, has 
expressed confidence in the care used in manufacture of the flumes and therefore in the 
accuracy of the flume equations (John Replogle, pers. comm.). 
 
 

c. SSC Samples (all sites) 
 
Stream sediment samples were handled according to the Quality Assurance Project Plan 
and the TTS field manual, and we used similar procedures on the vineyard runoff 
samples to maintain quality of the resulting data.  To make sure that samples were 
permanently labelled, a small piece of cloth medical tape was placed on each bottle, to be 
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written on with permanent ink.  The tape prevented the ink from blurring, in the event 
that the sample bottle was exposed to moisture. 
 
Doubtful samples were not sent to the lab.  The criteria used to reject doubtful samples 
from the stream sediment stations are described in the Appendix.  At the vineyard runoff 
sites, it sometimes happened that samples were collected at inappropriate times:  samples 
were discarded if they were filled during a period that was below the level threshold for 
sampling (.03 ft at B-1, and .05 ft at B-2), or if they were collected during a period when 
there was an equipment malfunction. 
 
During data postprocessing, SSC data were scrutinized for believability.  If there was 
reason to suspect that a sample was not representative, then it was not used. 
 
On ten occasions over the two field seasons, a depth-integrated sample was taken over 
the cross section at one of the stream sediment stations, for explicit comparison with a 
simultaneous pumped sample.  Four of these samples were taken at station CAH and six 
at station CAS.  The relationship between pumped and depth-integrated samples is shown 
in Figure 3.  There is good coverage at lower flow levels, and in this range the 
relationship is good. At higher flows, the data points are few and scattered, but the data 
are consistent with the notion that the pumped samples are  representative of the 
concentrations over the entire cross section. 
 
In the case of the vineyard runoff samples, it was not possible to take depth-integrated 
samples, because the flow is so shallow and narrow. 
 
 
5. Results 
 

a. Sediment Loads in Streamflow 
 
The TTS methodology is designed to produce a representative set of samples over the 
period of a discrete storm, which along with the discharge and turbidity records permits 
the calculation of a sophisticated estimate of total storm sediment load.  To begin this 
process, we had to identify discrete storms for study.  For the first year’s data, storms 
were identified by eye.  For the second year’s data, which were post-processed using the 
TTS Adjuster software program in the manner described above, we adopted a somewhat 
more rigorous procedure, which was to treat all events as separate storms that met the 
following two criteria:  the peak stage at station CAH was greater than 1.5 ft and the peak 
was more than 24 hours separated from a neighboring peak.  The storms identified for 
study are shown in Table 5a-1.  Considerably more storms were identified in 2004-05 
than in the previous field season. 
 
For each of the storms, peak discharges (Q) were computed for each station by applying 
the rating equations to the peak stage.  Peak Q’s are listed in Table 5a-1. 
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Sediment loads were estimated for the storms identified, using methods and software 
developed by Jack Lewis.  For making sediment load calculations, concentrations were 
predicted using a turbidity-SSC relationship, a flow-SSC relationship, or a linear time 
interpolation between sampled values.  A detailed examination was made of each portion 
of each storm, and the three methods were used in a piecewise manner according to the 
nature of the data.  Every large storm had periods when the turbidity sensor was out of 
range, but the TTS program collected samples at 30-minute intervals during these 
periods, so that the resulting overall storm load estimates are well supported by field data. 
 
There were four storms (04-1, 04-2, 05-1, and 05-16) for which sediment load estimates 
could not be calculated for one or both sites due to a lack of good quality samples or 
equipment problems. 
 
Sediment loads and peak discharge values for all storms are shown in Table 5a-1.  The 
table also includes sediment load totals for each site.  Leaving out three instances when 
the sediment load estimate could be done for only one of the two sites, there are 22 
storms included, and the total sediment load for these storms is very similar for the two 
sites.  In each case the total is a bit under 6,000 tons.  This surprising result will be 
discussed in section 6 below. 
 
Figures 4 through 6 illustrate the data in different ways.  Figures 4 and 5 present the 
tabular data visually, with bar graphs illustrating the magnitudes of storm sediment loads 
and associated peak discharges for all storms.  Figure 6 shows a log-log plot of storm 
sediment load vs. peak discharge; for each site, the relationship is well represented by a 
power equation (shown as a straight line on the plot). 
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Table 5a-1.  Storm Sediment Loads at Stream Sediment Stations, 2003-05 
 
 

Storm Period Peak Q (ft3/s) No. of Samples Suspended Load 

US Tons (T) T/ac 

Hydro-
logic 

Year & 
Storm 

No. 

 Start End CAH CAS CAH CAS CAH CAS CAH CAS 

04-1 12/24/03 1:00 12/24/03 17:00  43  13  12  0.01 

04-2 12/29/03 1:00 12/30/03 12:00  216  22  378  0.21 

04-3 1/1/04 1:00 1/2/04 8:00 396 333 24 24 581 967 0.17 0.55 

04-4 2/2/04 6:00 2/3/04 0:30 203 119 18 19 141 98 0.04 0.06 

04-5 2/16/04 1:00 2/19/04 10:00 292 138 35 43 571 324 0.17 0.18 

04-6 2/25/04 4:00 2/27/04 18:00 720 505 39 30 1,600 1,476 0.47 0.84 

05-1 12/6/04 19:00 12/10/04 0:00 441 418 8 34  2,095  1.19 

05-2 12/26/04 15:00 12/28/04 15:00 436 333 32 23 640 734 0.19 0.42 

05-3 12/28/04 15:10 12/29/04 18:30 137 79 9 0 51 43 0.01 0.02 

05-4 12/29/04 18:40 12/31/04 14:00 580 371 36 11 611 377 0.18 0.21 

05-5 12/31/04 14:10 1/2/05 2:00 125 70 17 20 50 50 0.01 0.03 

05-6 1/2/05 2:10 1/5/05 10:00 200 124 12 11 184 143 0.05 0.08 

05-7 1/7/05 1:30 1/10/05 17:30 176 96 14 18 117 107 0.03 0.06 

05-8 1/10/05 17:30 1/12/05 3:30 124 83 15 20 56 62 0.02 0.04 

05-9 1/27/05 19:00 1/29/05 23:30 261 215 14 13 200 245 0.06 0.14 

05-10 2/14/05 6:00 2/17/05 19:30 36 20 7 6 6 7 0.00 0.00 

05-11 2/17/05 19:40 2/19/05 13:00 82 48 9 19 21 20 0.01 0.01 

05-12 2/19/05 13:10 2/20/05 22:00 48 26 3 7 6 6 0.00 0.00 
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05-13 2/20/05 22:10 2/23/05 22:00 47 22 5 8 5 6 0.00 0.00 

05-14 2/26/05 21:00 3/1/05 18:30 253 175 15 15 267 240 0.08 0.14 

05-15 3/1/05 18:30 3/3/05 20:00 80 47 7 9 20 18 0.01 0.01 

05-16 3/3/05 20:10 3/6/05 0:00 48 24 4 5     

05-17 3/21/05 14:00 3/23/05 14:10 496 410 26 31 635 728 0.19 0.41 

05-18 3/27/05 14:00 4/6/05 0:00 59 43 14 17 16 15 0.00 0.01 

05-19 4/6/05 0:00 4/9/05 16:30 81 66 15 13 24 40 0.01 0.02 

05-20 5/8/05 1:00 5/10/05 16:30 42 34 11 9 11 16 0.00 0.01 

 TOTALS      5,813 8,207   

 
TOTALS (w/o storms 04-1, 04-2, 05-1) 

 
5,813 5,721   

 
 

b. Vineyard Runoff 

We obtained a 15-minute rainfall record measured in the vicinity of the vineyard runoff 
sites and used it to help identify discrete storms in the runoff records.  Unfortunately, the 
rain gage located directly between sites B-1 and B-2 was out of order for a good portion 
of the 2003/04 field season, but we were able to substitute data from a nearby site.  The 
data for 2004/05 were complete at the local site. 
 
Where there was a discrete period of rainfall that we were able to associate with a period 
of runoff, we did so.  For some periods of runoff, it was not possible to identify an 
associated period of rainfall, but we were still able to calculate and compare runoff totals 
for the two sites.  We also compiled peak discharge for each storm on the basis of the 5-
minute stage record and the flume equation.  There were nine discrete storms identified 
during 2003/04 which could be associated with periods of rain, and ten during 2004/05; 
in addition, a number of periods of runoff were identified during 2004/05 with which no 
corresponding period of rainfall could be definitely associated.  The storm rainfall and 
flow data are shown in Table 5b-1. 
 
Site B-2, which has piped runoff, exhibited the peculiarity that there was evident 
baseflow in the pipe, which persisted well after a period of direct runoff had passed.  This 
baseflow was separated out from the direct storm runoff by identifying the points at 
which the actual direct storm runoff began and ended, by visual inspection of the data, 
and assuming that baseflow increased linearly during the period of direct storm runoff.  
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The baseflow so estimated was subtracted from total measured flow at site B-2, and the 
remainder appears in the table as net runoff. 
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Table 5b-1.  Runoff from Vineyard Sites, 2003-05 

 
 

Rainfall Period Runoff Period Peak Q (ft3/s) Net Runoff (in) 

Hydro-
logic 

Year & 
Storm 

No. 
  Start End Start End 

Rainfall 
Depth 

(in) 

B1 B2 B1 B2 
04-1 12/6/03 11:45 12/6/03 18:45 12/6/03 11:45 12/6/03 20:40 1.26 0.029 0.049 0.062 0.061 
04-2 12/13/03 21:45 12/14/03 5:00 12/13/03 22:10 12/14/03 6:00 0.68 0.020 0.032 0.078 0.074 
04-3 12/20/03 10:45 12/20/03 20:15 12/20/03 14:15 12/20/03 22:40 1.14   0.022 0.026 0.053 
04-4 12/23/03 23:45 12/24/03 15:30 12/23/03 23:00 12/24/03 12:00 1.84 0.012 0.037 0.086 0.143 
04-5 12/28/03 23:15 12/29/03 16:15 12/28/03 23:15 12/29/03 3:25 4.40    0.314 2.109 
04-6 1/1/04 0:00 1/1/04 13:45 1/1/04 0:00 1/1/04 16:25 3.02 0.021 0.141 0.159 0.708 
04-7 2/2/04 2:15 2/2/04 13:15 2/2/04 4:30 2/2/04 15:00 1.90 0.016 0.070 0.066 0.156 
04-8 2/16/04 0:15 2/18/04 3:15 2/16/04 0:30 2/18/04 9:30 7.74 0.031 0.184 0.432 2.989 

04-9 2/25/04 2:00 2/25/04 11:15 2/25/04 2:00 2/25/04 13:20 2.67    0.094 0.581 
05-4 10/25/04 20:00 10/26/04 2:30 10/25/04 20:00 10/26/04 3:05 1.612 0.019 0.059 0.023 0.065 
05-6 11/11/04 7:30 11/11/04 15:45 11/11/04 7:30 11/11/04 16:30 1.382 0.024 0.048 0.024 0.063 
05-7 11/27/04 0:30 11/27/04 7:45 11/27/04 0:30 11/27/04 9:45 1.505 0.021 0.035 0.054 0.062 

05-8A 12/6/04 15:00 12/7/04 1:30 12/6/04 15:00 12/7/04 3:45 2.458 0.043 0.150 0.173 0.290 
05-8B 12/7/04 17:45 12/8/04 8:45 12/7/04 17:45 12/8/04 11:05 3.121 0.033 0.197 0.273 1.288 
05-8C 12/8/04 15:30 12/9/04 3:15 12/8/04 15:30 12/9/04 4:05 0.624 0.003 0.023 0.011 0.088 
05-9 12/26/04 12:45 12/28/04 11:30 12/26/04 12:45 12/28/04 12:15 5.554 0.027 0.081 0.326 1.056 

05-10.1    12/30/04 14:40 12/30/04 22:45   0.009 0.040 0.034 0.092 
05-10.2    1/10/05 17:05 1/10/05 20:25   0.017 0.078 0.052 0.113 
05-11 1/26/05 1:00 1/26/05 16:00 1/26/05 1:00 1/26/05 22:35 0.696 0.009 0.014 0.068 0.066 
05-12 1/27/05 19:30 1/31/05 16:00 1/27/05 19:30 1/31/05 22:00 0.912 0.021 0.075 0.204 0.184 
05-13 2/15/05 14:15 2/16/05 13:30 2/15/05 14:15 2/16/05 16:30 1.212 0.011 0.012 0.145 0.062 

05-14.1    2/17/05 20:00 2/18/05 18:10   0.019 0.148 0.129 0.198 
05-14.2    2/19/05 13:40 2/20/05 6:00   0.009 0.033 0.110 0.083 
05-14.3    2/20/05 19:35 2/21/05 20:15   0.031 0.068 0.204 0.599 
05-14.4    2/27/05 13:45 2/27/05 21:05   0.013 0.126 0.091 0.294 
05-14.5    3/1/05 16:30 3/2/05 0:35   0.022 0.190 0.065 0.168 
05-15.1    3/18/05 11:00 3/19/05 10:35   0.024 0.036 0.182 0.081 
05-15.2    3/20/05 1:10 3/20/05 4:05   0.011 0.018 0.006 0.005 
05-15.3    3/20/05 21:30 3/22/05 5:45   0.017 0.047 0.181 0.193 
05-15.4    3/27/05 13:10 3/28/05 14:10   0.031 0.187 0.109 0.144 
05-15.5    4/3/05 12:45 4/3/05 20:35   0.019 0.038 0.043 0.061 
05-15.6    4/8/05 5:50 4/8/05 10:35   0.022 0.023 0.045 0.031 

 25



 
The samplers were programmed to pump samples at 20-minute intervals during periods 
of runoff.  During field season 2003/04, they produced samples during seven of the nine 
storms.  The other two storms were missed because of equipment problems.  Limitations 
of the experimental setup prevented us from collecting samples through the entire period 
of the storms sampled, but we were able to obtain representative samples from each of 
the seven storms, over a period of several hours which was the same for both sites.  This 
made possible an explicit comparison of sediment delivery from the two sites. 
 
During the 2004/05 field season, the samplers were programmed as they were for the 
previous year.  Sufficient samples to compute comparable sediment loads for the sites 
were only collected during storm 05-8A, although sediment loads were estimated for 
portions of five other storms at one site or the other.  Storms 05-8B and 05-9 were missed 
at site B-2 due to equipment problems.  However, insufficient samples were collected 
during most storms because water levels in the flumes were not sustained above the 
sampling thresholds long enough to collect samples.  The same thresholds that performed 
well during the 2003/04 season were used. 
 
The discharge and SSC data were used to calculate sediment loads by site for each period 
of sediment measurement, adapting the methods developed by Jack Lewis and Rand Eads 
of Redwood Sciences Laboratory for estimating stream sediment loads, which were 
described in the previous section.  Since no turbidity information was available, in most 
cases the sediment concentrations between samples were interpolated linearly over time 
from one measured sample to the next.  The loads calculated are shown in Table 5b-2.  
Note that these load totals are not intended to represent the total delivered during the 
various storms.  They are based on samples taken during a relatively limited period of a 
larger storm, and, because of the lack of clearly defined peaks in the runoff record, each 
such period does not necessarily represent the period of greatest sediment delivery during 
that storm. 
 
 

Table 5b-2.  Storm Sediment Loads at Vineyard Runoff Sites, 2003-05 
 

Hydrologic 
Year & 

Storm No. 
Sediment Measurement Period Net Runoff (in) No. Samples Estimated Load (lbs) 

  Start End B1 B2 B1 B2 B1 B2 
04-1 12/6/03 14:00 12/6/03 18:00 0.062 0.061 8 12 6.75 4.54 
04-2 12/13/03 23:45 12/14/03 3:00 0.078 0.074 16 14 3.53 4.76 
04-3 12/20/03 14:20 12/20/03 16:35 0.026 0.053   7   2.67 
04-4 12/23/03 3:00 12/24/03 8:45 0.086 0.143 23 12 3.20 20.02 
04-6 1/1/04 3:00 1/1/04 11:25 0.159 0.708 21 24 25.15 50.73 
04-7 2/2/04 6:40 2/2/04 10:10 0.066 0.156 10 12 6.57 18.36 
04-8 2/16/04 7:45 2/16/04 14:15 0.432 2.989 39 34 22.99 321.04 

 2/17/04 13:15 2/17/04 18:15       
05-8A 12/6/04 19:50 12/7/04 0:50 0.173 0.290 10 9 9.57 56.15 
05-8B 12/7/04 22:40 12/8/04 4:35 0.273 1.288 14  9.74  
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05-9 12/26/04 21:20 12/27/04 7:50 0.326 1.056 13  10.43  
05-10.1 12/30/04 15:40 12/30/04 22:00 0.034 0.092   8   12.41 
05-14.3 2/20/05 23:00 2/21/05 8:00 0.204 0.599   21   43.19 
05-15.3 3/22/05 0:05 3/22/05 5:45 0.181 0.193   14   10.38 

 
Figures 7 through 9 illustrate various relationships among the data.  As Fig. 7 shows, 
runoff depth is approximately linear with rainfall depth for both sites;   R2 approximates 
0.8 for each site, using the entire both years of data together (n = 19).  The relationship 
between net storm-by-storm runoff from the two sites (n = 32) is similarly linear (see Fig 
8), with a good deal of natural variation as one might expect.  The comparison of storm 
peaks that we had intended to carry out was not practical, because the runoff events we 
studied did not have well-defined peaks. 
 
The relationship between storm-by-storm sediment load and runoff at a site, illustrated in 
Fig 9, is less clear.  There are fewer data points, and even so there are noticeable outlying 
values which have a large effect on the linear trendline.  This picture is probably 
obscured by the fact that our sediment samples correspond to limited portions of a storm, 
rather than the entire storm (as was the case with the stream sediment stations).  We 
explored the relationship between storm sediment load and peak storm flow but found 
that sediment loads were better related to net storm runoff than to peak flows. 
 
Despite the variability in these relationships, certain clear trends emerge.  First, the total 
measured runoff was significantly greater at site B-2 (the site with piped runoff) than at 
B-1, by a factor of about 4:1.  Second, the total measured sediment load was greater at 
site B-2, by a slightly larger proportion.  These trends will be discussed in the following 
section. 
 
 
6. Discussion 
 
 

a. Stream Sediment Stations 
 
The TTS methodology made it possible to generate sediment load estimates for 25 storms 
over two field seasons on the basis of detailed analyses, making use of the specific 
relationship of SSC to turbidity (and occasionally of SSC to flow) during different 
portions of each storm.  The use of turbidity as a surrogate for SSC worked well, and we 
have a high degree of confidence in the estimates produced.  This work tends to confirm 
the hypothesis that the TTS methodology is effective in Napa County streams, at least in 
this one. 
 
The sediment load estimates show a definite relationship to storm peak discharges.  Even 
though discharge has its drawbacks as a surrogate for SSC, the two seem to relate well at 
the level of storm aggregate data.  The most striking feature of the data is the rough parity 
in total sediment load between the two sites, even though the lower site has a drainage 
area about twice as large.  This means, in effect, that the suspended sediment delivered to 

 27



the stream between the two gage points is approximately balanced by material moving 
out of suspension and presumably becoming deposited in the creek bed. 
 
Two explanations for this unusual result suggest themselves.  First, it may be that a large 
plug of sediment is moving down the creek and simply hasn’t gotten to the downstream 
station CAH yet.  This is consistent with our observations at station CAS, where intense 
deposition & erosion were both observed over the season and the sediment regime 
appears to be in transition.   
 
There was a major failure of an engineered dam upstream of station CAS in the winter of 
1996/97 which created a large gully, eroding perhaps 4000 yd3 of soil weighing up to 
4000 T (Phill Blake, NRCS District Conservationist, pers. comm.).  The storms of that 
winter dislodged a number of long-dormant log jams on the creek above CAS as well, 
which may have contributed substantial new sediment sources as well.  The entire upper 
watershed, both the part upstream of CAS and that between the two stations, has a past 
history of intensive cattle operations which have led to ongoing sediment sources. 
 
There was no convincing difference in sediment loads between the two field seasons.  
This would suggest that any temporary load increase at station CAS may take a number 
of years to clear.  If the increased sediment load at CAS is related to the events of 
1996/97, then one would not expect much difference from one year to the next. 
 
If it is true that a large plug of sediment is moving through CAS and has not yet gotten to 
CAH, then it may be possible to find evidence of recent increases in sediment storage in 
the intervening reach.   
 
A second explanation of the near-similarity in sediment loads between the two sites may 
lie in the representativeness of pumped samples.  It is conceivable that the pumped 
samples at one or both sites may become less representative of the cross section at higher 
flows.  This seems less likely than the first explanation, because the cross sections do 
appear to be well mixed at lower flows, and one would normally expect higher flows to 
be well mixed as well.  However, because of the scarcity of depth-integrated samples at 
higher flow levels, this possibility should not be ruled out until more depth-integrated 
samples can be obtained at the two sites.  
 
The proposed vineyards between CAS and CAH will not break ground before 2006, 
according to the County Planning Department.  Therefore, it will be possible to collect 
another year’s baseline data for the current condition, before the proposed change in land 
use which might give us an opportunity to test whether an increase in vineyard 
development in this watershed leads to an increase in sediment delivery to the channel 
system. 
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 b. Vineyard Runoff Sites 
 
The two vineyard runoff sites established under this project provided useful experience in 
the practical application of the paired watershed study design.  As it turned out, site B-2 
had unexpected characteristics, which make it difficult to interpret the results.  First, we 
found that there was baseflow in the pipe at B-2 during periods when the ground was 
saturated, flow which could not be interpreted as direct storm runoff because it continued 
for days or weeks after the rain stopped.  We were not able to determine conclusively 
where this baseflow came from, but it is evidently a result of subsurface transport 
processes.  It may enter the pipe through faulty joints, or there may be a section of 
perforated pipe in the run that the vineyard managers were not aware of.  Although the 
results presented above show the net runoff, after baseflow separation, there is 
necessarily some uncertainty associated with them because baseflow separation is at best 
an approximative process. 
 
However, even the net runoff at B-2 (without baseflow) is surprisingly high, much 
greater than that at B-1 (Figure 8).  This strongly suggests that, even with the apparent 
baseflow removed, the flow at B-2 still includes outside flow, i.e. flow that is not direct 
runoff from the surface of the 0.56-acre study area.  This might be overland flow from the 
adjoining avenue, although we found no sign of this in the field, or it might come from a 
subsurface spring that becomes very productive during storms.  Since the mechanism of 
this outside flow is unknown, its magnitude cannot be estimated.  Therefore, it is not 
possible to make the desired explicit comparison between sites B-1 and B-2. 
 
In short, the question of outside flow in the pipe at B-2 points up a key weakness of the 
paired-watershed study design:  the difficulty of allowing for all features of either of the 
paired watersheds which may affect hydrologic response. 
 
There were other difficulties with the experimental setup.  Because these runoff flows are 
so shallow, they are difficult to measure.  In addition, the measurement of turbidity is not 
practical, and it is hard to get good sample coverage without the benefit of turbidity to 
control sampling.  This limited our ability to get sediment samples that were 
representative of an entire storm.  In addition, there were storm definition issues, 
especially in field season 2004-05, which were probably related to the rainfall record but 
are amplified by the lack of well-defined storm peaks in the runoff records. 
 
Given the problem of outside flow at B-2, it is difficult to compare runoff totals & 
sediment from the two sites.  Since the mechanism of outside flow is unknown, a direct 
comparison of the hydrologic response of sites B-1 and B-2 in terms of net runoff cannot 
be made.  By the same token, there is also no way to determine how much of the 
sediment load is derived from B-2, but we note that it is roughly proportional to the net 
flow measured. 
 
The presence of outside flow in the pipe at B-2 is an example of the potential of piped 
systems to magnify problems.  The piped system by its presence facilitates the speedy 
delivery of both the baseflow (which would otherwise percolate through the subsurface) 
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and the outside flow, which is likely an unplanned feature of the system, to the stream 
network.  It is conceivable that the outside flow stems from a section of perforated pipe 
put in to drain a spring, but in any case it is troubling that a piped system designed to 
carry the drainage from a given area actually carries a good deal more than a comparable 
unpiped plot.  It should be noted as well that the outside flow appears to carry a 
significant load of unplanned sediment, since the B-2 study area has a permanent cover 
crop and is expressly designed not to deliver a lot of sediment to the pipe.  
 
Finally, the performance of B-1 should be mentioned.  Both the runoff and the sediment 
delivery from this established older vineyard are modest, even though it is regularly 
tilled.  There may be a common-sense lesson here, namely that stable outsloped terraces 
do not produce a lot of sediment, even when tilled. 
 
 
7. Community Outreach 
 
An important element of this project was the promotion of public awareness of erosion 
control and sedimentation issues in the Napa River watershed. The information gathered 
under the technical portion of the project was presented to the public in a well-attended 
workshop held on November 4th, 2004. Sixty-five people attended the workshop which 
was titled “Sediment and Stewardship: Understanding and Managing Vineyard Erosion.” 
There were four speakers.  Bob Zlomke presented the preliminary project results and 
reported on the successes and challenges of measuring suspended sediment in hillside 
vineyard runoff;  Dr. Stephen Krebs, the Viticulture and Winery Technology Program 
Coordinator at Napa Valley College, provided a detailed overview of soil structure, 
composition and morphology;  Dave Steiner, RCD Senior Soil Conservationist 
demonstrated the effectiveness of different types of vineyard winterization techniques;  
and Jonathan Koehler, RCD Senior Biologist, gave a presentation about the ecological 
impacts of erosion. 
 
Another erosion control workshop was held on June 30, 2004. The RCD and the Napa 
County Conservation Division hosted “Preparing and Submitting Erosion Control Plans” 
for engineers, vineyard managers, contractors, foresters, and timber operators. The 
workshop was funded by Napa County through a Joint Powers Agreement (JPA) with the 
RCD. Twenty-seven people attended the workshop. County planners Jeff Sharp and 
Brian Bordona gave a presentation on preparing successful erosion control plans. Dave 
Steiner spoke about integrating erosion control and vineyards and Dave Steiner and 
Royce Cunningham, a civil engineer with Monticello Engineering, discussed managing 
and predicting peak flow increases. 
 
The JPA funds provided by the Napa County Conservation Division have made it 
possible for the RCD to expand its community outreach and education program. It has 
allowed staff to hold workshops, develop educational materials, and give presentations on 
topics such as erosion, stream dynamics, and riparian corridors. In the last year the RCD 
presented to over 700 people through twenty presentations given to Rotary and Kiwanis 
Clubs, realtors, grape growers, other local interest groups, and the general public. The 
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funds also allowed the RCD to hold a workshop about the stewardship and restoration of 
urban creeks on July 30th, 2005, which included discussions related to urban creek 
erosion. The workshop was attended by thirteen local residents and included speakers 
from creek community groups in the East Bay and two engineers who shared the 
challenges, limitations, and success stories of completing stream restoration projects in 
urban environments. In addition, the RCD has developed several educational materials 
including a watershed awareness calendar distributed to 3000 Napa County residents and 
a series of fact sheets including one on soil erosion and sedimentation. The fact sheets are 
taken to presentations, events, and workshops; made available at the RCD office; and are 
posted on the RCD website, as well as the County’s Watershed Information Center and 
Conservancy (WICC) website. In addition to the fact sheets, additional erosion control 
information has been added to both the RCD and WICC website. The final project report 
will also be posted on these websites. 
 
The RCD has also promoted public awareness of erosion control and sedimentation 
issues in the watershed through activities associated with another program funded 
through the State Water Resources Control Board: the Fish Friendly Farming/Napa Green 
Farm Certification Program. Most recently, the RCD in partnership with LMA Associates 
led a field trip focused on road erosion, repair and management. Fourteen people attended 
including Fish Friendly Farming participants as well as members of local stewardship 
groups. 
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8. Conclusions and Recommendations 
 
This project made possible the establishment of sediment stations in the Napa River 
watershed and a related educational outreach effort on erosion and sediment control.  
These efforts are an important contribution to the community discussion of these issues.  
The future value of these particular stations depends on land use decisions by owners and 
local government.  However, we hope that the sediment data will constitute useful 
baseline data, to be compared with future data as watershed conditions evolve, and that 
they will contribute to the sediment-related monitoring to be carried out under the Napa 
River Sediment TMDL. 
 
The stream sediment stations were successful, with results that tend to confirm the utility 
of the TTS methodology for Carneros Creek.  The sediment load estimates prepared for 
the storms of the last two winters are good baseline data for the creek, besides providing 
a suggestive look at overall creek dynamics, and they provide a useful starting point for 
studying the effects of future vineyard development in the watershed. 
 
Assessing the success of the vineyard runoff sites is more complex.  We failed to obtain 
direct evidence to confirm or reject the hypothesis that the newer style vineyard block at 
B-2 produces less sediment than B-1.  However, our investigation has shown that piped 
runoff control can include the presumably unplanned drainage of subsurface flow, which 
in this case has led to a significant increase in flow and sediment delivery to the stream 
network.   
 
We have three recommendations to make on the basis of this work.  First, the authors 
recommend continuing the stream sediment stations CAS and CAH for at least an 
additional three years, so that at least one more year of pre-treatment data and two years 
of post-groundbreaking data can be collected.     
 
If the stream sediment stations can be continued, it is important to further investigate the 
similarity in sediment loads at the two sites.  To test the idea that a large plug of sediment 
is moving into the reach, the reach should be walked;  if there is in fact increasing 
deposition in the reach between the two sites, it should be possible to find field evidence 
of recent increases in storage there.  In addition, we should test the representativeness of 
the pumped samples at each site by obtaining more depth-integrated samples at higher 
flows. 
 
Second, it appears that the lessons to be learned from vineyard runoff site B-2 are 
complete, and monitoring of the site need not be continued.  However, we recommend 
converting B-1 to the style of B-2 and continuing to monitor flow and sediment, to see if 
any difference can be observed;  this would simply mean not tilling it any more and 
allowing a permanent grass cover to grow, and the cost of monitoring the established site 
would be relatively minor. 
 
Third, although the paired-watershed design was problematic for the two sites B-1 and B-
2, we would like to suggest consideration of the establishment of new sites when new 
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vineyards are developed, using grant funds to pay for piped drainage or other 
improvements specifically designed to facilitate research.   
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Figure 1.  Layout of Vineyard Runoff Sites 
 
 
 
Runoff is toward the upper right.  Both blocks are terraced. 
 
B-1 (block 15) is a traditional tilled vineyard, with no runoff control.  Terraces are 
outsloped, and runoff runs down from one step to the next and collects in a natural swale 
below the block.   
B-2 (block 14) is untilled and has piped runoff control.  Terraces are insloped, and runoff 
runs along the back of a terrace toward drop inlets (labelled d.i.), where it enters the 
piped runoff control system. 
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Figure 2.  Locations of Stream Sediment Stations 
 
 
Carneros Creek is a tributary to the Napa River in southwest Napa County. 
The drainage areas of the two stream sediment stations, CAS and CAH, are shown.   The 
location of an RCD-maintained streamgaging site on the creek, CAO, is shown as well. 
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Figure 3.  Concentrations of Depth-integrated Samples vs. Simultaneous Pumped 
Samples, Stations CAS and CAH 
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Figure 4.  Sediment Loads and Storm Peaks, Station CAH 
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Figure 5.  Sediment Loads and Storm Peaks, Station CAS 
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Figure 6.  Storm Sediment Load vs. Peak Storm Discharge, Stations CAS and CAH 
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Figure 7.  Net Runoff vs. Rainfall Depth, Sites B1 and B2 
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Figure 8.  Net Runoff, Site B1 vs. Site B2 
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Figure 9.  Measured Sediment Load vs. Net Runoff, Sites B1 and B2 
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Appendix 
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Equipment at Site B-1 
 
View from uphill.  Large piece of black pondliner ca. 20 x 30 ft seals entrance to flume.  
ISCO 6712 sampler is to left of flume, on level platform.  Pump intake tube is easily 
visible in front of flume;  smaller bubbler tube, harder to see, is attached to right wing 
wall at flume entrance. 
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Entrance to Site B-2 
 
Runoff from this block is piped.  The vineyard manager excavated a space to permit the 
pipe to be opened.  Mike Champion is standing on a ladder. 
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Site  B-2 
 
The excavated space was lined with plywood to make a cozy equipment room.  
The pipe draining this vineyard block was cut open as shown.  The picture is looking 
downhill;  flow in the pipe is from the lower left to the upper right.   A flume like the one 
at B-1 was secured inside the pipe with sandbags, as shown.  The approach to the flume 
was sealed with pondliner.  To convert the flow to subcritical, a concrete bump was 
installed in the pipe upstream of the flume (out of the picture).   
 
The ISCO 6712 is shown to the right. 
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 Turbidity Sensor and Pump Intake at Station CAH 
 
Flow is from right to left in this picture.  The sensor optics are at the left end, away from 
the vertical arm.  The unit looks out at right angles to the flow, in the direction away from 
the viewer.  The housing covers most of the sensor, to protect it from damage.  The pump 
intake tube, mounted to the side of the housing, is secured in a plastic pipe and points in 
the downstream direction. 
 
The sensor housing is mounted at about 15 degrees from the horizontal, to keep it 
approximately level when the force of the flowing water deflects the vertical arm 
downstream. 
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Sensor Arm at Station CAH  
 
Turbidity sensor cable (blue) and pump intake tube are shown as initially installed, 
suspended directly from bridge.  Note the sag between attachment points.  Later they 
were housed in an aluminum conduit instead, to prevent sag.  The arm has a universal 
joint near the top, to permit deflection in both the longitudinal and lateral directions. 
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Station CAS, viewed from upstream. 
 
Shelter is on left bank beyond bridge. 
The original placement of the sensor arm is shown;  later it was moved several feet to the 
right. 
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Shelter at Station CAS 
 
Turbidity Cable and Pump Intake Tube enter the shelter from the right.  The pump intake 
tube is housed in an aluminum conduit for most of its length, to ensure that there are no 
dips. 
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Handling Doubtful Samples at TTS Sites 
 
Due to the large number of samples taken during particular storms, there are often 
samples that seem limited in their usefulness in determining sediment loads, or there is 
doubt that the sample should have been taken.  Doubtful samples are those that either 
cannot be used, or are of such limited usefulness that it doesn't seem worthwhile to have 
them analyzed by the lab.  Samples that cannot be used include samples that were not 
filled correctly, or do not have a date and time stamp.  Such samples were not taken to the 
lab for analysis.  Samples of limited usefulness are more difficult to assess.  Generally we 
will not send the lab samples that do not correspond to a meaningful runoff event.  In 
doubtful cases, we have decided to keep the samples from a storm if any of the following 
apply: 
1. Turbidity > 500 NTU 
2. Level rises above 1.5 ft (CAS) or 2.0 (CAH) 
If we are keeping samples for a particular storm from one site, we should keep samples 
from the other site for that storm as well, even if they are somewhat marginal. 
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Erratum 

10/31/05 

In Figure 6, p. 38, the axis labels are reversed.  The horizontal axis should read ‘Peak Q, 
ft3/s” and the vertical axis should read “Storm Sediment Load, tons”. 
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