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ABSTRACT

Thisthesisis about studying the turbidity signatures of 5 forest treamsthat are part of the
Hayward Brook Watershed Study in southern New Brunswick, Canada. These Signatures were
derived over aperiod of 6 years, usng specid turbidity probes located a specific locations
within each of 5 second-order streams. It was found that each stream had its own turbidity
sgnature, and that this Sgnature was affected by
- watershed size,

watershed topography,

westher and season,

sream channe gability,

location of turbidity measurement probe

land- use pattern within watershed.

In this, land- use pattern refers to
roads that intersect the watershed,
road configurations and subgtrates,
forest operations and road traffic (frequency, timing and, type).

Forest streams with the least traffic and operations within their catchment areas had mildly
activeturbidity signatures, with short and well spaced turbidity events. Forest watersheds with
much traffic or containing a severdly eroded road had very active turbidity sgnaturesinvolving
many large overlapping pesks. Forest streams within watersheds with road maintenance and
harvest operations returned to pre-harvest turbidity sgnatures by the end of the second post-
harvest year.

The continuous turbidity measurements were converted to suspended sediment
concentrations, to determine total annua sediment yields per watershed. The resulting yields
were placed into the context of expected soil losses as caculated by way of the Universal Soll
Loss Equation. This equation generated numbersin good agreement with the field - derived
vaues.

A stochastic model (Random Turbidity Pulse Modd) was developed to smulate the high-
event component of the stream turbidity signature and the related sediment yields. This mode
was parameterized by extracting 3 land-use generalizable parameters from the observed
frequency didributions for peak duration, peak height, and time interval between peaksfor each
of the 5 streams. The resulting mode was cdibrated to conform with the field- observed
sediment yields for each of the 5 streams.

Keywords.  forest streams, watersheds, turbidity signatures, suspended sediment yields, soil
loss, stream turbidity modd.
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CHAPTER 1

TURBIDITY SIGNATURES

INTRODUCTION

Water qudity has become an importart land use management issue. In particular, water
turbidity in surface waters is not only unsightly, but interferes with the generd functioning and
well being of many aquatic ecosystems and organisms habitat (Patric 1976, Anderson and Potts
1987, Chow et al. 1990). Forest streams produce clear water most of the time. However,
there are many processes within the forested landscape that cause forest stream water to run
turbid from time to time. This thes's provides a case study for examining daly turbidity in five
second-order forest streams, all located within the Hayward Watershed Study Project, in New
Brunswick, over aperiod of Sx years. This case sudy dedls with acquiring long-term hour - by-
hour turbidity signatures of each of the 5 streams, and by naking a concerted attempt to
characterize these Sgnatures in terms of;

watershed size,

watershed topography,

wegther and season,

sream channd gability.

land-use activities, road and stream junctions within watershed

In this, within-watershed land-use activities (frequency, timing and, type), refers to cutting

operations within watershed, including stream buffer zones. Road-stream junctions make

specid reference to road type, and traffic condition.



A turbidity sgnature for esch dream is a time-series record of suspended particle
concentrations for that stream. Each dgnature is unique to any one paticular stream, by
reflecting al those processes that specificaly ded with soil particle loss from the watershed. In
this, the commercid use of the forest within a watershed is amgor concern: there is a need to
know how much that use enhances within watershed eroson, and therefore, stream turbidity. In
principle, removal of the foret canopy would enhance soil exposure, reduces
evapotranspiration and infiltration, and increases runoff (Lull and Reinhart 1972, Petric 1976,
Wenger 1985, Martin 1988, Fahey and Coker 1992, Martin and Hornbeck 1994, Stanley and
Arp 1998, Brady and Weil 1999, Kreutzweiser and Capell 2001). The specific objectives of
the case study of thisthesis are; To acquire, document and analyze the turbidity sgnatures from
the five forest streams:

To reate the turbidity sgnaturesto

a within-watershed processes,
a generd watershed attributes (dope-length, dope, soil erodibility, vegetation cover),
a season and westher.

To quantify sediment yied for each of the five forest streams based on each turbidity

sgnature,

To compare the resulting sediment yields with esimates from the Universa Soil Loss

Equation.
To characterize pesk height, duration, and time between high turbidity eventsin terms of the

watershed attributes of these streams.



To develop a modd that smulates the turbidity signatures based on three essentid
characterigtics of each turbidity sgnature, i.e. turbidity pesk height, peak duration, and

time duration between peaks.

The callation of this information should, in principle, be useful for assessng impeacts of
forest management activities on stream turbidity and sedimentation yields in areas smilar to this
cae study (Granillo et al. 1985, Lawler 1991, Hindall 1991). The vaue of obtaining detailed
long-term turbidity signatures for understanding relationships between land, land-use and stream
and within steam and lake sediment loads has dready been recognized e sewhere, e.g., Gray
1970, Inland Waters 1979, Fattorelli et al. 1988, and Gomez and Church 1989.

The following chapters ded with:
an overview of the current New Brunswick forest stream policy, regulations and guidelines,
and reviews the relevance of the policiesin ascientific context (Chapter 2);
a presentation of the Hayward Brook Watershed case study area, including physiographic
description, and details about the case study design (Chapter 3);
a overview of the turbidity insrumentation used in the case study, turbidity sampling, and
data qudity control procedures (Chapter 4);
a display and generd characterization of each turbidity sgnature in relation to within-basin
activities, and road- stream configurations (Chapter 5);
the converson of each stream turbidity signature to suspended sediment concentrations, and

to basin- gpecific sediment yields (Chapter 6);



a comparison of the five basin-specific sediment yields with sediment yields expectations
from the Universd Soil Loss Equation (Chapter 7);

the parameterization of turbidity pesk height, duration, and time between individua peaks
for eech high-turbidity event within the five turbidity signatures (Chapter 8);

the development of a stochastic modd (Random Pulse Turbidity Modd) to smulate within-
stream turbidity, and subsequent sediment yields based on the general forest watershed
attributes of each of the five streams (Chapter 9);

a summay of man findings, dams of origind work, and recommendations for further

research (Chapter 10).

Included in the gppendices are:
detailed procedures describing data qudity control (Appendix 1);
listing of model components of the random pulse turbidity mode  (Appendix 2);
dataset of stream turbidity and suspended sediment concentrations collected at Freshwater

Creek Watershed (Appendix 3).



CHAPTER 2

STREAM TURBIDITY: STREAM REGULATIONS AND PHY SIOLOGICAL
RATIONALE

INTRODUCTION

In order to keep forest dreams cleean and maintain a high degree of water qudlity,
governments have set in place various policies, acts and guidelines to regulate type and extent of
alowable and non-adlowable land- use activities in and near streams and lakes (Anderson 1998,
Forman 1995). A considerable portion of these policies, acts and guiddines deals with avoiding
episodes of high stream turbidity, as potentially caused by ddiberate or non-deliberate soil
disturbance activities within streams, near streams, and within watersheds. This chapter is used

to review current forest management policies and regulations for forest streams in New

Brunswick in reference to stream turbidity, and stream sedimentation in generd,

to underscore the scientific need for these regulations.

For instance:

in New Brunswick, suspended sediment concentrations normaly range between 0 to 50 mg

I, with extremes reaching 200 to 250 mg I* (Inland Waters 1982).

Lower concentrations are generdly found in Newfoundland and Nova Scotia (Inland

Waters 1982).



But concentrations as high as 800 mg ' have been recorded in selected rivers of Nova
Scotiaand Prince Edward Idand (Inland Waters 1982).

In Atlantic Canada, the percent fines in stream beds range between 5 to 45 %. Recent
sreambed increases in fine textured materids have been relaed to upland soil erosion
(Caisse and Arseneau 1999).

A decrease in fish egg surviva has been noted within increesing streambed fines ranging

between 3 to 20 % (Caissie and Arseneau 1999).

FOREST MANAGEMENT REGULATIONS

Forest management regulations that are, in part designed to dedl with stream water turbidity
and sedimentation in New Brunswick are governed by severd Acts, guiddines and best
management guidelines or BMP's (Wood River 1999, NBNRE 1996, Jewett 1996). The
dominant legidation is the Crownlands and Forest Act. It requires a forest management plan to
be developed that includes actions to “try and preserve the quality of water”. In addition, the
Clean Water Act and the Forest Management Manua for Crown Lands, Watercourse Buffer
Zone and BMPs are dso part of the operationa constraints for planning and executing forest
management actions (Jewett 1996, NBNRE 1996). Information on individud attributes of
these policies and regulations can be viewed at the following internet web ste;

http:/mww.unb.calweb/forestry/centers/owru/water.htm  (Forbes 1997);

http:/mww.gnb.ca (New Brunswick government).



The mogt important factors to be considered in reating land-use impacts on forest stream
turbidity and sediment loading are: stream environment (stream order, buffer zones, topography,
channd physography, flow accumulation patterns leading toward stream), and watershed-
specific spatid configurations between streams, and other line and area specific landscape

structures such as forest roads, buffer zones, and clear-cut land surfaces.

STREAM ORDER AND BUFFER ZONES

Streams differ continuoudy aong ther length from headweaters to mouth (Forman
1995). In headwaters, first-order streams generdly emerge from springs and seepage aress.
First order streams are generdly narrow, shalow, and have clear, cool and fairly fast flowing
water. The amount of water that flows increases along the stream as more and more ephemerd
dreams and groundwater channds join the main flow channd, by way of topographicaly
definable flow accumulation patterrs. Further downdope, some of the first-order streams may
flow into depressions, ponds, lakes, marshes, or active and non-active beaver ponds. All these
aress act like sponges regulating floods and curtailing turbidity and sediment loads in the higher
order streams (Forman 1995). First-order streams tend to have rocky stream-beds, and are
intergpersed with grave, silt, and organic muck beds, depending on local flow conditions. Flow
conditions generaly aternate between riffles and pools. Stream banks are generdly shdlow,
and stream meandering is mostly absent, except where the land flattens out.

For second-order to fourth-order streams, there is a need to maintain cool, clear and

clean cobble-gravel streamtbed, to protect valuable nesting habitat for cool freshwater fish such



as sdmon and trout. Hence, management practices that disallow entry of soil sedimentsinto first
order streams naturaly protect al the higher order streams below from high turbidity events and
high rates of dream sedimentation In addition, the higher order streams also need to be
buffered againgt nearby up-dope activities, especidly those that could add to stream warming

and further sedimentation. For that reason, stream regulations tend to increase the width of

stream buffer zones, from about 15 m on either side of first order streams which are at least 0.5
m wide, to 30 m or more of either sde of higher order stream, and lakes. Slope is another
factor determining buffer width regulations. the steeper the dope towards the stream, the wider
the buffer zones need to be.

Since there are many mapped and unmapped first order streams, there is much area
covered by 15 m stream buffers, and this would considerably reduce the overdl area available
for forest harvesting. Therefore, forests along low order streams less than 0.5 m wide can be
sdectively harvested up to a 3 m distance from the stream (NBNRE 1996, Jewett 1996).
Machine traffic and cutting within the 3 m zone is, however, a savere violation agang these
regulations. such activities could destabilize stream banks, and often open up easy flow channels
(ruts and gullies) from up-dope areas towards the stream.

Additionda protection for forest sreams againg high turbidity and sedimentation can be
obtained by replacing draight buffers with curvilinear buffers. Doing this should reduce overal
tree blow down. Avoiding tree blow-downs is important for severd reasons, e.g. reduced
chances for generating sediment sources within the buffer zone itsdf due to tree uprooting, and
related exposure of the minerd soil below. Other reasons relate to the conservation and

protection of wildlife habitat (NBNRE 1996, Wood River 1999).



In some cases, stream channels by themsdves are the source for much in-stream
sedimentation.  This occurs where stream banks are deep, and are being undercut by natural
stream meandering. Past practices of diverting streams from their origina bed are now being
discouraged, and specid permits are required for any activity that requires an dteration of the

stream channel e.g. New Brunswick Stream Alteration Permit.

ROADS INTERSECTING WATERSHEDS AND STREAMS

Severa assessments of stream qudity in forest managed areas have found that road
congtruction and the annua maintenance of these roads to be amagjor cause of soil erosion and
stream sedimentation (Martin and Hornbeck 1994, Forman 1995, Rummer et al. 1997, Clarke
et al. 1996). To reduce the disruption of soils associated with roads, regulations are being
reviewed continuoudly to develop better guidelines for road-bed stabilization, ditch placement,
ditch diversons, placement of proper sediment pools along ditches, cross drainage requirements
underneath roads on long dopes, culvert selection and placement, bridge congtruction, location,
use of geo-textiles, etc. (NBNRE 1996, Jewett 1996). Added to these regulations should be
season and weather-dependent road-use regulations. This is to avoid road-damaging traffic
when road beds are soft and susceptible to rutting, and when traffic on the road would splash
consderable amounts of road st into nearby ditches, and streams.  Once roads sart to rut,
road repairs add further to the overall sediment release from roads. Grading of roads should
aso be timed with westher and season: specid rules need to be in place for not shoving road

gravel onto bridges.



Stream sedimentation problems are aso associated with abandoned roads (PALCO
2002). In many cases, lack of maintenance further exacerbates the problem often causing
major road wash-out over roads which —in turn — may encourage gully formation towards the
washout, or from the washout. At present, there are few to no regulations dedling with road

decommissoning, indluding follow- up theregfter.

CLEAR-CUTSWITHIN WATERSHEDS

Area-based structures have been found to be mgor factors influencing turbidity and
sedimentation in sreams.  These include clear cut blocks, dopes within watersheds, and
exposed minerd soils (erodibility) (Kirby and Mehuys 1987, Chow et al. 1990, Sdlehi et al.
1990, Renard et al. 1991, Coote et al. 1992, Krause 1998 and, Wang et al. 2000).

Larger block sze generdly has more off-road transportation and structures such as:
extraction trails, access roads, and landing Stes. These often result in greater amounts of rutting,
s0il compaction, and soil exposure. In many instances, rutting may run up and down dopes.
Krause (1998) found that an average harvested block may have up to 36 % of its area affected
by medium induced soil surface disturbances.

Matters became worst in areas with high and long dopes causing fast overland flow.
The amount of soil that erodes from any road surface dso differs by soil type. Compacted
s0ils, and soils with a high compogtion of dits and clay have poor water infiltration, and

therefore, have high surface runoff and erosion.
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Forest cover type dso influences stream turbidity and sedimentation. As the amount of

forest and ground cover decreases, the greater is the chance of increased soil erosion.

TURBIDITY IMPACTSON AQUATIC LIFE

Elevated concentrations of turbidity and sedimentation cause significant impacts to the
aguatic communities, habitat, behavior, and physology. When one trophic level is affected by a
change in its environment, others trophic levels respond. In the aquatic environment, drifting or
movement down-stream appears to be a dominant behavioral response to turbidity stress.
Studies show that dterations in behavior of a population occur when suspended sediment
concentration range between 40 to 120 mg I*(Anderson 1998).

Behaviord responses are often a short-term defense to even minor turbidity change.
Long term physologica responses occur when enhanced levels of turbidity persg, i.e,
sedimentation concentrations greater than 80 mg I'. These events are generdly long-lagting and
can cause death a various species-gpecific levels. The following sudies illugtrate some of the
dynamics between increased stream turbidity and biologica response.

One of the first responses of a number of aquatic species to stream turbidity is an
avoidance: avoidance behavior was found in juvenile Coho Samon when suspended sediment
concentrations exceeded 88 mg I' (Anderson 1998). Although the response was quick and
was reversed as conditions improved, the change may have caused areduction in feeding, and a

disruption in territory positioning (Anderson 1998).
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Avoiding turbidity forces many aquetic organisms to sdect territories they normaly
would not choose: sudies have shown that devated turbidity increases in the downsream * drift’
of fish and benthic invertebrates (Anderson 1998, Voge and Beauchamp 1999). Increased
invertebrate drift has been noted in 23 mg I of suspended sediment (Anderson 1998). In
response, fish species aso increase drifting. Doing so leads to aloss of territory, and a decrease
in protection againgt other predators. Salmonids change territories when suspended sediment
concentration increased above 30 mg I'. Meanwhile, macro-invertebrate density decreases by
25-60 % when concentrations reach 40 to 120 mg ' (Murphy 1962, Guildford et al. 1987,
Holopainen and Huttunen 1992, Anderson 1998).

Brook Trout generdly feeds farly passvely by capturing drifting food at locations of
reduced water flow, i.e., pools and eddies. As turbidity increases to (10-20 NTU), Brook
Trout leave these areas, and Start to feed in other areas of higher water flow rate, where food is
less easily caught. As a result, Brook Trout expends more energy, and growth rates decline.
At 30-40 NTU, the chalenge of food retrieva increases further.

A reduction in feeding is, in part, Smply related to reduced vishility. In generd, fish use
binocular vison when foraging, because binocular vison provides a grester search volume, and
a more precise orientation visudization of the pogtion of the prey (Voge and Beauchamp
1999). Elevated turbidity also increases the back-scattering of light: this reduces the contrast
between prey and its background, thereby reducing the overall effective reaction distance. For
example, reaction distances of Lake Trout declined by 80 % by increasing the turbidity level

from0to 5 NTU (Voge and Beauchamp 1999).



Increased turbidity reduces primary production which results in change in the macro-
invertebrate communities. Concentrations above 115 mg I reduce the light penetration that is
essentid to agae and other periphyton communities (Holopainen and Huttunen 1992, Anderson
1998,). Also, high populations of shedder invertebrates are replaced by grazers, collectors and,
gatherers (Anderson 1998).

Physiologica responses of fish to eevated suspended sediment include a reduction in
growth, dterationsin blood chemistry, and hormones and death. Changes occur when gills are
traumatized and damaged by sediment abrasion (Caisse and Arseneau 1999). The degree of
damage depends on particle sze and angularity and, exposure time.  Gill damage leads to
particle adsorption and infection by protozoans. This weskens the fish through lowering their
resstance to future infection and environmenta stresses. Gill damage was observed in Rainbow
Trout exposed to 270 mg I'* of sediment, and in juvenile Rainbow Trout exposed to 4900 mg I*
for 16 days (Anderson 1998).

Increesed turbidity impacts the stream-bed compogdtion by dtering the physcd
sructure of the stream-bed, and by decreasing the stream’s carrying capacity for biologica
organisms. For example, increased suspended sediment causes reductions in pool depth and
riffle aress, leads to decrease feeding, cover, laying of eggs, and rearing of young (Anderson
1998, Caisse and Arseneau 1999). A reduction in egg survivd is linked to an accumulation of
fine sand in the interdtitid spaces of gravel beds. This clogging causes a disruption of egg-gas
and metabolic waste exchange with the stream water (Anderson 1998). As a result, egg

surviva in Rainbow Trout decreases when finesin gravel bedsincreases by 3 %. A 40to 80 %
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reduction in egg surviva was noted in Coho Samon. For Cutthroat Trout the percentage of
fines ranged between 20-50 % (Anderson 1998).

In PEI's Mordl River, 36 % fines have caused a significant reduction of emergence
success of samonid fry dthough differences in mortdity may be linked to turbidity, event
duration, and time of year. The degree of accumulation of fine sediments appears to be more
important for species surviva than concentration of suspended sediments within the water
column (Anderson 1998).

During low winter flows, sediments entering streams tend to deposit in areas that are
critica for fish surviva. In winter months, fish have reduced energy reserves and must over-
winter in pools or behind in-stream cover to reduce energy expenditure (Anderson 1998).
Excluson from preferred habitat increases their energy expenditure and stress. Degath generdly
occurs when concentration, duration and timing of turbidity events produce extreme conditions.

The greater the turbidity, the greeter is the possibility of dorason of, eg., gill damage,
enhanced infection, egg mortadity and reduced embryo survival (Caissie and Arseneau 1999).
Aquatic sudies show that turbidity as low as 5 NTU can be sufficient enough to hinder the
ability of fish to recognize prey causng a switch in feeding methods (Anderson 1998). With
increasing turbidity, depth of light penetration into surface water is decreased, thereby affecting
overdl biologica productivity within streams and lakes by way of reduced primary biomass
production. Suspended particles gradudly settle in lakes and streams as sediments during
periods of low flow, thereby potentidly choking biologicdly active stream and lake bottoms
over time (Dughrow and Everhart 1971, Granillo et al. 1985). During period of high flow,

sediments tends to get relocated further downstream, al the way to estuaries, thereby exporting
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problems that are essentidly generated inland to marine ecosystems as well.  Attached to
suspended particles are in many cases, nutrients, and — in some cases — chemicas from

overland spray operations (Forman 1995).

CHAPTER 3

THE HAYWARD BROOK WATERSHED STUDY CASE STUDY
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INTRODUCTION

The objectives of this chapter areto:

provide an overview of the biophysical features of the case study areaincluding,

forest soil units, climate, forest cover, soils, topography,

oveview of land-use activities.

In 1994 a multi- partner stakeholder group was established in southern New Brunswick with
the objective of developing a management plan for a generally forested area known asthe
Fundy Modd Forest (Fig. 3.1). One of the main projects within the Fundy Model Forest was
amulti-component sudy known as the Hayward Brook Watershed Study. This study included
severa studies to assess change to aquatic and terrestrial ecosystems as the landscape was
dtered by road congtruction, and forest harvesting (Parker 1997). One component of the

Hayward Brook Watershed Study was the monitoring of stream water qudity and quantity.

BIOPHYSICAL FEATURES

The HBWS areaincludes 30 kn of 80 year old north-temperate mixed Acadian forest.
The areaiis located within the Continental Lowland Ecoregion, Anagance Ridge Ecodigtrict 29;
latitude 45 53 N, and longitude 65 11¢W (Sims 1995, Roberts 1997). Elevation of the area

ranges from 252 m in the headwaters to 26 m at the confluence with the Anagance River (Fig.

3.2).
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Fundy Model Forest

Fig. 3.1. The Hayward Brook Watershed Case Study Area
New Brunswick, Canada.

The bedrock of the arealieswithin the old Appaachian geological province. The
Appalachian uplands consst of southwest-northeast synclines and antidlines thet were
periodicaly eroded and flooded by seawater. The continuous deposition, folding and faulting
characterizes the Missssippian age, and underlies the rolling to hilly upland of the area. Wide
spread deposition characterizesthe later Pennsylvanian period. The Petitcodiac group and the
Boss Point geomorphic formations of the Pennsylvanian age are found in the HBWS (Adund
and Wicklund 1950). The Petitcodiac or Pcu3 digtrict (PET3 Geomorphologicd Didtrict) is
composed of reddish or grey soils of fine to medium grained sandstone, grey, green, and red
mudstone, and aminor portion of grey and red granule to cobble conglomerate and cod. The

BOSS Geomorphological Digtrict
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lithologies are predominantly grey to greyish-green, grey mudstone and rarely red mudstone,
infrequent red sandstone, carbonaceous mudstone, butuminous limestone,

quartz pebble conglomerates, quartz sandstones, and impure coa (Sims 1995, Hovey 1996)
(Fig3.3).

The parent materias from which the soils of the area developed are glacid tills. Adund
and Wicklund (1950) listed the Parry, Sdisbury, and Sunbury soils as the three main soil
asociations within the area. Fahmy and Colpitts (1995) redefined the soil map using a naturdly
occurring regoliths characterized by overlying parent materid and solum as mapping units (Fig.
3.4). The Sdisbury and Parry soils are derived from non to dightly- cal careous red mudstones,
feldgpathic to lithic sandstones and polymictic conglomerates. These soils are wel to
imperfectly drained lodgement tills (Fig. 3.5). The Sdisbury unit is derived from red mudstone,
and has a loam to sandy-clay loam mngstency. The Parry forest soil units are derived from
coarse textured red conglomerates and sandstones with gravel and stones mixed within. It hasa
loam to sandy-loam gtructure.  The Sunbury soils are derived from coarse textured, non
compacted till deposits, and have a ydlowish brown, friable, rapidly permeable sand loam to

loamy-sand consistency (Fahmy and Col pitts 1995).

CLIMATE

Climate is characterized as the inland Harvey- Harcourt Site region with annual degree
day sum of 5°C (Fahmy and Colpitts 1995). Average annud precipitation is gpproximately

1400-1600 mm. About 16 % of thisfdlsassnow. Thelatefal and early
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Fig. 3.3. Bedrock geology and location of monitoring stations in the Hayward Brook Watershed Study Area.
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Fig. 3.4. Forest soil units and location of monitoring stetions in the Hayward Brook Watershed Study Area.
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Fig. 3.5. Drainage classes and location of monitoring stations in the Hayward Brook Watershed Study Area.
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Soring seasons are generdly wet and, the late spring to early summer the driest seasons (Sms

1995).

FOREST COVER

The forest is a multi-layered community with a dominant and subdominant canopy, and
a shrub and herbaceous stratum (Sims 1995) (Fig. 3.6). The canopy consst of eight stand
types (Roberts 1997). Tree species evenness is low with 80% of species being found on less
than 20% of the area and, species richness averaging 15 species / 5nt plot (Roberts 1997).
The general forest cover consst of deciduous trees on the ridges, conifer and aminor deciduous
component on the mid-dopes and, conifer near the streams Tree species found within the
Anagance Ridge Ecodidtrict are:
Ridge tops.

White Birch (Betula papyrifera Marshdl),

Red Maple (Acer rubrum L.),

Trembling Aspen (Populus tremuloides Michx.),

Large-tooth Aspen (Populus grandidentata Michx.).
Mid-dopes.

Red Spruce (Picea rubens Sarg.),

White Spruce (Picea glauca (Moench) Voss),

Black Spruce (Picea mariana (Miller) BSP),

Red Maple (Acer rubrum L.),

25



Bdsam fir (Abiesbalsamea (L.) Miller),
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Fig. 3.6. Forest cover type and location of monitoring stations in the Hayward Brook Watershed Study Area.
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Bottom Sopes:
Black Spruce (Picea mariana (Miller) BSP),
Red Spruce (Picea rubens Sarg.),
Red Maple (Acer rubrum L.),
Bdsam fir (Abiesbalsamea (L.) Miller),
I[ronwood (Carpinus caroliniana),
White Ash (Fraxinus americana),
Ydlow Birch (Betula Lutea).
Scattered throughout the entire area are stands of:
White Pine (Pinus strobus L.),
Red pine (Pine resinosa Aiton),
Jack Pine (Pinus banksiana Lambert).
The herbaceous understory which includes tree species less than 1 metre tal consst of
106 species which represent perennia angiosperms, ferns, Spohagnhum spp., mosses, and

liverworts (Sims 1995, Roberts 1997).

STREAMS

The physica habitat of sdected streams were classfied by Chiasson (1997). The
classfication characterizes the number of pools, runs and riffles counted within a specified

distance (Table 3.1).



Table 3.1: Number of pools, runs and rifflesin each study stream as recorded in 1994.

Stream Distance (m) Number of pools Number of runs Number of riffles
4 200 20 23 29
5 300 20 25 26
6 250 21 26 29
9 250 28 26 20

*(Chiasson 1997)

Stream substrate was classified according 1 the frequency of smal and large cobble, grave,
sand, vegetation, and woody debris found within 25 cn? of 1.0 nf area
(Chiasson 1994, Chiasson 1997). Large cobble was the most common subgtrate in Stream 9 -
Holmes Brook, followed by Streams 6,5 and 4 (Fig. 3.2). Sand was the next most common
subgtrate with the highest amounts found in Stream 4. Fifty % less was present in Stream 9, and
75 % lessin Streams 5 and 6. Gravel was the least found substrate with Smilar amounts in each
stream. Small cobble content was minor with Stream 9 having the highest and an absence in
Stream 5.

Aquatic vegetation was found growing in those streams with lower amounts of sand in
the stream bed composition. Large amount of growth are found in Streams 5 and 6 wheress; in
Stream 4 vegetation growth was minimal because of the high sand component in the streambed.

The concentration of woody debris was high in Stream 5 and, low in Streams 4, 6 and 9.



TOPOGRAPHY

Sope within the watersheds range between 2 to 25 % (Fig. 3.7, 3.8, 3.9). Larger
dopes are located in the northern section. Slope decreases to zero as the watersheds approach

the Anagance lowlands. At the watershed scde dope ranges between O to 16
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%. In watershed 1 harvest roads were built in the higher doped aress to the west (Fig. 3.8).
Watershed 4 isrdativey flat with asmal area to the south having higher dopes

(Fig. 3.8). The headwater area of watershed 5 has the stegpest dope within the HBWS (Fig.
3.8). Watershed 6 also has sgnificant dope on the north side adjacent to the stream (3.9).
This dope combines with a road to become a sgnificant source of eroson. Watershed 9 has
high dopes to the north and east of the stream (Fig. 3.9). One of the treated blocks in a north-

west region has been identified as an area of soil erosion.

LAND-USE ACTIVITIESAND PATTERNS

The land-use within the HBWS watersheds was minor up until 1994 (Fig. 3.10). In
March 1994 four water monitoring stations were ingtaled on the tributaries of the Hayward
Brook; Streams 1,4,5,6 (Fig. 3.2). A fifth sation on Stream 9 wasingaled in April 1995 in the
adjacent Holmes Brook. Main roads were built in April-May 1995 and forest harvesting began
inMay 1995 (Fig. 3.11). In 1997 further harvesting occurred in the watershed 4.

Land-use within sdlected basins included clear cut harvesting adjacent to 30, and 60 m
wood stream buffer and, adjacent to a sdectively cut stream buffer (Table 3.2).
Harvesting was done using atracked feller buncher. This machine uses ahydraulic claw to

secure and cut several whole trees at onetime. Treesare then piled



A

[J Watershed 1
[ waters hed 4
[ watershed 5
[ Watershed 6
[ watershed 9
1993 corridors
/AN\/ Pre-1987
65-87
88- 93
Streams
1993 treatments
1195
194
11985
[ 1986
[ 1987
] 1988
1989
[ 1990
] 1992
1993
1994

(o] 2 4 6 8 Kilometers
]

Fig. 3.10. Landscape transformations up to 1994 within the Hayward Brook Watershed Study Area.




€e

8 Kilometers
]

1999 treatments
[ 19%5
1984
1985
1 1%6
1987
1988
[ 199
[ 1990
1992
1993
[ 194
[ 195
[ 126
[ 197
1998
1999

W*E
S

36




Fig. 3.11. Landscape transformations in the Hayward Brook Watershed Study as of 1999.
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Table 3.2: Land change dates for each watershed within
the Hayward Brook Watershed Study Area.

Finish Date

Land-use Change

Watershed Start Date
1 06/1995
4 e
5 05/1995
6 07/1995
9 06/1995

09/1995

09/ 1995

09/1995

12/1995

clear cut harvest adjacent to a selective
harvested stream buffer, roads and a
culvert

no-land-use change

clear cut harvest adjacent to a 30 m buffer
commercial roads and culverts

clear cut harvest adjacent to a 30 m buffer
recreational roads, commercial roads and
culvert
clear cut harvest adjacent to a 60 m buffer
commercial/recreational roads and
culverts

dong sde the cutting trail. A tracked processor then removes the limbs and cuts the tree to

appropriate length. Slash (limbs) is used for a road bed for the machinery. Logs were

trangported to landing using awhedled porter. Sdlective harvesting was done using a chainsaw

and skidder (Krause 1998). The percentage of harvested area in each watershed ranged from

710 17 % (Table 3.3).

Table 3.3: Percent area of land- use within the Hayward Brook
Watershed Case Study Areain 1996.

Water- Area clear cut roads Select cut
shed Ha
1 480 2.3 0.8 16.0
4 160 0 J—
5 720 7.0 04 -
6 230 17.0 04 -
9 600 12.0 1.0 5.7




ROAD CONDITION REFLECTS SOIL TYPE

The driving condition of roads within the HBWS can be used as a quick indication of
the stream turbidity that can occur in adjacent streams. Roads that quickly became greasy
during periods of rain were generdly adjacent to streams with higher turbidity (yellow area—
Fig. 3.12). Roadsthat remained relatively dry during periods of rain were normdly adjacent to
streams with lower turbidity (red areas).

Low turbidity in Stream 1 was associated with the dry, sandy road conditions found in
the southern Sunbury forest soil unit. These soils have a high permesbility and low surface
runoff. This alows soils to remain firm and dry during rain events. Rutting of the roads in this
areawas rae. Slightly differing conditions were found in the northern part of the study area,
adjacent to Stream 4.

Soils in this area have a greater sandy-cobble composition, causing roads to become
water saturated, but not greasy. Rutting in this area can be severe during wet periods.
Turbidity in the adjacent stream was high as aresult of soil eroson from stream banks.

Roads in the western and eastern sections of the sudy area became greasy and rutted
during rain, and dusty during dry periods. These conditions result from the combination of the
Parry and Sdlisbury forest soil units that have aloamy to sandy-loam consistency, low
permesbility, and high surface run-off. This resultsin high erosion during wet periods, and
clouds of dugt during summer months. The high turbidity in Streams 6 and 9 reflect the

susceptibility of these watersheds to erosion and runoff.
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CHAPTER 4

INSTRUMENTATION

This Chapter presents details regarding:
concepts, principles, and definitions relevant to turbidity measurements,
case study details about automated and year-round stream turbidity instrumentation and
other measurements (stream discharge, suspended sediment concentrations), including Ste
sdection and ingrument ingtallation and maintenance,

matters deding with data quaity and data quaity control.

CONCEPT, PRINCIPLES, AND DEFINITIONS RELEVANT TO TURBIDITY

MEASUREMENTS

Higoricdly, firgt atempts to determined matters of suspended sediments in stream
water dedlt with direct measurement of suspended materia of grab samples, in mg/l, through
filtering of water, and subsequent drying and weighing of filtrate. Such attempts, dthough smple
in concept, are often quite limited in accuracy and precison because absolute amounts of
suspended sediments in sample filtrates are often below 1 mg, and two measurements are
required of each filter paper, before and after filtration. Subsequently, the extent of water
turbidity was andlyzed through light measurements, by either measuring amount of light retained
by the sample, or amount of light scattered by the sample. These measurements were based on

the assumptions that amount of light retained or scattered per sample is directly proportiona to
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amount of suspended sediments per unit volume of water. Of these two measurements, the
former is not as reliable as the latter, because light is not only retained by suspended particles,
but dso by dissolved congtituents of the water, such as dissolved organic matter, and dissolved
heavy metds such as Fe and Mn. In generd, measurement of scattered light improves the
accuracy of the turbidity measurements, from clear to coloured water samples (Dughrow and
Everhart 1971).

Mog of the early turbidity measurements were performed in the laboratory. For this
purpose, grab samples would be obtained from streams or lakes according to predetermined
sampling protocols, depending on specific sampling designs. Specific places for grab sampling
would often be wdl-cdibrated hydrometric discharge dations, to associae turbidity
measurements with accurate discharge measurements (Anderson and Potts 1987, Fahey and
Coker 1992, Martin and Hornbeck 1994). Other locations would, e.g., include soil run-off
plots where water and sediments would be trapped with large drums or buckets (Fahey and
Coker 1992).

In order to overcome:

high codts of retrieving grab samples,

problems from missng mgjor run-off events, and

consderable variations in sampling and turbidity measurement techniques,
severd means were devised to determine in-Situ stream turbidity sgnatures. For example,
Fattordli et al. (1988) utilized ultrasonic sensors for coarse sediment recordings, and in-Stu
turbidity sensors for fine sediment recordings. Data were at first recorded with magnetic tape,

and later with solid-gtate memory chips. In-situ nephelometric turbidity sensors were described
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for the firgt time in 1989 (Downing 1989). Gippe (1995) demonstrated that nephelometric
sensors could be used to adequately track suspended solids concentrations by way of
continuous turbidity measurements.

Nephdometer, (NTU); is a Sandard measurement of the optica properties of awater
sample (Standard Methods 1971). This method is based on the comparison of the intensity of
light scattered by a sample under defined conditions with the intengity of light scattered from a
standard reference suspension.

Modern turbidimeters gererdly use one or two sensors to measure trangmitted light or
scattered light. The turbidity sensors used for this case study use two nephelometric sensors to
measure light scattered at 90 and 180 degrees to the light source (Fig. 4.1). These sensors are
pat of the automaticaly recording Hydrolab multiprobe (Fig. 4.2), which, in addition to
turbidity, measures specific conductance (N8 cni'), pH, dissolved oxygen (mg I'), and
temperature (°C) (HydroLab 1993), every hour (e.g.), and the results are recorded digitaly on

adatalogger.




Fig. 4.1. Nephelometric turbidity sensor.

SELECTION OF FIELD LOCATIONS

Within the Hayward Watershed Study area, 5 watersheds were sdlected for
hydrometric measurements and turbidity according to the following criteria
Forest cover in watersheds up to second stream order or more needed to be mature,
Some of these watersheds would be subject to forest harvesting within the 6 year sudy
period, as part of the current management plan for that ares,
The landowner would be willing to cooperate by providing continued and unrestricted
access to the study area, and would protect these locations from unwanted machine traffic

and other interferences.




Fig. 4.2. Hydrolab water quality multiprobe as used in the
Hayward Brook Watershed Study Area.
Potentid locations for probe ingtalation within each of the 5 streams were limited to pools of
aufficient width (1 to 5 m), and minimum water depth (>20cm) a low flow; these conditions

could not be found in first order streams, but became available along second order streams.

INSTALLATIONS AND MAINTENANCE

Next, each of the most suitable probe location per stream needed to be supplied with
electrica power. This was done by ingtdling a tower to support solar pandls, with each pard
connected to a 12 volt gd-cd battery. Each of these five solar pand — battery assemblies
needed to supply sufficient year-round power (about 40 watts maximum, Fig. 4.3). All probes
were st to record on an hourly schedule (Horowitz et al. 1989, Brabben et al. 1991, Whitfield
1995). Each probe location was visited regularly once every 6 to 12 weeks, to check
cdibration and integrity of each sensor on each multiprobe head, and to take corrective actions,
as needed. Timing between vists was longer during winter when probe locations were covered
by alayer of ice. Maintenance required:

rinsing each turbidity sensor three times with distilled water to remove large pieces of debris,
cdibrating the readings of each turbidity sensor with 2 formazin turbidity standards (0.0 and
65 NTU),
manually cleaning each turbidity sensor using cotton swabs and paper towels.

Cdibration date, Ste and probe conditions were recorded in field notes. During

additiond inter-caibration vidts, sensors were washed with dream-water to provide additiona
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cleaning. The other sensors on each Hydrolab probe were adso serviced and cdibrated at the

sametime

Fig. 4.3. Water qudity monitoring station
found in the Hayward Brook Watershed Study Area.

DATA RETRIEVAL AND DATA QUALITY CONTROL

Recorded sensor data were downloaded a esch dte vist, in a format that identified
date, sensor location, sensor type, and sensor reading. Data qudity control measures involved
cross-checking data againgt each other for consistency, and with fidd notes and cdibration
sheets. Maters requiring corrective actions are summarized in Appendix 1. The following

problems were encountered:



1. Lack of direct sunshine caused lost of power to batteries during the winter of the first year;
removal of the forest canopy was required to increase power output of the solar pandls,
thereafter; supply of power to the data recording platform and dl its sensors was reliable.

2. The turbidity sensors experienced sensor fouling problems throughout the study:  Slt often
collected on the sensor lens, thereby causing fase peeks in turbidity sgnatures of each
sream; dso smal debris and organic matter would lodge or accumulate on sensor heads.
To decrease lens fouling, probes were inspected and cleaned frequently. Also, each multi-
head was placed facing down into the incoming stream column, within aress of highest
dream velocity. The highest incidence of sensor fouling occurred in stream 6 as a result of
continuoudy high stream turbidity. About 19 % of the data were severdly affected by
sensor fouling. Corrections were made to the resulting data to avoid turbidity overestimation
or underestimation as much as possible. In this, background turbidity likely remained over-
determined due to frequent lens clouding. Underestimation would occur with some of the
high turbidity events because of the limited NTU range of the instrument. Some pegks may
have been overestimated, because the turbidity sensors were blocked until the sensor could
be cleaned again. For these reasons, the origind turbidity sgnatures were tregted in two
ways. (1) partid clean up of the turbidity records as detailed in Appendix 1, and the
resulting records are part of the data presentation and analysis in Chapters 5, 6 and 7; a
complete clean-up was not possble due to inconsstent variations of background as well as
episodic mafunctioning of the NTU sensors, (2) identifying dl mgor and minor turbidity
events that are free from sensor fouling, and using these for the analyss of pesk height,

duration, and peak-to- peak intervals, and subsequent model devel opment (Chapters 8,9).
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STREAM DISCHARGE

Stream discharge was measured at each probe location, usng a Tavis nitrogen gas
sensor (Pomeroy et al. 1997). Nitrogen gas was supplied to a stable location at the stream
bottom near each of the 5 Hydrolab probes, by way of a tube and gas regulator assembly.
Nitrogen gas was released into the stream at a set rate (namely 30 bubbles per minute). A
basdline was established between recorded gas pressure and its water column (* stage height”)
immediately above the location of the gas outlet, for the purpose of hydrometric caibration.
Stage height records were then associated with stream velocity measurements, by developing
the local and probe-location specific stage-discharge curve. These were supplemented with the
customary stream channel measurements (Inland Waters 1982). Using these measurements, and
following proper interfacing of bubble pressure, stream velocity and stream-channel geometry,
continuous gas pressure records were then converted into stream discharge rates (n? s™).
Stream velocity measurements were obtained during regular probe cdibration vists, to ensure
time-continuous integrity of al hydrometric measurements.

The Tavis discharge sensors developed gas lesks from time to time: this stopped the
discharge sensor operations on afew occasons. The leakage was generdly found to be aloose
brass fitting at the nitrogen tank or at the nitrogen bubble regulator. Leakage occurred most
frequently during the winter months of the first year of operation. Proper segting of fitting

corrected this problem.



SUSPENDED SEDIMENT SAMPLING

Suspended sediment samples were collected from each probe locations during times of
specific and appreciably large turbidity events. This was done with a depth-integrating hand

sampler (Gray 1970, Inland Waters Directorate 1982, Scrudato and Y ogis 1988).

49



CHAPTER 5

TURBIDITY SIGNATURES

In this Chapter, the partidly cleaned in-Stu turbidity Sgnaturesfrom each of thefive Sreamsare
presented by:
displaying these signatures over the entire recording period,
relating these sgnatures to within-watershed activities and road- sream configurations,
comparing the five stream sgnatures with one another, and with the stream discharge
sgnatures, by way of smple correation,

ranking the five streams by turbidity intensity, from lowest to highest.

METHODS

Hourly stream turbidity and discharge rates were compiled in chronologica order.
Paritaly cleaned hourly records were then used to determine daily, seasona and annua turbidity
means, and dally discharge totals. Also, cumulative turbidity was caculated per watershed, for
the ample purpose of watershed ranking. Daily turbidity and stream discharge compilations
were plotted against one another for any combination of streams, and the resulting scatter plots
were digolayed in matrix form, one for turbidity, and one for stream discharge. Also part of the

matrix digplay were the frequency digtributions of stream discharge and stream turbidity.



To fadlitate rdaing stream turbidity to within watershed activities and streamroad
configurations, specid maps were prepared to alow for a generad interpretation of each of the
sream turbidity signatures. These maps were prepared digitaly with ArcView, usng a specid
watershed ddineation function based on the flow accumulation concept and based on the digita
elevation model for the generd area of HBWS. The streams that were derived from the DEM
via the flow accumulation function were forced to exactly coincide with the aready exiging
stream maps. The find maps showed actua watershed contours, with each watershed defined

to be above each hydrometric probe location, and actua stream and road locations.

RESULTS AND DISCUSSION.

Based on turbidity sgnature intensty, and cumulative sream turbidity, it can be

concluded that the 5 streams followed the following turbidity sequence (Fig. 5.1):
Stream 1 < Stream 5 < Stream 9 < Stream 4 < Stream 6

Ingpection of the stream-road maps for each watershed generaly supports this order:
turbidity was low in basins with roads far from the stream, and especidly far from the turbidity
probe location. For Streams 1 and 5, roads were mainly running aong the upper part of the
watershed. Also, road-stream crossings were relaively far from each of the probe locations.
For Stream 9, there were two road-stream crossings, with one very near the turbidity probe.
With Stream 6, two of the roads ran pardld to the stream near the probe location, and fairly

closgly to or somewhat beyond the stream buffer distance. Stream 4, however, is not dissected

51



by any road, and should — in principle — have the clearest water. However, there was a
gradualy eroding stream bank near the probe location.

Stream to stream correlations reveded that stream discharge rates are, in generd,
correlated across basins, but this is not the case for the stream to-stream turbidity correations.
This means that turbidity events in one watershed occur essentidly independent of turbidity
events in other watersheds, for the mogt part (Table 5.1). This, in turn, means that turbidity
events are adso, for the most part, not causdly driven by the weather and season dependent
sream flow rate. However, stream discharge has been identified as a mgor force driving
turbidity concentrations (Lawler 1986, Rogers and Singh 1986). This study shows that high
sream discharge does not dways mean high turbidity, and vice versa. Ingtead, triggers beyond
sream discharge are necessary to cause a mgor turbidity event, even during periods of high
flow. However, one can anticipate thet triggers during high flow and during periods of high soil
water saturation would unleash much more turbidity than asimilar trigger during low flow.

Table 5.1: Correlation between daily turbidity (NTU) and discharge (7 s%)
for streams of the Hayward Brook Watershed Study Area.

Stream Turbidity (NTU) versus stream discharge (m3s'1)

0.33
0.07
0.01
0.36
0.35

© o U A~

Examining the frequency digtributionsin Figure 5.2 shows that most turbidity and stream

discharge events occur at low intengity. Turbidity and stream discharge events of
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intermediate and high intengty are generdly infrequent. The low level d corrdation between
turbidity and stream discharge means that the highest pesks for turbidity do not generdly
coincide with the highest pesaks for stream discharge.

Seasondlly, turbidity was highest from January to March, and April to June (Table 5.2).
These periods are generaly associated with periods of high degrees of soil saturation, snowmelt,
ice, and floods. Frost has been identified as a mgor erosion factor causing stream banks to
become unstable (Lawler 1986, Fahey and Coker 1992). Loosened materid is then washed
away by spring floods. In Streams 1,5,9, turbidity vaues during the snow melt seasons were at
least 50 % greater than turbidity vaues in other seasons. In Streams 4 and 6, the differencesin
seasond turbidity were leadt, indicaing a continuous source of eroding materia within these
dreams. High summer turbidity in Stream 6 would be due to dust being washed from the

nearby road and adjacent vegetation.

Table 5.2: Mean and standard mean error for turbidity per season (NTU) for five Sreamsin
Hayward Brook Watershed Study Area during 1994 to 2000.

Season Stream Stream 4  Stream Stream Stream
1 5 6 9
Spring 38+5 84+6 89+ 11 181+ 9 88+9
(April-June)
Summer 5+1 29+3 71 71+ 4 13+£2
(July-September)
Fall 162 38+2 14+ 2 77+ 4 22+ 2
(October-December)

Winter 19+3 117+ 11 34+4 108+ 6 38+4

(January - March)




DETAILS, BY WATERSHED

Stream 1

Stream 1 was monitored from April 1994 to March 1999 (Fig. 5.1 - top). The
cumulative turbidity concentration (NTU - dotted line) was two to five times lower than found in
the other streams. Mogt turbidity events occurred as quick spikes. Turbidity concentrations
showed minima change in turbidity until the April 1995 condruction of haul roads (Fig. 5.3,
5.4). After this period, larger turbidity events were well spaced, generdly being associated with
gorms (Fig. 5.5). The culvert that was ingdled in the headwaters below an 8 % dope was
identified as the mgjor cause of devated stream turbidity in this stream (Figs. 3.8, 5.6). The
location of this culvert directed the flow of water into a bank on the lower side of the culvert.
Mgor stream bank eroson occurred at this location only during the first year. Minor sedimert
deposits on leaves within the stream showed that stream bank eroson was till occurring in
1999 (Fig. 5.6 -Photo 2 and 3).

The overdl lack of available materia for erasion may be due to the prevaence of the
Sunbury forest soil inthisbasin (Figure 3.4). These soils have aloamy-sand consistency and
drain rapidly because of high soil permeability. These conditions alow roads and exposed soils
to remain relatively firm, even during wet periods. This minimizes surface runoff and associated

eroson.

57



07
975 {06
St,ream 1 Road construction
’1 Discharge (R) ------- May-June
I Turbidity (L) Sept. - Oct. . . 105
—~ 775 } 1 Selective cutting
TR
E | Clear cutting Oct. - Dec. v
pzd \ June/July {04 "’E
| Buffer treatment =
; 575 \ November [
= | {03 o
=} \ Installation o}
'g \\ of station Treatment _b:;
t; {02 2
= 375 \ Li?ﬁgle)tled \ [a)
August 08 \ I
\\; W ot
175
{00
L;h‘—ll
s s 3§ s 3 8 & = 8 8 8§ @ o
© o © © © "~ ] > =) o =) ®
. . . - - _l
Fig. 5.4. Land-use and associated turbidity (NTU) and discharge (nt %)
for Stream 1 of Hayward Brook during April 1994 to March 1996.
0.7
975 4 0.6
775 ,?: :zlanvy Stream 1 105 >
Iy Discharge (R) ------- II =
5 I Turbidity (L) ______ I {oa 2
g I il g
Z s ] “\ I: o3 E
> \
= A i fi i\ 3
S 1\ It 1\ I'iqo2 a
5 375 | \ \ Y | \
5 I| A4 % PR !
~ M \1..;\\ 4 d’y\ N '\\ r o1
, - PR o
175 'I\-._.__H_,A.,-_f' w_;:__m_‘,ai“ Joo
2500 = s re P I —— - = BT 01

Fig. 5.5. Land-use and associated turbidity (NTU) and discharge (nt )
for Stream 1 of Hayward Brook during April 1996 to March 1997.




qq

Photo 2

Photo 4

Scale 1:35,60

2 Kilometers
[ I ]

Fig. 5.6. Minor land-use in Stream 1 of Hayward Brook (size— 4.8 kn).
Photo 1: (see arrow) — water monitoring probe in sandy pool.
Photo 2: (see red square) - Cement culvert on commercia and recreationd road.
Photo 3: Sediment deposits 10 m below culvert.
Photo 4: Commercid and recreationd roads.




Stream 5

The watershed of Stream 5 is the largest within the case study. Stream turbidity was
generdly low. In May 1995, sections of the basin were harvested. This activity did not leed to
major turbidity events. Instead, the first mgor turbidity event occurred in June 1997, followed
by a second mgor event in March 1998 (Fig. 5.8). The cause of the first event was not
determined, but the March event was due a wash-out event within the stream above the sensor.
Together, these two events contributed to a consderable cumulative turbidity increase above
the 1997 basdline (Fig. 5.1). Because these two events occurred two years after the 1995 road
congtruction and harvest, land-use change was not expected to be a mgjor factor in the elevated
turbidity (Fig 5.10 - photo 3).

The mogt significant factor contributing to devated turbidity events in the sgnaure is
ingppropriate monitoring location. The monitoring Ste was initidly sdected because of thelarge
pool created by alog dam. The flow of water over the dam maintained a deep pool that had
cobble-sand substrate and rapid flow. The stability of the dam was not redized until a sorm
removed the log in March of 1998 (Fig. 5.10 - photo 1). Had the monitoring Site been located
in anaturd pool the signature for this stream would have shown alow basdline throughout the
sudy. The washout changed the stream flow dynamics and bed compostion. The change in
flow direction caused the once sandy stream bed to be flushed away leaving a deep cobble bed
pool. The changes were savere enough that monitoring sensors were relocated. Post effect of
the washrout bank showed eevated turbidity events up to June 1998 (Fig. 5.9). A fine coating

of slt
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Fig. 5.9. Land-use and associated (NTU) and discharge (7 s?) for
Stream 5 of Hayward Brook during April 1998 to March 1999.
generdly found on the sensor during low flow was attributed to bank erosion and occasona use
of arecreationa road (Fig.5.10 - photo 2).

Thelack of corridorsin this basin is considered to be one of the main reasons for low
turbidity. The Parry forest soil units (Fig.3.4) located in this watershed have aloamy- sand
consstency and moderate drainage (Fig. 3.5). These conditions normally enhance erosion.

Had more soil been exposed, increased turbidity and sedimentation would be expected. Poor
drainage is often seen in this watershed during wet periods when the road conditions quickly

change from dry to greasy and, heavy rutting occurs (Fig 5.10 - photo 3).
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Fig. 5.10. Minor land-use in Stream 5 of Hayward Brook (size — 7.2 km?).
Photo 1: (see red square) - water monitoring probe.
Photo 2: Infrequent used recrestiond road located 50 meters above monitoring pool.
Photo 3: Commercid road intersecting watersheds 5 and 6.Stream 9




Stream 9

Monitoring in stream 9 began in 1995, ayear later than in the other streams. This delay
resulted in monitoring beginning two months before mgor land-use change. The watershed is
the second largest within the study area, and shows a highly active turbidity sgnature (Fig. 5.2 —
third from top). Elevated turbidity events are found throughout the study (Figs. 5.11,5.12,
5.13).

Elevated turbidity within the stream is caused by high amount of newly exposed soils
from commercid roads (Fig. 5.14). One mgor source of erosion was from an access road built
in April 1995 (Fig. 5.14 - photo 3). Although ditches were placed aong each Sde of the road,
they provided little resstance to water flow because of the high dope (Fig. 3.8). Large
amounts of soil were eroded with each storm (Fig. 5.14 - photos 2,5). Poor culvert location
was d 0 found to cause high stream turbidity. The culverts were placed perpendicular to the
dream dlowing high runoffs to flow through the stream buffer (Fig. 5.14 - photos5). Large
turbidity events were recorded each spring (Fig. 5.12, 5.13).

A second area of high eroson was a culvert on a main commercid road (Fig. 5.14 —
photo 4). The photograph shows exposed soil that was washed into this tributary with each
storm. This areawas expected to be responsible for the April 1998 turbidity event (Fig. 5.13).

The monitored pool was not considered as a sediment source for it was located within a
straight stretch of stream, and had a sandy- cobble substrate and vegetated banks (Fig. 5.14 -

Photo 1).
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for Stream 9 of Hayward Brook during April 1996 to March 1998.
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Fig. 5.13. Land- use and associated turbidity (NTU) and daily (nfs?)
for Stream 9 of Hayward Brook during April 1998 to March 2000.

The devated turbidity found in this stream is enhanced by the varying dope and sandy-
clay- loam Sdlisbury soils, which become saturated quickly causing increased surface runoff and

soil erosion (Figs. 3.3, 3.8).

Stream 4
Streams 4, the smallest watershed in the study produced the second mogt active

turbidity sgnature (Fig. 5.2 — fourth from top). The dope of the cumulative turbidity curveis

amilar to Stream 6 indicating the smilarities between turbidity concentrations
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Fig. 5.14. High land-use in Stream 9 of Holmes Brook (Sze— 6.0 km?2).
Photo 1. monitoring pool.  Photo 2: Ditcherosion.  Photo 3: Rutting.
Photo 4: (seered square) - Culvert eroson. Photo 5: Sediment filled ditch.




resulting from naturdl and land-use changes. The cumulative turbidity curve when extended pass
the 1997 data, shows concentrations up to 150,000 NTU may have occurred by the year 2000
(Fig.5.2).

Turbidity concentrations were normdly low wth clusters of eevated concentrations
(Figs. 5.15, 5.16). As no land-use had occurred in this basin during the study period the mgjor
causes of turbidity were bank erosion adjacent to the monitoring pool (Fig. 5.17 — photo 2),
and the pool acting as a sediment sink.

Bank eroson resulted from incoming water flowing directly into a stream bank (Fig.
5.17 — photo 2). The freed sediment are captured in a vortex created by the L —shaped poadl,
causing eevated concentrations to remain longer. The pool becomes a sediment snk. The
series of elevated turbidity events that occurred over several months in 1996 and 1997 are in
response to road congtruction (Fig. 5.16, 3.11). Had monitoring for this stream occurred in

graight pool the turbidity signature would have been significantly less active.

Stream 6

Stream 6 is the second smallest watershed, and had the most active turbidity signature
(Fig. 5.2). Elevaed turbidity events were found during station ingtalation, road congtruction,
and during fores harvesting (Figs. 5.18, 5.19, 5.20). This watershed has a large area in
corridors, and continuous usage by commercia or recreationd vehicles

provide a continuous source of newly exposed soils. A county road located in the high
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Fig. 5.17. Stream 4 of Hayward Brook (size - 1.6 kn).
Photo 1. Blocks of forest harvested in 1998.

Photo 2: (see red square) - Bank eroson in the monitoring pool.




dopes of the north-west region was the main source of sediments throughout the study period
(Fig. 5.21 - photo 3, Fig. 3.8). Each time a vehicle drove over the road more sediment was
exposed and loosened, dlowing significant amounts to flow downward and into the stream.
Other gtructures such as agdvanized culvert ingdled in acommercia road (Fig. 5.21 -
photo 1), and a geo-textile road-bank cover (Fig. 5.21 - photo 2) did not appear to be a
Sediment source.
Probe location was hot a sediment source athough, sand did collect in the lower end of

the pool. Fine sedimentsand slts were generdly washed away by high discharge events.

SUMMARY

The turbidity Sgnatures for each of the HBWS streams indicate that  concentrations
within each basin are primarily driven by watershed atributes and land-use change. In highly
used basins, the turbidity signature is very active throughout the year.  Wheress, in basinswith
low activity the Sgnatures were generdly mild. In this case study both historic and new roads
were found to be mgor sources of sediments. The amount of sediment from each was
determined by the amount of road usage. Commercid roads were generdly found to be a
sediment source over ashort period. These roads could be used often or seasondly, but in

both cases, problems were quickly fixed once identified.
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Fig. 5.19. Land-use and associated turbidity (NTU) and discharge (nT s

for Stream 6 of Hayward Brook during April 1996 to March 1998.
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Fig. 5.20. Land-use and associated turbidity (NTU) and discharge (nT s
for Stream 6 of Hayward Brook during April 1998 to March 2000.

Higoricaly placed roads which were generdly built on high dopes, and without culverts
are continuous used by recreationd users. This usage continuoudy |oosen and expose soils
causing a continuous sediment source. Problemsidentified on these roads are generdly not
fixed, and provide high sediment to adjacent streams throughout the year. Probe location was
aso found to be sgnificant when monitoring stream turbidity. The stability of stream banks and
stream structures are difficult to determine, and eventudly were found to collapse causing

dlevated turbidity.
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Fig. 5.21. Highland-use in Stream 6 of Hayward Brook (size — 2.3 km?).
Photo 1: Gavanized road culvert placed 100 meters above monitoring station.
Photo 2: Geo-textile placed 50 meter above monitoring station.
Photo 3: Heavy erosion from arecreational road located 1000 meters above monitoring station.
Photo 4: (seered square) - Water monitoring probe at lower |€ft.
Photo 5: Commercid road built in May 1995.




CHAPTER 6

SUSPENDED SEDIMENT FLUX

INTRODUCTION

Turbidity has been shown to be a useful index variable for assessing the amount of
suspended sediment in stream water (Gray 1970, Inland Waters 1979, Fattorelli et al. 1988,
Gomez and Church 1989). This was found to be particularly true when particle properties
remain relatlively condant over a wide range of sediment concentrations (Gippd 1995).
Assuming thisto be true for the streams of this case study, then the turbidity sgnature from each
of the HBWS streams could potentially be used to estimate the corresponding amounts of
suspended sediments. This Chapter dealswith:

establishing the relationship between suspended sediment concentrations (SSC) and stream
turbidity,
cdculaing the annua sediment flux for each of the five streams,

caculating the seasona sediment flux for each of the five streams.

METHOD

Seventy suspended sediment samples were collected from the five dreams in the
HBWS case study over the course of 6 years. Sampling was aimed at incorporating as many

periods as possible during which high turbidity events occurred, or when high eventswould be a
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diginct possbility, based on on-going activities within the watersheds.  Sampling involved a
hand-held sampler and 1 litre glass bottle which was moved up and down the water- column
within a one minute interva (Inland Waters 1982). Glass bottles were used to prevent
suspended material from adhering to the container walls. The amount of suspended sediment
and volume of water were used to calculate the suspended sediment concentration in mg It
(Environment Canada 1999).
The amount of sugpended sediment was determined gravimetricdly. The technique

involved:

Removd of non-homogenous materids,

Samples need to be stored at 4° Cdgusto minimize microbiologica growth;

Andyseswithin 24 hours of collection;

Fltration a room temperature;

Prior to usg, filters need to be washed in de-ionized water, and dried for 2 hours at 105 +-

°C.

Filters need to be weighed to +/- 20 mg and stored in desiccator;

Samples need to be inverted 20 times, and then poured through the filter. Filtration should

be completed within one minute.

Filters need to be dried in an oven for 2 hours prior to weighting.

Concentrations were caculated in terms of mg totd suspended solids / sample volume filtered

(mi).
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SUSPENDED SEDIMENT REGRESSION

Ingpecting the results indicated that suspended sediment concentration range in the
Hayward Brook study was between 1 to 32 mg I'*, and only one other concentration at 272 mg
I*. Thelack of samples that represent high suspended sediment concentrations was problematic
in terms of edablishing a reiable regresson equation between turbidity and sediment
concentration: essentialy, the entire regression results would smply depend on only the highest
concentration sample.  Since the relaionship between sediment concentration and turbidity
should be the same for forest streams in genera, a search for additiona data was initiated, and
an extendve dataset for turbidity and suspended sediment concentrations was obtained for the
Fresh Water Creek Study in Cdifornia (PALCO 2002). The Fresh Water Creek data
provided a wide range of sediment concentrations that would alow the regresson to better
represent high suspended sediment concentrations (Fig. 6.1, Appendix 3).

The HBWS turbidity vaues are generdly lower for the corresponding suspended
sediment value when compared to the Freshwater Creek data (Fig. 6.1). Further investigation
into this relationship reveded that a sampling inconsistency was present in the protocol used in
the HBWS. In this protocol, turbidity vaues were based on averaged daily turbidity, wheress,

the suspended sediment sample represents one instant within the 24 hour period.  From this

dataset, the following nortlinear equation was obtained by way of non-lineer regression:
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Fig. 6.1. Scatterplots of suspended sediment (mg I*) versus turbidity (NTU) for streams of the
Hayward Brook Watershed Study and the Fresh Water Creek Study.
Suspended sediment concentrations (SSC, mg/l) =
(2.79 £ 0.05) * turbidity (NTU) * {1-exp[ - (0.0069 + 0.0004) * turbidity (NTU) ]}
(r2=0.978) Eqg. 6.1
The resulting scatterplot of observed versus predicted concentrations of suspended sediment is

linear, and passes through the origin (Fig. 6.2).
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Fig. 6.2. Scatterplot of actual versus best-fitted suspended turbidity-derived sediment
concentrations, using Equation 6.1. The effectiveness of Equation 6.1 is demonstrated by the
fact that this scetter plot islinear, and passes through the origin.
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The non-linearity of Equation 6.1prohibits a straightforward conversion of averaged turbidity
measurements to average suspended sediment concentrations. Instead, it is necessary to convert
each individud turbidity measurement into an equivaent sugpended sediment concentration

number.

SUSPENDED SEDIMENT FLUX CALCULATIONS

Each consecutive stream turbidity reading was converted into its corresponding
suspended sediment concentration with equation 6.1. Daily sediment fluxes were then caculated

asfollows (Gray 1970, Porterfield 1972, Inland Waters 1982):

Qs =Qw*SSC*K (6.2)
where
Qs = sediment [Mg day™],
Qw = mean daily discharge (07 s%),
SCC = mean daily suspended sediment (mg I),

K = unit conversion factor 0.0864 (= 60* 60* 24/1,000,000)

Summing daily discharge over the days of turbidity record gives tota sediment loss from each
basin. Dividing the resulting numbers by watershed area and years of recording gives average

annual sediment loss for each watershed, per hectare.
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RESULTS AND DISCUSSION

Performing multiple regresson analyses on the Fresh Water Creek data reveaded that
turbidity was strongly associated with the suspended sediment concentrations (r2 = 0.978).
The andyses further reveded that the relationship between suspended sediment concentration
(SSC) and turbidity is essentidly linear, except near the origin, where SSC gpproaches 0
asymptoticaly with decreasing turbidity. A near linear rdaionship a high SSC vadues is to be
expected, because increasng particle concentrations would linearly increase the overdl
contribution of scattered light from the individud particle surfaces near the light source and near
the light detector. At low concentrations, light scattered from a few suspended particles reaches
the light detector in the least obstructed way from the entire volume of sample. Some of the
unaccounted variation in the actua versus predicted regresson plot are likely due to tempora
and spatid variations, eg. the influence of colour, particle compostion, refractive index, and size
and shape of the suspended sediments, as well as dissolved air, including gas bubbles on the
turbidity sensor lens (Anderson and Potts 1987, Gipped 1995). Studies have found that stream
water composition strongly varies between low and high flow conditions, containing increased
concentrations of organic and inorganic materid under low flow conditions (Bilby and Likens
1979). Organic particles have a greater tota scattering area than mineral particles due to their
fluffy surface texture (Gippe 1995). Season dso adds to overdl turbidity causng more
particles of lower dendty to be present in stream water during periods of rain, due to

atmospheric deposition and due to surface run-off from organic soil surface layers.
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ANNUAL AND SEASONAL SUSPENDED SEDIMENT H.UX

Annual sediment fluxes for the 5 streams ranged between 0.3 to 2.14 Mg ha® yr*
(Table 6.1). The highest flux was found on the stream with the most active turbidity signature
(Fig. 5.1). For example, the frequent use of the roads lead to Stream 6 causes the flux to be
twice as much in this stream than in the other four streams. The lowest sediment fluxes occurred

in Stream 1. Although harvesting occurred in this watershed, road congtruction was minimdl.

Table 6.1: Sediment losses from each of the 5 streamsin
the Hayward Brook Watershed Study Area (1994 to 2000).

1 4 5 6 9
Total loss (Mg) over recorded period 837 336 6112 3223 4062
Watershed area (ha) 480 160 720 230 600
Period of record (year) 5.1 3.7 5.7 6.7 6.7
Total loss [Mg/ (ha year)] 0.34 0.56 1.49 2.08 1.01

The second lowest flux found in Stream 4 was the result of stream channel eroson. The flux of
1.49 and 1.01 Mg ha™* yr™* found in Streams 5 and 9 resulted from changes in channdl structure
and road induced erosion. The difference between these scenariosis thet - in Stream 5 - the
flux resulted from a one or two single events of high turbidity wheress - in Stream 9 - elevated
turbidity was more frequent.

Seasona sediment fluxes were highest during April to June (Table 6.2). Snow-mdt ad
heavier rains, plus loosening of stream banks and streambeds during periods of turbulent and
forceful streamflow, were likely responsible for eevating these fluxes. The lowest flux occurred
during the drier summer season.  Although sediment flux was low during this period, road

congtruction, and dust generated from road traffic loosened soils and provided ample supply of
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sediments for the fal season. In the fdl, the reduced evapotranspiration, and increasing soil
sauration flush loosened sediments into the streams where they were then transported

downstream.

Table 6.2: Seasond sediment flux (Mg ha ™ yr?) for streamsin
the Hayward Brook Watershed Study Area (1994 to 2000).

1 4 5 6 9
January — March 0.0001 0.0009 0.0003 0.002 0.0004
April— June 0.0004 0.0020 0.0001 0.0060 0.0010
July — September <0.0001 <0.0001 <0.0001 0.0003 <0.0001
October —December 0.0002 0.0002 0.0002 0.0008 <0.0001
*Season is based ¥4 year

CONCLUDING REMARKS

The use of the Fresh Water Creek dataset to estimate suspended sediment
concentrations for the Hayward Brook Watershed Study produced a nortlinear regresson
equation between suspended sediment concentrations and stream turbidity measurements, with
an r* = 0.978. This nonlinearity prohibits a straightforward conversion of averaged turbidity
measurements to average suspended sediment concentrations. Instead, it is necessary to convert
each individua turbidity measurement into an equivaent suspended sediment concentration
number.

The find sediment yidd numbersin Tables 6.1. and 6.2 must be considered as setting
upper limits of the actua sediment yields that may have occurred in each of the 5 Streams. The

labd “over-estimate’ is used to account for the uncorrected and inconsstently high background



levels of the various turbidity signatures. These backgrounds would mainly be due to dow but
persstent fouling of the NTU sensors.  Occasiondly, the NTU sensors may have missing the
upper portions of high turbidity events, because of the upper detection limit of 2000 NTU. On
balance, however, some of these events may dso have been over-determined due to extended

blockages of the sensors.



CHAPTER 7

UNIVERSAL SOIL LOSS EQUATION

INTRODUCTION

In this Chapter, the Universd Soil Loss Equation (USLE) is gpplied to the watersheds
of the Hayward Brook Watershed Study to determine suspended sediment flux as expected for
this configuration. The USLE and revised equation (RUSLE) are decisorntmaking tools
generdly used for soil consarvation planning on agricultura lands (USDA 2000). It has been
shown to be applicable for estimating erosion and sediment yields on rangelands, forested aress,
and urban stes (Kirby and Mehuys 1987, Chow et al. 1990, Saehi et al. 1990, Renard et al.
1991, Coote et al. 1992, Wang et al. 2000).

With the application of the USLE to the conditions within the HBWS, marked
differences in each setting must be noted. The USLE was designed to predict eroson from an
open fied configuration where shegt, rill, and gully erosion are the mgjor causes for soil eroson.
Vaues used in each of the USLE factors are caculated in experimenta settings. Each setting
alows characterization of a particular soil and land-cover type, within a standardized study plot
of 9% dope and 22 metersin length. By applying USLE factor values to best fit the conditions
within an area, the USLE provides an estimate of soil loss.

Severd combinations of conditions exist within the HBWS. Within the 30 knT area, a
mixed Acadian forest grows on one of three forest soil units (see Chapter 4). Soil erosion

within each watershed is not uniform, but occurs in selected areas of exposed soils; e.g. roads.
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The dope and dope length is not uniform, but changes sgnificantly throughout the watershed,
and within erosion areas.

Generaly, the landscape condition within the HBWS could be best described as
natural, and observed sediment flux is the result of eroson from specific areas, and stream
sructure change. In sdected watersheds continuous road usage by commercia and/or
recreationd vehicles, plus road-rel ated maintenance are the mgjor causes exposing soil.

Briefly the USLE uses five variables to edimate potentid soil loss (PSL) as follows
(Table 7.2):
PSL (Mg ha'yr?) = rainfdl erosivity [MImm ha™* h* yr'] * soil erodibility [ Mg h MJ* mm?]
* dope length- steepness factor * cover type factor * supporting practices factor (7.1).

Table 7.1: Watershed specific propertiesin the
Hayward Brook Watershed Study Area.

1 4 5 6 9
Rainfall erosivity 2000 2000 2000 2000 2000
Soil erodibility 0.03 0.03 0.03 0.03 0.03
Slope-length factor 3.0 4.0 5.0 5.0 3.0
Cover type factor 0.001 0.001 0.001 0.001 0.001
Watershed area (ha) 480 160 720 230 600
Slope length (km) 1.0 0.5 0.25 1.0 0.5
Area harvested (%) 2.0 0.0 7.0 17 12
Exposed soils (ha) 38 26 29 9 60
Land-use rating min. min. min. high med.

RAINFALL EROSIVITY INDEX (R-FACTOR)
The rainfdl erosvity factor [MImm ha™ h* yr'] characterizesimpact of rainfal energy

on soil eroson using maximum 30 minute storm intensity (mm h%), and rainstorm kinetic energy



(MJ hat) (Gordon and Madramootoo 1988). Large amounts of soil are lost when intense
ranfals occur over bare soils  Such intense rain events destroy soil granulation, splashing
particles up to 70 cm verticdly, and 200 centimeters horizontdly (Renard et al. 1991, Brady
and Weil 1999). The dispersed soil dries into a hard crust, which in-turn interferes with seed
emergence, vegetation growth, and enhances runoff (Brady and Weil 1999). Vaues for this
factor can vary, being affected by climate, seasond rainfdl digtribution, and the ability of soil
substrate to absorb the raindrop impacts (Renard et al. 1991, Brady and Weil 1999). In
northern New Brunswick, 72% of seasona variations in s0il loss were explained by the rainfall
erogvity factor (Chow et al. 1990).

The HBWS area is represented by a 35.4 kn* polygon in the Canadian soil erosivity
maps (Coote et al. 1992). This area has erosvity vaue of 2000 MJ mm ha™ b yr, thus
representing a‘severerisk’ for soil eroson. Most of New Brunswick is rated high, with only an
area near Tracadie (northern N.B.) being rated as low. The Fredericton area is rated dightly
lower a 1550 MJ mm ha* h* yr™. In northern NB, lower slopes cuse erosivity to be a 930
MJImm ha® h*yr*. In P.E.l., values ranges between 1000 to 1100 MJ mm ha* h* yr™.

Gordon and Madramootoo (1988) recaculated the erosivity vaues for Atlantic Canada
adjudting for snowmet and runoff from unfrozen graund. These adjustmentsincreased erosvity
expectations by 300 to 500 MJ mm ha™ h* yr!. These vaues are similar to the 1720 MJ mm

ha* W' yr* calculated for northern Maine, U.S.A. (Brady and Weil 1999).



OIL ERODIBILITY (K-FACTOR)

Soil erodibility is a measure of the inherent susceptibility of soils with respect to particle
detachment and transport (Brady and Weil 1999, Kesteren 2000). Vaues range from 0.1 to
0.45 Mg h MJ* nm*, and these values represent soil loss per unit of erosve-ranfdl-energy.
Soils containing organics, clays and, granular structure generdly have high rates of water
infiltration, and a K-vaue of < 0.025. (Renard et al. 1991, Brady and Weil 1999). Soils
composed of glts, fine sand, and clay minerds, generdly have alow infiltration rate, and a K-
value=> 0.04 (Brady and Weil 1999).

Soil erodibility varies seasondly, with higher vaues occurring in spring when soils have
reduced water infiltration rates due to high water saturation, and low shear strengths.  Lower
vaues occur in the fall and winter following periods of ranfdl or frozen soil (Kirby and Mehuys
1987, Renard et al. 1991).

According to the Canadian Soil Maps, the HBWS area has a erodibility vaue of 0.018
Mg h MJ* mm’, for the Fredericton area the vaue is 0.042 Mg h MJ* mm®. For northern
N.B. the value is 0.033 Mg h MJ* mm" (Coote et al. 1992). At the smaller forest soil unit
scale the Parry forest soils should have a value of 0.027 Mg h MJ* mm™. The Sunbury should
have values of 0.025 Mg h MJ* mmi’, and the Sdlisbury should have a vaues of 0.031 Mg h

MJ* mm* (Aalund and Wicklund 1950, Wickund and Langmaid 1953, Cooteet al. 1992).
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SLOPE LENGTH - STEEPNESS (L-S FACTOR)

This factor represents the influence that the length and steepness of a dope has on soil
eroson (Agass et al. 1988, Renard et al. 1991, Nadlas et al. 1994, Brady and Weil 1999).
A 10 % error in dope length can result in a5 % error in computed oil loss, a ten % error in
steepness can cause a 20 % error in soil loss (Renard et al. 1991).
For the Maritimes the Soil Landscape of Canada maps show an L-S factor of 0.26 at leve
ground, and a L-S factor of 25 for ridged land (Coote et al. 1992). The vaue for the HBWS
area is 5.29. This is much higher than the 0.37 value for Fredericton, and the 1.63 value for
northern New Brunswick (Coote et al. 1992).

To provide a more accurate estimate of L-S vauesfor each of the HBWS watersheds,
hydraulic gradient values as calculated by Bourque and Pomeroy (2001) are used. These

vaues represent a change in hydraulic head per unit length between 3.4 to 5.2 (Gray 1970).

COVER TYPE (C-FACTOR)

The cover factor uses canopy structure, ground cover, and soil type to characterize soil loss
due to land-use change (Renard et al. 1991). Vaues range from O for well-protected soils, 1
for bare soils, and 1.5 for soils highly susceptible to erosion.  C-factor vaues for forests and
range-landsin mid-western USA are (Brady and Weil 1999).

0.09 for forests with 75% canopy and 40% litter,

0.032 for range grass (<1m) with 75% cover and 60% decaying litter cover,

0.003 for forests with 75% canopy and 100% litter,
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0.001 for forests with 90% canopy and 100% litter.
Land cover within the HBWS areais estimated at 90 % canopy cover and 100% litter

cover. Thiscondition is best represented by a C-value of 0.001.

SUPPORTING PRACTICES (P-FACTOR)

Supporting practices includes physicad structures that assist in managing eroson. The vdue
represents a ratio of soil loss with and without the supporting practice, taking into account
surface roughness, runoff reduction, and dope. It is the least relidble factor because the user
sts values. A vaue of 1 represents Stuations where no conservation practices are applied
(Robertson 1996, Brady and Well 1999). Vdues for tilled fields with soil-conservation
practices can range from 0.6 (1-2 % dope) to 0.9 (21-25 % sope) (NSERL 2002).

The supporting practices factor will not be used in the caculation of USLE because each
watershed is generdly forest-covered, providing better natural erosion control structures than
could be obtained through managemen.

Based on the vaues in Table 7.1 the USLE generates a potentiad soil loss that ranges

between of 0.15 to 0.27 Mg ha* yr* (firgt line-Table 7.3).



Table 7.2: USLE and field estimated potentiad soil loss (Mg ha™* yr™)
for the 5 watersheds in the Hayward Brook Watershed Studly.

Watershed 1 4 5 6 9
USLE soil loss (Mg ha™ yr')) 0.18 0.24 0.15 0.27 0.16
Field estimated soil loss (Mg 0.34 0.56 1.49 2.08 1.01
ha™yr')
Difference (Mg ha™'yr'™") 0.16 0.32 1.34 1.81 0.85
Likely source of sediment stream stream stream forest forest
channel channel channel road road
DISCUSSION

The cdculated USLE soil losses are dl much lower than the 23 Mg ha™ yr™* potentia
s0il loss vaues tha are predicted for the Sunbury and Parry forest soils when under agricultura
conditions (Adund and Wicklund 1950, Krause, 1998). This difference demongtrates the high
level of naturd soil eroson control within the forested landscape. The USLE generated soil loss
vaues represent the lowest limit of soil loss estimations and as a result, were dl lower than the
fidd - estimated soil loss values of Chepter 6 (line 2 — Table 7.3). The fidd — estimated
concentrations on the other hand represent the upper limit of soil loss estimation, and the true
concentrations are expected to be within these limits.  The difference between the two limits
(line3—Table 7.3) isbased on:

the fact that the USLE cdculates uniform soil loss across a watershed, whereas the

fidd-estimated sediment yield as registered at the location of each turbidity probe: at

these locations, and as discussed in Chapter 5, extra inputs due to stream channe

eroson (Watersheds 1,4,5) and input from road/stream crossings (Watersheds 6,9)

must have added to the overall sediment loads;
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the converson of the partialy cleaned turbidity signatures into suspended sediment
yields may have generated an over-esimate of the actud sediment yidds per stream.
Ovedl, and within the limits of andytica uncertainties, Table 7.2 likely portrays the upper and

lower limits of stream sediment yields for each of these streams.

CONCLUSIONS

The Universad Soil Loss Equation (USLE) uses five factors to caculate an index of soil
loss. In most applications, vaues for each factor are caculated a a gross scde causng spatia
differences at lower scaes to be missed.  With the HBWS gpplication, efforts vaues for the
USLE factors were obtained at the watershed scale.

Reaults usng the USLE provided generd edtimates of <oil loss for the HBWS
conditions. Edimates were lower than the fild-derived vaues because of the ingbility of the
USLE to condder soil loss from specific areas such as dream channds, and specid

consderations are required to estimate soil loss from bare soil on roads.
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CHAPTER 8

TURBIDITY SIGNATURES: PEAK-BY-PEAK ANALY SIS

INTRODUCTION

In this Chapter, the five stream turbidity signatures of the Hayward Brook Watershed Study
are re-anayzed pesk-by-peak, by determining peak height, peak shape, peak duration, and
interval time between pesks for al those pesks that would not be affected by sensor fowling.
The reason for doing thisis to generate a parametric means by which:

the above-background events of the stream-specific turbidity sgnatures can be smulated

mathematically, through sochastic means, one pesk a a time, and in a manner that

resembl es redl- time pesk-to- peak occurrences (Chapter 9),

turbidity pesk parameters can be inferred from overdl land-use patterns and road- stream

atributes within each basin.

METHODS

The above-background events five stream turbidity Sgnatures were analyzed, one pesk
at atime, by noting peak height, shape, duration and peak to peak interva, as follows.
peak height refersto NTU difference between measured turbidity baseline and measured

turbidity pesk,
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peak shape refersto peak skewness, i.e., whether peaks are skewed to the left (dow to

rise, sharp to drop), skewed to the right (sharp to rise, dow to drop), or non-skewed (rate

of peak riseissSimilar or same asrate of peak drop),

peek duration refers to the time between the beginning of a peak, and the time when the

same peek returnsto basdinelevd,

peak-to-peak interva (days) refers to beginning of one peak to the beginning of the next

peak.

Peak shape was used as part of the turbidity data quality control, to determine which pesks
would be genuine, and which pesks were likely due to probe mafunctioning. Three shape
classes were identified (Fig. 8.1):

Class 1. dow risein turbidity and subsequent quick drop,

Class 2: sharp increase and subsequent decrease,

Class 3: sharp rise and subsequent dow drop.

Class 1 events were likely due to gradud sensor fouling at firdt, followed by a sharp
drop due to lens cleaning. Hence, Class 1 peaks were aso generdly associated with time of
probe maintenance. Class 1 events were removed from the 460 registered turbidity events,
leaving 238 events for further analysis (Fig. 8.2). Of these, 200 events were Class 2; i.e., Class
2 events occurred four times more than Class 1 and Class 3 events (Fig.8.3). Class 3 events
were typicaly associated with large storms (Fig. 8.1). Streams 6 and 9 had the most events (see
Chapter 5). Peak heights ranged between 25 to 750 NTU, with most events occurring
between 25 to 250 NTU. Most events lasted for three days, with longer durations becoming

farly infrequent. The longest turbidity event lasted fourteen days. The turbidity peeks, once
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identified by height, shape and duration and displayed in terms of frequency histogram, were
then further andlyzed to determine to what extent the frequency histograms would be influenced
by watershed, by year, and by season (Figures 8.4 to 8.9). Viewing these histogramsreveaed
that each of the turbidity peak attributes were mainly influenced by watershed, and not by year
or season. Hence, further analysis was redtricted to characterize and parameterize each stream
signature by watershed only (and not by season ds0). This parameterization was done as
follows

Stream-specific tables were congructed to list daily NTU readings for each event, with day 0
marking the beginning of each event; these tables were andyzed for pesk height, pesk duration
and peak shape; peaks per watershed were fitted with the following equation to represent pesk

shape, height and duration

Turbidity (NTU records) =a* max_peak_height * time* exp & "™  Eq. 8.1

Here, time represents time (days) since peek initiation, and “a’ and “k” are watershed- specific
parameters. Maximum peek heights, in turn, were andyzed in terms of their cumulaive

frequency digtribution, which was best represented by:

Cumulative frequency distribution of max. peek heights

= [1-exp(-b* max_pesk_height)] ¢ Eq. 8.2

with“b” and “d” as watershed-specific parameters.



The cumulative frequency digtribution of the pesk-to-pesk intervals was fitted with the following

expresson:

Cumulative frequency distribution of peek-to-peak intervas

= [1-exp(-c * peak _to peak interva)] ° Eg. 8.3

with“c” and “€’ as watershed-specific parameters.

Parameters a, b, ¢, d, e, and k were obtained by fitting Equations 8.1, 8.2, 8.3, to
actua observations, i.e. NTU readings versustimet for al peaks within each of the five stream
sgnaures, cumulative frequency digributions (histogram) of maximum pesk heights for eech of
the five sream sgnatures, and cumulative frequency distribution of peek-to-peek intervals for
eech of the five dream sgnatures

The fitting was done by way of nortlinear regresson anadyss, in each case.

RESULTS

Frequencies of maximum turbidity heights, duration and shape were plotted by
watershed, by season and by year (Figs 8.4 to 8.9). The following was found:

Class 2 was the dominant peak shape in al watersheds across dl years, except Stream 1

(Fig. 8.4). Most observations were obtained for Streams 6 and 9.
Frequency didtributions of max. pesk height were highly varigble across watersheds and

years, with highest number of pesk events occurring in Streams 6 and 9 (Fig. 8.5).
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Most streams contained peak events that generally occurred over a 3 to 5 day period.
Longest events were found in Stream 6 (Fig. 8.6). In Stream 9, the mgority of events

lasted 3 days.
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Fig. 8.1.Turbidity event classes within the Hayward Brook Watershed Study Area.
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Event attributes generdly had dightly devated frequenciesin soring and fal (Figs. 8.7, 8.8,
8.9). Also, these periods contained more class 2 shapes, possbly as a result of high

precipitation, saturated ground, and/or snowmelt.

Thebest-fitted “a’ and “k” parametersfor dl of the individud turbidity pesks arelisted in Table

8.1, by watershed. Inspection of these results showed that “k” increaseswith “a’. A closer

examination reveaded that

k=072*a%

The turbidity shape of each peak can thus be represented by

Turbidity pesk shape =

a* max_peak_height * time* exp (-0.72* a®® *time)  Eq. 8.4

Hence, parameter “d’ essentiadly determines the generd shape of each turbidity event in each

stream, in a watershed specific way. According to Table 8.1, turbidity pesks are generdly

sharpest in Stream 1, and least sharp in Stream 6 and 4.
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Table 8.1. Parameters“d’ and “k” for determining the turbidity pesks
of the 5 streams of the Hayward Brook Watershed Study.

Stream a k r2
1 15.3+4.0 2.8+0.3 0.96
4 5.0+ 0.5 16+ 0.1 0.94
5 9.3+5.0 21+05 0.89
6 4.0+£03 14+£0.1 0.87
9 13.2+2.1 2.6+0.2 0.93
(n =58 events; with a total of 519 peak height values)

The best-fitted vaues for the “b” ad “d’ parameters concerning the pesk height
cumulative frequency didributions are listed in Table 8.2. In this case, the “d’ parameter
appears to be independent of “b”. The average vaue for “d” is 0.35. The best-fitted equation to

the peek height cumulative frequency digtribution is therefore given by

Cumulative frequency digtribution for max. pesk height

=[(1-exp(-b * max._pesk_height)] **° Eq. 85

Table 8.2. Parameters“b” and “d” for maximum peak height
for each of the 5 streams of the Hayward Brook Watershed Studly.

Stream d b b recalculated
1 0.35+0.04 0.0066 £0.01 0.0067 £ 0.0003
4 0.45 +0.06 0.0083 +0.001 0.0064 +0.001
5 0.26 +0.03 0.0073 +0.001 0.0099 +0.001
6 0.40 +0.04 0.0058 +0.001 0.0051 +0.0003
9 0.28 +0.02 0.0053 +0.001 0.0067 £0.0003

This smplified equation was then used to re-caculate “b” for each watershed. The resulting

vaues ae liged in Table 8.2 as “b recdculated’. Here, large “b” vaues imply that most
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maximum peek heights are amdl; low “b” vaues inply a wide range of max pesk heights from
amdl to large. Hence, Stream 5 has turbidity pesks that are generdly small, while Stream 6 has
turbidity pesks with a wide range of maximum height. It should be noted that the peak height
data covers only the range of the turbidity sensor which in this case study was 0-1000 NTU.

The best-fitted valuesfor the“c’ and “€’ parameters of the cumulative frequency distribution for
the peak-to-pesk intervals are listed in Table 8.3. In this case, the “€’ parameter appears to

be independent of the“c” value. The average vaue of “€’ is0.32.

Table 8.3: Parameters for the cumulative frequency distributions
for the peak-to-peak intervals for each of the 5 streams
of the Hayward Brook Watershed Study.

Stream e C c recalculated
1 0.20 + 0.04 0.0029 + 0.0007 0.0055 + 0.0007
4 0.39 + 0.06 0.0099 + 0.0017 0.0098 + 0.0008
5 0.30 £ 0.05 0.0046 + 0.0009 0.0058 + 0.0006
6 0.32+£0.02 0.0210 + 0.0014 0.0244 + 0.0007
9 0.40 + 0.03 0.0322 + 0.0023 0.0307 + 0.0007

The peak-to-pesk cumulative frequency distribution equation therefore becomes

Cumulative frequency distribution for the pesk-to-peek intervas

=[1-exp(-c * peak_to_peak_interval)]** Eq. 8.6

This amplified equation was used to re-caculate “c’ for each watershed. The resulting values
are liged in Table 8.3 as “c recdculated”. High “c” vaues imply that most pesk-to-peak
intervas are short, i.e., aparticular stream has many recurring turbidity events, asis the case for

Stream 6 and 9; low “c’ vauesimply that turbidity events are well spaced, on average, asisthe
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case for streams 1 and 5. It should be noted that the peak_to_peak parameter is based on
‘cleaned’ data that had 238 unnatura events removed (Figs. 8.2, 8.3). As a resault this
parameter is subject to a degree of variation. Another source of varidion is due to severd
smdler peaks occurring within larger peaks. It was not possible to separate these, and as a
result the peak_to_peak parameter is based on ‘best possible datal .

In summary, Equations 8.4, 8.5, and 8.6 provide a mathematica description of the
turbidity sgnature of each of the five streams. Each of these streams can be represented by a
unique combination of vaues for “d’, “b’, and “c’, as liged in Tables 8.1, 8.2 and 8.3.
According to the observed reaionships between land-use activities and Streamroad

configuration, one can now generdize thisinformation as follows

CONCLUSIONS

The andyses of each of the five turbidity sgnatures indicated that stream turbidity events
within the HBWS can be classed into one of three shapes. The most common event type is
Class 2. This shape quickly increases and decreases. Most events generdly have apeak height
ranging between 50 to 250 NTU, but can range up to 750 NTU. The most common event
occurs over three days, with longer events occurring less frequently. Turbidity events, unlike
discharge events, varied consderably among the five watersheds. Turbidity events were most
frequent during the spring and fall seasons.

Stream turbidity events within the HBWS can be characterized using three mathematica

functions: one for turbidity shape, one for cumulative frequency of pesk height, and one for
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peak-to-pesk intervals. Parameterization of these functions provide— in principle - amethod to
quantify impacts of specific land and channe eroson events on stream turbidity signatures and
sediment yields. Generdly, intense land-use patterns and unstable road and stream:channd
conditions produce frequent ard sharp peeks that decay dowly. Low intensity land-use and
stable road and stream channel conditions cause small peaks that decay quickly, and occur less

often.
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CHAPTER 9

RANDOM PULSE TURBIDITY MODEL

INTRODUCTION

Severd models exist that Smulate within-stream processes, such as USLE, RUSLE,
WEPPS, CREAMS, ANSWERS, and SEDIMOT-2, (Renard et al. 1991, Kusumandari and
Mitchell 1997, Mitasova et al. 1997, Cochrane and Flanagan 1999, Wang et al. 2000). These
models are generdly applied to Stuation where there is a need to predict changes in sediment
flux or water qudity in a particular watershed. The USLE, or RUSLE, its revised version, use
sx factors to caculate soil loss from specific dopes or fidds. Vaues for these factors have
been calculated for most of North America Chapter 7). Results are very approximate, but are
appropriate for estimating soil loss from shest, rill, and gully eroson. The CREAMS model
(Chemicd, Runoff, and Eroson from Agriculturd Management Systerrs) utilizes the USLE
factors to predict water quality per storm event, at the fidd scae. The WEPP (Water Erosion
Prediction Project), and Answers (Areal Nonpoint Source Watershed Response Simulation)
models predict soil loss at the watershed scale. Unlike the empirical USLE, these modds are

process- based, and can be used to assess soil loss by storm event.  Sedimot- 2 (Sedimentology
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by Didributed Moded Treatment) predicts soil loss on mined lands.  This mode is aso process
based, but is applicable to sngle events only.

Although the above models smulate field and watershed erosion processes, they do not
include process formulations for stream turbidity and related sediment yields. This thess has
shown that turbidity signatures gppear to occur in random patterns, and that these patterns can
be quantified and used for estimating suspended sediment concentrations and yields (Chapters
6, 8), and that a connection can be made between these calculations and those that generated
from generd 0il loss expectations (Chapter 7). The smulation of successive turbidity events,
however, is difficult, especidly when time, location, type and extent of the occurrences that
produce these events are essentialy unknown (Chapter 5). The purpose of this Chapter isto
develop, use and document a means to smulate to stream turbidity sgnatures and sediment
fluxes in forest streams, based on a detailed analysis of the preceding 5-stream case study.
Specificdly, the model of this Chapter is constructed:

To smulate the above-ground turbidity signatures for each of the HBWS streams based on
the peak height, duraion, and pesk-to-pesk interva frequency digtributions of these
streams.

To edimae the cumulative suspended sediment flux of these steams, and other smilar

sreams, for generd conditions that are essentidly limited to the conditions of this case

study.
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MODEL DESCRIPTION

To smulate pecific turbidity Sgnature for any particular forest stream, one must be able
to capture the apparent randomness of the successive turbidity events as these unfold for
particular stream and watershed conditions. This task was addressed through the devel opment
of the “Random Pulse Turbidity Modd”, or RPTM for short. This modd links the turbidity

peak, duration, and peak-to-peak interva equations of Chapter 8 to a pulsed random number
generdor. This generator is designed to draw uniformly random numbers from the cumulative
frequency didtributions of each peak-to-pesk interva frequency didribution, to initiate a time-
successive train of new turbidity event. To do this, the occurrence of each new turbidity event is

drawn from a uniformly random number generator as follows:

peak to peak interval

=- (1/c) * logn [1-uniform random number ¥°32] (9.1)

The occurrence of each new turbidity event is — in turn — defined through another random

number drawn, this time drawn from the cumulative pesk height frequency digtribution, i.e,

max_peak_height

=- (Ub) * logn [1-uniform random number %] (9.2)

The resulting pesk height is then used to cdculate the shape of the new turbidity event, i.e,

turbidity peak shape =

114



a* max_peak_height * time* exp (-0.72* a®® * time) (9.3)

The RPTM mode (Figure 9.1) was developed in Stedla software (HPS 1997), using a
series of dynamically linked mathematical expressions (see Appendix 2, Fig. 9.1). Stela
software was selected because it is useful for constructing process-oriented computer models
with congderable ingructive vaue (Arp and Xiwe 1992, Meng et al. 1995). The RPTM
model smulates randomly occurring turbidity eventsby producing arandom segquence of
random pulse based on equations 9.1, 9.2, and 9.3, and watershed- specific selections for
parameters“a’, “b” and“c’ (Table9.1). With RPTM, each new pesk isinitiated with the
peak to peak interval generator. Peak heights and shapes of each turbidity peak are
established at the beginning of each new turbidity event by the max_pesk_height_initiator.
Often, new peaks may form while the old pesk is still decaying. In this case, argpid succession
of new peaks generates a piky “peak envelop”, as observed in the field. The extent of these
envelopsis controlled by the peak-decay adjustor. A high vaue for this adjuster minimized
peak-to-peak overlap. A low value decreases peak decay and increases peak-to- peak
overlap.
Each turbidity value in the smulated turbidity signaturesis converted into a corresponding
suspended sediment concentration, by using the turbidity- sediment regression equation
determined in Chapter 6 (Equation 6.1). Theresulting values, in turn, are multiplied by the
average vaue for daily stream discharge a the location of stream discharge and turbidity
messurement, to determine the cumulative sediment flux for the desired duration &t that location,

up to, e.g., 2000 days. For further programming details, see Appendix 2.
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Fig. 9.1. Random Pulse Turbidity Mode: Stella programming platform. Circles contain
information about parameters and equations,; boxes cumulate difference between inputs (broads
arrows pointing towards box) and outputs (broad arrows pointing away from boxes). Individua
turbidity events are cumulated to track cumulative sediment yields. For further details, see text.
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RESULTS
Frequency distribution histograms for maximum peek height and peek-to- pesk interva

are shown in Figs 9.2, 9.3 for Stream 6, to illugtrate that smulated frequency digtributions for
maximum peek height and pesk-to-pesk intervd are smilar to those observed in the fidd.

These smulations were based on setting the “&d’, “b”, “c”, and “peak_decay adjustor” to ther
stream-gpecific values, as summarized in Table 9.1. In this, the “a&’, “b”, “c” vadues are the
same as the corresponding vaues listed in Chapter 8. The only adjustment done to ensure that
the amulated cumulative turbidity and sediment yield vaues correspond to the field -observed
vaues was done by setting the peak-decay adjustment factor to values ranging from 0.05 to
0.17. Actud smulations for each 2000 day run of the RPTM are plotted in Figures 9.4 to 9.8,
with one smulation for each of the 5 streams, to illugtrate generd model behaviour. These plots
are in generd agreement with the field-derived plots in Chapter 5 in terms of turbidity pesks,

and cumulative turbidity and cumulative sediment yidd.

Table 9.1: RPTM parameter vaues for smulating cumulative turbidity (NTU), cumuletive
sediment load and turbidity peaks for streams in the Hayward Brook Watershed Study.

Watershed 1 4 5 6 9
Stream discharge at 7564 1821 12905 4039 7499
measurement
location(tons/day)
‘a’ peak height parm. 15.3 5 9.3 4 13.2
‘b’ peak duration 0.0067 0.0064 0.0099 0.0051 0.0067
parm.

‘c’ peak interval parm.  0.0055 0.0098 0.0058 0.0244 0.0307
Daily turbidity (NTU) 19.9 27.3 17.9 15.1 15.1
Cumulative turbidity 39871 126669 72324 217540 67567

(NTU); 2000 days
Cumulative sediment 897 492 5876 2622 3305
yield (tons/watershed);
2000 days
Peak-decay adjustor 0.15 0.09 0.05 0.14 0.17
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Fig. 9.2. Frequency distribution of peak height for Stream 6
of Hayward Brook Watershed Study.
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119



14

200000.00 =
4000.00
1000.00

100000.00
2000.00
500.00

0.00

0.00

2
0.00 |41
0.00 J_jC

1: cumulative turbidity (NTU)

2: cumulatice sediment load f—QONES 3: turbidity peak (NTU)
watershed

JUPU Ll R

1000.00 1500.00 2000.00
Time

(days)
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Fig. 9.5. Representative output from Random Pulse Turbidity Modd: cumuative turbidity, cumulative sedimert load and turbidity pesks for
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Fig. 9.6. Representative output from Random Pulse Turbidity Modd: cumuative turbidity, cumulative sedimert load and turbidity pesks for
Stream 5 of the Hayward Brook Study. Arrows point at cunuldive turbidity (blue) and cumulaive sediment load (purple), for acumuation
period of 2000 days.
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Fig. 9.8. Representative output from Random Pulse Turbidity Modd: cumuative turbidity, cumulative sediment load and turbidity pesks for
Stream 4 of the Hayward Brook Study. Arrows point at cunulaive turbidity (blue) and cumulative sediment load (purple), for acumuation
period of 2000 days.
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Detals

Stream 9 contained an active turbidity sgnature during most of the study period (Fig.
5.1). The mgor source of turbidity was improper ditching, and only in the later part of the study
did the turbidity activity drop. The smulation reproduced the sgnature of this stream showing
times of eevated turbidity events, separated by times of low turbidity (Fig. 9.4). The mode
aso confirmed that there should be many spiky pesk envelopes in excess of 1000 NTU, i.e,
the upper limit of the turbidity sensors that were used in the field.

Stream 6 had the mogt active turbidity signature, with severa events occurring over a
wide range of concentration, as shown in Fig. 5.1 and Fig. 9.5. Aswith Stream 9, and with the
field Stuation, many smulated turbidity peaks exceeded 1000 NTUs.  Stream 5 had generdly
one of the mildegt turbidity Sgnatures, with small and widdy-spaced turbidity pesks (Fig. 5.1,
Fig. 9.6). In this case, individua peaks were broadened by setting a low vaue for the pesk-
decay adjustor, to achieve overdl correspondence with the field-determined vaues for
cumulative turbulence and sediment load. However, this adjusment is somewhat artificid,
because broadening each peak essentially accommodate the one-time release of sediments that
occurred during asingle mgjor stream channdl wash-out event washout event (Fig. 5.1, 5.8).

Stream 4 produced an active turbidity sgnature because of the location for turbidity
sensor just bdow an activdy eroding stream bank (Fig. 5.1). The overdl sediment
concentrations within this stream, however, were generdly low and infrequent, and this is aso

seen in the amulations (Fg. 9.7).
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Stream 1 had the leest active turbidity sgnature during the study (Fig. 5.1). Turbidity in
this stream nostly occurred during the road congtruction phase. The cumulative 2000 day
turbidity was found to be the lowest, at 39871 NTU in the fidd. Ingenerd, the smulated data
corresponded with the field observations (Fig. 9.8).

Also shown in Figures 9.4 to 9.8 are the fidd-derived vauesof cumulative turbidity and
cumulaive sediment loads for the 2000-day smulation period, asindicated by the arrows (cum.
turbidity: blue; cum sediment load: purple). In these plots, there are - in severd ingtances -
condderable differences between the filed-observed vaues, and the representative Smulation
runs. Thecdibration was done to provide an average agreement between fidd-observed and
samulated cumuletive turbidity. For streams, 9,6,5,4, and 1, the agreement of the smulaions
waswithin 0.6, 1.1, 0.7, 2.5, and 0.5 of the fiedd-observed vaues, respectively. The greatest
disagreement was with Stream 5 i.e,, the Stuation were smdl and far- spaced turbidity events
are interrupted by a one-time occurrence of amgor turbidity event.

For the sediment loads, smulated vaues for the cumulative sediment loads differed from
the fidd-derived vdues by 1.6, 1.2, 1.6, 0.9, and 2 for Streams 9, 6, 5, 4, and 1, respectively.
Altogether, it can be concluded that the Random Pulse Turbidity Modd redigticaly amulates
expected sediment loads within a factor of two. Improvements can be made through further
mode cdibration. Such calibrations should —in principle- be based on turbidity sgnatures that

are essentidly free of operationd difficulties due to sensor mafunctioning.
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CHAPTER 10

CONCLUSIONS

The analyses of stream turbidity within the Hayward Brook Watershed case study has
provided an improved understanding of how land-use, soil erosion and natura stream dynamics
cause vaidions in stream turbidity Sgnatures and suspended sediment flux. This thess has
shown the following:

1. Stream turbidity events generaly occur randomly, being influenced by land-use, soil erosion
and stream dynamics.

2. Turbidity sgnatures vary in intengty across watersheds, whereas discharge was generdly

smilar anong the essentialy neighbouring watersheds.

3. Roads in generd are a mgor and chronic source of sediments, roads that are poorly
maintained can be amgor source of continuing stream turbidity and sediments.

4. Naturd eroson within a stream channd; eg., bank eroson or any change in Stream
sructure can cause a turbidity signatures smilar to those associated with upland soil erosion.

5. Stream turbidity was found to be dtrongly associated with suspended sediment
concentrations, showing a linear reationship a high concertrations, and an asymptotic
relationship at the origin.

6. Huxes are higher in the oring season, dthough activities in the summer (traffic) and winter
(ice, freezing and thawing) may loosen soils and stream structures, thereby providing alarge

source of sediments prior to fdl rains.
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10.

11.

Field observations about road conditions provide a quick method to predict degrees of
road eroson potentid and subsequent stream turbidity events. Greasy conditions during
wet periods may produce particularly large generdly and extengve turbidity events.

The Universa Soil Loss Equation was found to be a good indicator of basdine soil loss.
Small scale spatid differences found within forested watersheds cannot be captured with
USLE. Thiscauses soil loss due to road and stream structure change to be missed.

Soil loss from road beds within each watershed can be caculated using the USLE as a
basdline for soil loss.

Turbidity sgnatures for each of the five watersheds could be characterized by
parameterizing turbidty shape, peak height and pesk_to_peek interval usng mathematica
functions.

The development of a Random Pulse Turbidity Modd was found to produce acceptable

turbidity signature and sediment flux smulations for each of the five HBWS streams.

CLAIMSREGARDING ORIGINAL CONTRIBUTIONS

1

3.

Documentation of protocol to monitor in-Stu stream monitoring of turbidity in remote aress,
and of quality control data procedures regarding hourly turbidity data.

Combining the use of the Universd Soil Loss Equation and the field observed soil loss
concentrations to determine soil loss per area of exposed soil within watershed.

Andyss of gream turbidity sgnatures usng an in-depth review of soil eroson and stream

channd dynamics.
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4. Andyss of turbidity Sgnatures LEng a characterization of turbidity events based on event

6.

shape, height, and peak-to-peak intervals.

Development of a model that uses random pesk height and pesk interva initiators to
samulate turbidity sgnatures and associated suspended sediment flux for particular forest
streams.

A generd evauation of the parameters of the mode, to dlow for a generd quantification of
dream turbidity Sgnatures and associated sediment fluxes based on a dmple
characterization of overal watershed conditions that would influence extent of turbidity

occurrences.

RECOMMENDATIONS FOR FURTHER RESEARCH

1

4.

Placement of turbidity probes: one must ensure that these probes are not influenced by
excessive stream bank erosion nearby. Pools to be monitored should be in straight
gtretches of the stream.

Monitoring protocol of stream turbidity should include one stationary probe, and a portable
probe to determine local sediment entry points dong the stream.

Data logger downloading and calibration/cleaning of sensor should be frequent to enhance
accuracy of sensor readings.

Watershed conditions and changes in land-use and stream gructure should be routingy

documented to ensure magjor events are al recorded by type, location, and date.
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5. Suspended sediment samples should be oollected to represent the natural range of turbidity
over the hydrologicd cycle, to obtan a rdiable turbidity — sediment concentration
cdibration plot.

6. The RPFTM modd should be evauated a other locations, for further modd testing and

modd refinement.
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APPENDIX 1

TURBIDITY CALIBRATION AND DATA QUALITY CONTROL

Introduction

In-gtu turbidity readings were checked for quaity control using sensor cdibration data,
and inter-cdibration Ste vist information. Sensor fouling which occurs when particles settled on
the sensor lens causes turbidity concentrations to be over-estimated. This was found to be the

main cause of over-esimation of turbidity readings.

Data Management / Quality Control

Turbidity was recorded a 60 minute intervals and logged onto a VEDAS data logger.
Data was stored according to stream identification, date and time. Each hourly turbidity reading
was checked through the comparison to cdibration and field notes, and comparisons with
turbidity concentrations from adjacent streams. A correction was gpplied only if judtified. The
use of correction formulas and artificid neura networking was atempted, but found not to be a
suitable technique for turbidity data (Smpson 1999). An automated correction formula could

eliminate reading drift, but could not account for the hourly high to low turbidity fluctuation.

Cdibration sheets were generdly used as the mgor information for turbidity qudity

control (Table A1.1). For example, on September 04, 1996 the turbidity sensor at station 1
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measured 64.5 NTU for a74 NTU standard (Table A1.1, Fig. A1.1). The sensor was under-
estimating the standard by 33 %. A correction was then applied back intime. The end point
was chosen as an event that was dgnificant enough to cause the recorded event. In this

example the correction was applied back to the 750 NTU peak on August 22, 1996.

Readings of 9999 NTU were often recorded when the sensors became clogged. As
these values are outside the sensor range (0 to 1000 NTU), an adjustment was applied. For
example; in stream 1 on May 12, 1995 the turbidity reading increased sharply to 1000 NTU
and remained till May 16, 1995 (Fig. A1.2). On May 16 the sensor was rinsed causing a sharp
drop in sensor readings. This indicated a fouled sensor. A correction was applied by
subtracting the lowest turbidity reading (899 NTU in this example) from each elevated reading.
The drop from 1000 to 899 is assumed to be a authentic decrease in turbidity concentration.
For those events which reached 1000 NTU over an extended period of time, but naturaly
dropped to zero no correction was applied (Fig. A1.3).

Comparison of raw in-gtu and post quaity control checked data for stream 1 shows

most corrections occurred during periodic separated events (Figs. A1.4, A.1.5)

SUmmary
Qudlity control of the hourly turbidity data was completed manudly according
cdibration sheets and inter-cdibration dte vidt notes. Automated quaity control techniques

were not suitable because of the randomness of turbidity events.
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Table A1l.l: Cdibration corrections and field notes applicable to stations

1,4,5,6,9 of the Hayward Brook Watershed Study.

Station 1

Date Calibration low Cdibration high Field Notes and Corrections Tech

March 22/94 Initid cdibration TS

June 10/94 June 10- July 05 - no data - log TS
prob

June 18/94 to July 05 = 0.5 NTU correction

July 05/94 recalibrated TS

August 16/94 80/84.2 Aug 16-24 - no data TS

September 93/81 Sept 30- Oct 05 - no data - log TS

30/94 prob

November 08/94 no cdibration numbers TS

December 01/94 90/90.7 Probe out Dec 01- Jan 24- low TS
wat

March 03/95 83/95 Stream open TSP

March 17/95 to March 20 =-976 NTUs

March 23/95 to April 15 = -953 NTUs *1.33
NTU's

April 15/95 83/62 to November 19=*1.33NTU’'s TSP

May 12/95 toMay 16 = -899 NTU’s

May 27/95 to June 08/95=*1.19 NTU’s

June 08/95 76/63.8 JP

July 07/95 74/65.2 JP

Augus 08/95 76/35.2 maybe 76/75.2 JP

October 19/95 74/96.3 JP

November 16/95 74/74.8 JP

December 12/95 74/76.2 Dec 12- 14 - no data JP

January 29/96 storm

January 31/96 to Feburary 07 = -980 * 1.23
NTU's

February 07/96 74/60.1 JP

April 21/96 toJune25=*1.85NTU’s

June 25/96 74/39.9 JP

August 22/96 to September 04 =* 1.15NTU’s

September 74/64.5 JP

04/96

November 17/96 to December 12=* 0.91 NTU’s
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December 12/96 0/0 74/81.5 Dec 21-Feb 12/97 - no data JPIGL

April 15/97 0/0 74177 April 18" cleaned probe

June 19/97 to September 04 =* 1.37 NTU’s

September 0/0.2 74/54 GL

04/97

December 10/97 0/0 7474 Nov 10- May 01 - no data GL

May 01/98

July 30/98 0/0 74176 Aug 09 Sept 24 - no data

December 03/98 0/0 74/75 GL

April 14/99 0/0.1 74/80 Probe out May 18, 1999 GL

Station 4

Date Cdibration low Cdibration high Field Notes and Corrections Tech

March 22/94  0/7 90/89 initid cdibration TS

June 15/94 0/1.4 79/104 TS

June 22/94 toduly 06 =*1.26 NTU’s

July 06/94 0/0 84/66.6 TS

August 12/94 80/88.8 TS

September 93/86.5 TS

30/94

November TS

08/94

December 01/94 90/95 DecOl-Jan 24 - no data - lowTS
water

March 03/95  0/12 80/80.3 stream ice covered TS

April 19/95 80/83 JP

May 09/95 toMay 17=*1.12NTU'’s

May 17/95 0/0 76/68.1 JP

June 28/95 toJduly 06 =*1.13NTU’s

July 06/95 74/65.4 JP

August 03/95  0/0 74/78.3 Aug 03-05 - no data JP

September 0/0 74/70 JP

15/95

October 16/95 to October 20 =* 0.89 NTU’s

October 20/95 0/0 74/83 large scorm Nov 08 JP

November 0/0 74/76.5 JP

16/95

December 3/95 74/80.1 GL/JP

February 07/96 April 21-May 01- 9998.9 NTUs

April 21/96 to May 01/96 = - *811 NTU'’s

Junel2/96 toJune 26 =*1.48 NTU’s

June 26/96 0/0 74/50 GL/JP

141



September 0/0 74/70 GL/JP
04/96
December 11/96 0/0 74/73 GL/JP
March 05/97 to April 15=-494 NTU'’s
March Q7/97 March O07-April 15 - 9998.9

NTUs
April 15/97 0/0 74/74.2 L eaves and sand on sensor GL
May 02/97 toMay 27 =- 737 NTU’s GL
June 07/97 turbidity sensor removed from ste GL
June Q7/97 to September 05=*1.48 NTU’s
September 0/0 74/50
05/97
October 28/97 to November 12=* 1.09 NTU’s
November 0/0 75/69 lots of dirt around probe GL
12/97
April 30/98 probe out since Dec /97
July 30/98 0/0 74/76 clean - stream low GL
December 02/98 0/10 74/72.5 Probe removed GL
Station 5
Date Cdibration low Cdibraion high Field Notes and Corrections Tech
March 22/94 Placement of Probe TS
April 23/94 toJune08 =*1.61 NTU’s
June 08/94 90/56 May 02-junl4 data gaps TS
July 05/94 84/87 TS
August 11/94 80/91 TS
September 28/94 93/90 TS
December 11/94 83/79 TS
January 17/95 to January 23=*0.87 NTU’s
January 23/95 83/95.6 to March 04/95 =-46 NTU’s TS
March 04/95 0/2.2 83/85 leaves on Probe TS
April 21/95 73/82 April 29-15- no data TS

dight amt of dirt

May 16/95 sandy-repositioned P
June 06/95 76/77.4 P
July 03/95 00 741715 July06-Aug 03- no data N
July 31/95 76/79.9 July06-Aug 03- no data GL/IP
August 03/95 00 741775 GL/JP
September 13/95 00 74/73 GL/JP
September 15/95 00 74/59.7 GL/JP
September 18/95 to October 18 =*0.87 NTU'’s
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October 18/95 74/85 Sit' on sensor GL/IP

November 08/95 to December 12 =*1.45NTU’s

December 12/95 0/3.9 74/51.0 GL/JP

January 31/96 to February 08 = -146 * 0.25
NTU’s

February 08/96 000 76/61 sand on sensor GL/IP

March 14/96 to April 17 =*0.69 NTU’s

April 17/96 0/3.3 74/108 GL/JP

June 14/96 toJune25=* 148 NTU’s

June 25/96 00 74/50 GL/JP

September 03/96 0/2.4 76/82.0 dirt on sensor GL/JP

October 15/96 to December 12 =*0.86 NTU’s

December 12/96 0/0 74/86 GL/JP

April 16/97 0/3.3 74/80 Jan 07-20/97 no data GL

September 05/97 00 74/70 GL

December 04/97 00 75/82 sediment on sensor GL

February 24/98 toMarch 10=- 698 NTU’s

March 10/98 cleaned probe - storm Feb. 22 GL
March 30-April 29 - turb =
9998.9

April 29/98 00 74/63 sand on sensor GL

October 31/98 Oct 31- Nov 10 - turb=99989 GL

November 02/98 to November 10 =- 997 NTU’s

April 13/99 0/0.1 74/69 GL

July 10/99 toJuly 14 =*158 NTU’s

July 14/99 00 74146.7 GL

October 26/99 0/1.5 74/78.3 leavesin pvc pipe GL

Station 6

Date Cdibration low Cdibration high Field Notes and Corrections Tech

March 24/94 initid calibration TS

April 12/94 April 08-12 - 9998.9 NTU TS

April 18/94 to April 26 =- 906 NTU’s

May 21/94 to June 08 =* 1.42 (lots pollen)

June 08/94 0/2 90/63 glt’ on sensor TS

June 28/94 toduly 05=* 0.73NTU’s

July 05/94 84/115 TS

August 07/94

toAugust 11 =* 0.88 NTU’s



August 11/94
September
28/94

December 12/94
January 31/95
March 31/95
April 21/95

May 15/95

June 06/95

July 01/95

July 04/95

July 19/95
August 03/95
September
13/95

October 15/95
October 18/95 0/0
November 08/95
November 16/95
November 29/95
December 12/95
January 25/96

January 30/96

February 08/96
April 07/96

April 17/96

May 12/96

June 20/96

June 25/96
September 0/0
03/96

September

18/96

October 19/96
October 21/96
December 10/96
December 20/96
April 16/97 0/16
May 19/97

80/91

83/86.3

76/78

76/78.9

76/102

74/42.4

74/70.1

74/79.7

74/51.6

74/124

76/46.5

74/55.7

74/78
76/84

74/85

74/100
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TS
Oct 04-15 - no data TS
Nov 03-16 - no data
Nov 19-23 - no data
TS
toMarch05=-32NTU’s
toMay 15=* 1.20NTU’s JP
JP
AO/JP
toduly 04=* 0.74 NTU’s
JP
to August 03=* 1.74 NTU'’s
maybe 74/72.4 JP
JP
to October 18 =- 12NTU’s
leaves on probe JP
to November 16 =* 1.43NTU’s
JP
to December 12=* 0.60 NTU’s
Ice in turb solution JP

to January 28 = -856 * 1.63
NTU’s
to February 08 = - 437.5 * 1.63
NTU’s
probe dirty and moved by ice JP
to April 17=* 1.32NTU’s
JP
toMay 13=- 954* NTU’s
toJune24=-172NTU’s
JP
JP

to September 20 =- 100 NTU’s

to October 21 =- 960 NTU’s
to December 10 =* 0.91 NTU’s

GL
to April 16 =- 0.74 NTU’s
probe moved with sltand leaves  GL
toMay 27 =- 135 NTU’s



June 14/97 todune19=-520 NTU’s

Jduly 17/97 to September 03 =* 1.15NTU’s
September 0/0 76/66 GL
03/97

November 13/97 to December 04 =* 1.12NTU’s
December 04/97 0/0.2 75167 GL
February 13/98 to February 18 = - 450 NTU’s

April 21/98 to April 30* 0.80 NTU'’s

April 30/98 0/0 74/86 sensor dightly dirty GL
May 05/98 toJune12=- 450 NTU’s

June 12/98 todune14=- 150 NTU’s

June 14/98 toJune22=- 240 NTU’s

July 12/98 toduly 12=- 165 NTU’s

July 28/98 toduly 29=- 245* 0.82 NTU’s

July 29/98 0/1.5 74/90.3 July 28-29 - missing data GL
November 02/98 to November 10=- 640 NTU’s
November 10/98 to December 03=* 0.78 NTU'’s
December 03/98 0/0 74/95 GL
February 10/99 to February 18=- 84 NTU'’s
February 18/99 to April 13=* 0.84 NTU’s

April 13/99 0/0 74/88 leaf in cond sensor/sand in case GL
April 13/99 toJduly 26 =* 0.87 NTU’s

July 26/99 0/5.5 74184.7 dirt and sand on sensor GL
August 11/99 to August 13=- 26 NTU’s

October 18/99 to October 27 =* 0.86 NTU’s
October 27/99 0/0 74/86 leaves and dirt on sensor GL
March15/00  0.0/2.7 74/73.4 April 06 to April 09=-94 GL

April 13to April 16 =- 561

April 16 to May 07 =-562

May 25to June 01 =- 599

June 04 to June 07 = - 454
June 08/00 0.0/10 74/92.5 June 07 to July 17 = - 106 GL

July 17 to August 02 = - 150

August 06 to August 09 = -517

August 13 to August 16 = -561
September 0.0/0.0 74/68.1 August 16 to Sept. 09 = - 562 GL
14/00

Sept 27 to October 03 = -619

October 06 to October 09 = -454

October 25 to November 01 = -

501

Nov. 07 to Nov. 14 = - 100

Nov. 15to Nov. 28 = - 93
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November 28 to December 01 = -
49

Dec. 01 to Dec. 06 =- 68

Dec. 06 to Dec. 31 =- 515

Station 9

Date Cdibration low Cdibration high Field Notes and Corrections Tech

April 19/95 83/72.7 Initid cdibration PD/JP

April 21/95 to April 24 =-458 NTU'’s

April 24/95 toMay 16 =* 1.19NTU’s

May 16/95 76/64 PD/JP

June 08/95 to June 09/95 =*1.12 NTU’s

June 09/95 76/67.6 AO/IIP

July 05/95 0/0 74/92.2 JP

August 08/95  0/0 74/67.9 JP

September 0/0 74/75.4 JP

12/95

October 16/95 0/0 74/86.1 few leaves on sensor JP

November 20/95 0/0 74/76.2 JP

December 13/95 no cdibration numbers JP

January 25/96 to January 26 = - 700 NTU’s

January 26/96 to February 07 = - 186 NTU’s

February 07/96 cleaned probe JP

February 08/96 to February 12=*1.19NTU’s

February 22/96 toMarch12=* 1.19NTU’s

March 12/96  0/0 74/62 sediment on probe JP

April 20/96 toMay 08=- 10NTU’s

May 11/96 toMay 13=- 25 NTU’s

May 16/96 toMay 21=- 60NTU’s

June 27/96 toduly 04 =* 1.25NTU’s

July 04/96 0/2.2 74/59 may not have been cdibrated GL/JP

July 28/96 to September 03=*1.03NTU’s

September 0/2.1 74/71.3 GL/JP

03/96

October 14/96 to October 22 =- 40NTU’s

December 09/96 to December 09 = -20 *0.83
NTU's

December 11/96 0/5.6 74/89.2 GL/JP

April 07/97 to April 14=-280* 0.87 NTU’s

April 14/97 0/0 74/85.3 June 14-duly 24 - no data GL

May 11/97 toMay 27 =-70NTU’s

September to September 05 =* 1.27 NTU’s

03/97
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September 0/2.5
05/97

November 10/97
December 04/97 0/0
May 04/98 0/0
November 08/98
December 02/98 0/4.0

February 14/99

March 25/99

April 14/99 0/0
July 16/99 0/2.4
September

25/99

October 26/99

March 15/00  0.0/2.7

June 08/00 0/0
September 0/0
12/00

75/59

75/101

74/70.5

74/83.5

74/74
74/75

74/94

74/73.4

74/96
74/29.3

Dec 13/97-Jan 21/98 - no data GL

to December 04 =*0.74 NTU’s
Probe under ice GL
minor dirt
to November 10 =-130 NTU’s

GL
A probesreplaced in s9 ***
to February 18 =- 360 NTU’s
to April 14=- 460 NTU’s
High turb - log on casing- dirty GL
dirt-glt-agee GL
to October 26 =- 85 NTU'’s

Slt and dirt GL

Lis pH sensors replace in 9 probes

January 01/00toMar 15 =-5.0 GL

Mar. 15 /00 to Mar. 29/00 missing

data

March 29 to 30 = -9990

March 30 to May 04 = -5.0

June 04 to June 08 = - 94 GL
GL

November 19 to Nov. 30 = -95
November 30 to Dec.06= -560
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Fig. A1.1. Examples of corrections applied to hourly turbidity (NTU) asaresult of information
gathered from September 03, 1996 cdlibration sheet.
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Fig. Al.2. Examples of corrections applied to turbidity eventsin the Hayward Brook watershed
Study.
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Fig. A1.3. No corrections gpplied to turbidity eventsin the Hayward Brook Watershed Study.
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Fig. A14. An example of the hourly in-gtu deta (NTU 0) and corrected turbidity data (*) for
Stream 1 of Hayward Brook during April 1994 to December 1995.
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1 of Hayward Brook during April 1994 to December 1995.
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APPENDIX 2

RANDOM PULSE TURBIDITY MODEL LISTING

cumulatice_sediment_load(t) = cumulatice_sediment_load(t - dt) + (sed_cum) * dt

INIT cumulatice_sediment_load =0

INFLOWS:

sed_cum = (2.79* turbidity _peak* (1-exp(-
0.0069* turbidity peak))*annua_daily_discharge/10™6)

cumulative_turbidity(t) = cumulative turbidity(t - dt) + (turb_cum) * dt

INIT cumulative_turbidity =0

INFLOWS:
turb_cum = turbidity peak
cum_peak _signd_count(t) = cum_peak _signa_count(t - dt) + (peak_signal_counter) * dt

INIT cum_peak_signa_count =0

INFLOWS:
peak_signa_counter = if pesk_signad=0 then 1/dt else O

max_peak_height(t) = max_peak height(t - dt) + (max_pesk height initiator -
max_peak_height_reset) * dt

INIT max_peak_height = -(1/'b"_constant)* LOGN(1-random_number"(1/0.35))/dt
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INFLOWS:

max_peek_height_initistor = if pesk sgnd_counter>0 then -(1/'b'_constant)* LOGN(1-
random_number”(1/0.35))/dt else 0

OUTFLOWS:
max_peak _height_reset = if peak_signa_counter>0 then max_peak _height/dt s 0

peak_signd(t) = pesk_signd(t - dt) + (peak_to_peak interval_generator - peak signal_reset)
* dt

INIT peak_signdl =-(1/'c_constant)* L OGN(1-(RANDOM (0,1)(1/0.32)))

INFLOWS:

peak to peak interval_generator = if peak sgna>0 then 0 dse -(1/'c’_constant)* LOGN(1-
(RANDOM(0,1)"(1/0.32)))/dt

OUTFLOWS:
pesk_signd_reset = if peak_sgnd>0then 120
time_during_peak(t) = time_during_pesk(t - dt) + (peak_intitiator - peak _terminator) * dt

INIT time_during pesk =0

INFLOWS:

peak_intitiator = if peak_sgna>0then 10

OUTFLOWS:

peak_terminator = if peak_signa= 0 then time_during_peak/dt s 0

turbidity peak(t) = turbidity peak(t - dt) + (turbidity_initiator - turbidity terminator) * dt
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INIT turbidity pesk =0

INFLOWS:

turbidity _initiator = 'a_constant* max_peak_height*time_during_peak* exp(-
0.72* ('a_congtant™0.5)*time_during_peak)/dt

OUTFLOWS:

turbidity_terminator = turbidity _peak*envelop_adjuster
‘a_constant = 13.2

'b'_constant = 0.0067

'c’_congtant = 0.0307

annud_daily discharge = 7499

peak_decay adjuster = 0.15

random_number = random(0,1)
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APPENDIX 3

FRESH WATER CREEK TURBIDITY AND SUSPENDED SEDIMENT DATA

Date Time Stage Discharge Turbidity Suspended sediment
(m) (m’sec’)  (NTU) Concentrations (mgl™*)
11/16/1999 10:15 0.442 17.38 20 328
11/16/1999 1315 0.609 29.75 37 231
11/16/1999 15:00 1177 89.83 88 1465
11/21/1999 13:00 0.743 4153 20 6.6
11/29/1999 20:15 191 2023 240 518
11/29/1999 21:15 2038 2256 224 444.1
11/29/1999 23.00 1.974 2138 155 255.6
11/30/1999 8:15 1.489 1333 58 68.3
11/30/1999 15:30 1.429 1244 93 1155
11/30/1999 17:45 2.145 2458 150 262.9
12/2/1999 9:15 0.944 62.1 28 304
12/6/1999 20:00 0.489 20.59 20 27
12/7/1999 9:30 0.97 58.14 21 174
12/8/1999 7:15 1.059 75.22 30 13.6
12/9/1999 4:15 1.802 1835 A 189.8
12/9/1999 6:30 1.809 184.6 97 1989
12/9/1999 9:00 175 174.7 70 82
12/9/1999 12:30 2018 2218 78 1085
12/9/1999 19:30 2,017 2217 61 713
12/10/1999 19:45 1.096 79.76 30 164
12/12/1999 22:45 1.219 95.24 100 127.3
12/13/1999 1:30 191 202.2 9 1284
12/13/1999 6:00 1.669 161.4 60 62
12/13/1999 9:15 1.489 1332 a4 32
12/13/1999 22:00 1121 82.84 29 116
12/18/1999 15:.00 0.688 36.54 20 49
12/19/1999 17:30 0.593 28.46 17 34
12/19/1999 1815 0.589 28.14 16 22
12/31/1999 14:00 0.351 1181 3 04
1/4/2000 6:30 0.448 17.78 30 139
1/4/2000 9:15 0.46 1859 23 4.3
1/4/2000 11:15 0.466 18.99 20 28
1/4/2000 14:15 0.564 26.16 24 7
1/4/2000 21:45 0.619 30.58 22 41
1/10/2000 17:45 0.6 29.03 13 7.6
1/10/2000 18:45 0.676 3543 22 174
1/10/2000 22:15 1.168 88.68 A 1504
1/10/2000 23:30 1.987 2161 213 489.4
1/11/2000 0:15 2.703 362.2 388 1172
1/11/2000 0:45 3.177 475 535 1620
1/11/2000 215 4.265 7784 696 2156
1/11/2000 5:15 4.651 900 593 1797
1/11/2000 6:15 4.315 793.6 527 1512
1/11/2000 6:45 4.144 741.6 500 850.3
Date Time Stage Discharge  Turbidity Suspended sediment

154



1/11/2000
1/11/2000
1/11/2000
1/11/2000
1/11/2000
1/11/2000
1/11/2000
1/11/2000
1/12/2000
1/12/2000
1/12/2000
1/12/2000
1/14/2000
1/14/2000
1/14/2000
1/14/2000
1/14/2000
1/14/2000
1/14/2000
1/14/2000
1/14/2000
1/14/2000
1/14/2000
1/15/2000
1/15/2000
1/16/2000
1/16/2000
1/16/2000
1/16/2000
1/16/2000
1/16/2000
1/16/2000
1/17/2000
1/18/2000
1/19/2000
1/19/2000
1/19/2000
1/20/2000
1/21/2000
1/21/2000
1/21/2000
1/21/2000
1/21/2000
1/22/2000
1/24/2000
1/24/2000
1/25/2000
1/26/2000
1/27/2000

Date

7.15
815
9:15
10:00
12:30
19:30
19:45
21:45
0:30
14:15
14:30
22:30
1:30
4:.00
6:15
8.00
10:15
10:45
11:00
11:45
13:30
16:15
22:30
9:00
22:00
0:30
2:.00
345
4:45
6:15
10:00
19:45
10:30
7.30
16:00
19:30
22:00
4:.00
7.45
830
9:45
10:15
11:45
16:30
11:30
12:15
14:45
14:45
18:00

Time

(m)
3921
3.498
3134
2.939
2439

185
1.836
1739
1.626
1.245
1241
1.074
1.483

21
3.032
3.939
4.532

4.42
4.416
4.168
3.665
3.031
2177
1.599
1.544

179
2.528
2.863
2.748

248
2138
1.648
1235
0.943
1.585
2.064
1.978
1631
1.005
1.007

0.99
0.981
0.965
0.886
0.673
0.671

0.86
0.948
0.733

Stage

(m?® sec’?)
675.7
558.2
464.2
416.8
304.9
191.8
189.4
172.8
1545
98.67
98.23
77.01
1324
237.3
439.1
681.1
861.5
826.3
824.9
748.8
603.5
438.9

252
150.2
141.6
181.4
323.7
398.9
372.3
3135
2444
157.9
97.38
61.91

148
230.3
2145
155.3
68.97
69.21
67.16
66.14
64.36
55.78
35.19

35
53.06
62.54
40.61

Discharge Turbidity

(NTU)
473
418
364
290
211
125
126
117
103

55

87
193
321

494

417
364
208
224
131
76
56
82
227
257
198
149
101

BRREBEBEB8E3 B

N
=
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Concentrations (mgl™)
1232
1030
823.1
729.5
548.2
2125
219.3
1794
1355
674
515
378
220.6
638.9
1084
1669
1626
1422
1261
1127
810.1
594.5
245.9
129.6
54.8
176.4
735.7
795.4
560.2
387.2
236.1
A
47
24.6
217.7
276.5
163.8
86.2
209
174
12.3
153
16.8

279
6.4
157
119
79

Suspended sediment



(m) (m’sec’)  (NTU) Concentrations (mgl™)
1/30/2000 5:45 0.553 25.33 24 234
1/30/2000 7:30 0.581 2749 26 164
1/30/2000 22:45 1.288 104.5 59 60.7
1/31/2000 16:15 1.073 76.92 37 16.9
2/1/2000 7:45 0.921 59.5 30 1.7
2/3/2000 20:00 0.589 2811 16 49
2/4/2000 2:45 0.567 264 16 79
2/4/2000 10:45 0.545 24.73 15 25
2/4/2000 13:30 0.539 24.26 15 25
2/4/2000 14:00 054 24.33 15 104
2/4/2000 14:30 0.538 24.18 15 15
2/5/2000 10:00 0.547 24.88 22 89
2/5/2000 14:00 0.634 31.84 23 129
2/5/2000 15:15 0.69 36.69 20 17.6
2/6/2000 13:15 0.769 43.99 30 6.3
2/12/2000 6:15 0.532 2371 47 4
2/12/2000 7:30 0.542 24.45 51 433
2/12/2000 9:45 0.583 27.68 30 18
2/12/2000 13:.00 0.832 50.21 29 273
2/14/2000 1:15 1.188 91.3 94 151.6
2/14/2000 2:30 1.782 180 206 533.6
2/14/2000 4:00 2.639 3479 343 1108
2/14/2000 6:30 3.074 4494 349 930.1
2/14/2000 7:15 2915 4112 282 696.5
2/14/2000 830 279 382 214 567.1
2/14/2000 11:15 3.259 495.7 217 592.2
2/14/2000 12:00 3.98 693 417 1491
2/14/2000 12:30 4.346 803.2 565 2056
2/14/2000 12:45 4.369 810.3 596 2024
2/14/2000 13:30 4.345 802.9 525 1452
2/14/2000 13:45 4.265 778.2 492 1296
2/14/2000 14:15 4172 750 414 816.1
2/14/2000 14:45 4111 7317 357 988.1
2/14/2000 15:00 4.107 730.5 342 1007
2/14/2000 16:45 4.086 724.3 293 690
2/14/2000 17:00 3.961 687.4 287 681.6
2/14/2000 17:45 3.795 639.9 286 605.8
2/14/2000 20:00 3.274 499.6 215 4255
2/14/2000 21:15 312 460.7 188 399.1
2/14/2000 21:45 3.02 436.2 178 341.3
2/14/2000 22:15 2921 412.6 167 4975
2/14/2000 22:45 2.86 398.2 158 321.2
2/14/2000 23:30 2779 379.5 150 311
2/15/2000 4:15 2411 298.9 101 1904
2/15/2000 13:30 1.885 197.9 62 975
2/17/2000 11:30 1128 83.69 30 231
2/22/2000 9:15 0.529 2349 21 179
2/22/2000 14:15 1033 72.13 4 172.6
Date Time Stage Turbidity Suspended sediment
(m) (NTU) Concentrations (mgf?)
2/22/2000 16:45 1.246 98.83 86 1143
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2/23/2000 4:00 1383 117.7 60 58
2/24/2000 22:45 1013 69.85 30 191
2/26/2000 19:30 0.969 64.83 52 50.2
2/26/2000 22:00 1543 1415 95 177.6
2/27/2000 1:15 161 151.9 105 148.7
2/27/2000 6:15 1528 139.2 62 58.2
2/27/2000 13:45 1631 155.2 61 814
2/27/2000 16:15 1.868 194.9 84 167.8
2/27/2000 22:45 2479 3133 179 444.9
2/28/2000 5:30 2704 3624 142 3075
2/28/2000 9:30 2.342 2848 100 1855
2/28/2000 10:15 2.26 268.3 95 244
2/28/2000 17:45 1819 186.4 61 97.7
2/28/2000 20:30 1715 168.9 57 71.6
2/29/2000 6:30 2.085 2344 82 118.7
2/29/2000 18:30 2.042 226.3 60 97
3/2/2000 10:15 1156 87.16 30 198
3/4/2000 6:15 0.877 54.85 26 10.7
3/4/2000 19:.00 1544 141.6 81 133.7
3/5/2000 0:15 1.596 1497 60 78.2
3/6/2000 1:00 1.106 80.93 30 127
3/9/2000 17:30 0.827 49.7 23 145
3/11/2000 17:15 0.851 52.15 27 10.7
3/16/2000 5:45 0.8 47.01 88 87
3/16/2000 7:15 0.883 55.48 61 349
3/16/2000 11:00 144 126 88 120.2
3/16/2000 16:00 1.326 109.7 62 451
3/19/2000 3:30 0.837 50.72 60 151
3/19/2000 17:.00 0.9 57.28 26 7.3
3/24/2000 19:00 0.549 25 22 5.7
3/25/2000 11:45 0.533 23.79 28 94
3/26/2000 2:00 0.535 23.98 27 32
4/15/2000 15:30 0.38 13.49 13 159
4/15/2000 16:30 0.38 13.49 12 13.7
4/16/2000 19:30 0.448 17.78 16 6.9
4/16/2000 22:45 0.529 235 21 155
4/17/2000 9:30 1.148 86.21 77 81
4/17/2000 16:30 1.264 101.2 83 92
4/17/2000 23:15 1.596 149.7 103 110.2
4/18/2000 7:30 1191 91.66 62 67.7
4/20/2000 2:00 0.624 30.97 30 74
4/22/2000 17:00 0.684 36.13 21 125
4/23/2000 315 0.648 3 26 137
4/24/2000 0:15 0.564 26.13 20 4.9
4/24/2000 115 0.563 26.05 19 16
4/27/2000 13:45 047 19.27 21 9.3
4/27/2000 22:00 0.78 45.05 23 10.6
4/28/2000 19:30 0.682 35.95 30 49
4/30/2000 12:30 0.522 23.01 26 106
Date Time Stage Discharge Turbidity Suspended sediment
(m) (m*secy)  (NTU) Concentrations (mgr)
5/1/2000 22:15 0479 199 26 37

157



5/2/2000
5/8/2000
5/10/2000
5/10/2000
5/10/2000
5/10/2000
5/10/2000
5/10/2000
5/11/2000
5/11/2000
5/13/2000
5/13/2000
5/13/2000
5/14/2000
5/14/2000
5/14/2000
5/14/2000
5/14/2000
5/14/2000
5/15/2000

22:15
13:30
0:30
215
4:15
5.45
10:15
18:30
2315

9:45
16:30
20:00

0:15

1.45

7.45
10:30
16:15
17:30
14:00

0.463
0.519
0.657
0.736
0.884
1.289
1.507
1.359
1.069
1.062
0.729
0.694
0.671
0.652
0.646
0.628
0.623
0.605
0.603
0.569

18.79
22.76
33.77
40.85
55.55
104.6
135.9
1143
76.48
75.64
40.24
37.05
34.98
33.39
32.81
31.29
30.91
2942
29.27
26.56

158

22
21
23
51
77
82
102
61

23
20
27
28
27
24
18
18
16
20

6.4
71
128
46.7
87
119.2
132.8
486
13
136
54
2.8
32
55
44
34
26

22
49



