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Abstract

A dye study was conducted in late summer 1992 in a remnant channel of the Stillaguamish
River. The purpose of the study was to assess the present impact of the city of Stanwood’s
intermittent wastewater discharge and the future impact that a continuous discharge might
have. This discharge was the only freshwater inflow to the channel, which was actually a
tidal bay. Dye injection began on an ebbing tide and continued for one tidal day for the dual
purposes of calibrating a mixing zone model and determining far-field accumulation of
effluent. The EPA 3PLUMES model was validated for the acute boundary and was
calibrated for the chronic boundary by adjusting one coefficient. Dye measurement data
from six days and the principle of superposition were used to calculate far-field
‘accumulation.

There were a number of noteworthy findings:

® the ultimate daily maximum concentration of dye within the mixing zone (assuming a
continuous discharge) was 10% of the concentration present in effluent;

e flushing time is about three days;

® acute and chronic dilution factors under the present situation are 13:0 and 205.6,
respectively;

e the copper criterion is violated at the acute boundary and the ammonia criterion at the
chronic boundary; '

@ in a future scenario which assumes a continuous discharge of higher flow rate, dilution
factors will be 16.6 and 41.6; | _

® the copper criterion will be violated at the acute boundary and ammonia at the chronic;
and

® there is a reasonable potential that the chronic criterion for nickel is presently being
exceeded--a condition which would continue in the future situation to be joined by lead.
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Introduction

Stanwood is a city of about 2,100 people in Snohomish County (Figure 1). The wastewater
treatment plant (WWTP) is located immediately adjacent to an old channel of the
Stillaguamish River at about RM 4.1 (Figure 2). Discharge is authorized by National
Pollutant Discharge Elimination System (NPDES) permit no. WA-002029-0, which expired

in September 1987 but remains in effect. The outfall is an open-ended pipe which terminates .
20 feet from shore.

Discharge is intermittent, occurring as infrequently as once every three weeks in the
summer, and is not possible when the (Seattle) tide exceeds 10.5 feet because the WWTP has
no pumping capability. Discharge times are not restricted by permit conditions (i.e., the
operator has the discretion to discharge on incoming as well as outgoing tides).

Although it is still called the Stillaguamish River, most Stillaguamish River flow was diverted
out of this channel more than 40 years ago at a point seven miles upstream from the city of
Stanwood. The river now travels down Hat Slough except during high flow periods, when
some of the river overflows into this remnant channel. As a result, the channel has
experienced a build-up of sediment and vegetation and diminished flow over the ensuing
years. During low flow periods, it is a tidal bay.

The channel is about 60-200 feet wide at high tide and is contained by levees throughout
much of the last 3.5 river miles. If bifurcates at about RM 1.5 (Figure 2). South Pass
appears to transport about 80 percent of the flow to and from Port Susan Bay; West Pass
carries the remaining flow to and from Skagit Bay.

The purpose of this study is to analyze the effect of Stanwood’s discharge on this channel.
The analysis will provide information to the permit manager on whether Washington State
water quality standards [referred to hereafter as "the standards"] are/will be violated because
of this discharge and on the need for effluent limits in a reissued permit.

The study objectives are as follows:

1. Measure background concentrations of pollutants of concern in the receiving water at a
time when there is no effluent present from the WWTP;

2.  inject effluent with dye and measure concentrations of dye at selected stations in the
receiving water for up to nine days; '

3. validate a theoretical mixing zone model with field data;

4. determine the portion of effluent which is reintroduced by tidal reversals (far-field

‘ accumulation);

5. calculate a flushing time;
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6. analyze the effect of the present situation involving intermittent discharge by
determining whether violations of the standards are occurring; and

7. project receiving water impacts under a critical design scenario where the WWTP
is discharging continuously at maximum permitted loads.

Appendix A is a glossary of terms used in this report.

Methods and Data Quality Assurance

A reconnaissance visit was made to the site on-July 30, 1992, Cross-sections were taken in
the channel at four locations using a Lowrance® sonar, Plots were created and cross-
sectional areas calculated for each location. This information was of assistance in calculating
an approximate volume of water in the tidal bay and quantity of dye to use. The plots are
shown in Appendix B. A tidal gage plate was secured to a piling in the channel to serve as a
relative datum against which to reference time and stage of tidal fluctuations. If was not
referenced to a known datum.

A second visit was made to the site on August 18. Field methods and equipment were tested
. by conducting a one-hour simulated survey. Receiving water was collected, and standards
were produced at Ecology’s Manchester Environmental Laboratory for calibrating the Turner
Model 10® fluorometer (Turner, 1990). Appendix C summarizes pertinent information about
the field equipment used during the survey. ' |

On the first day of the survey, taut lines were strung across the bay at locations where
downstream edges of the acute and chronic boundaries would be. Stations A, B, C, D, and
L. were positioned along the acute boundary at 21 feet downstream and upstream from the
outfall (Figure 2). (Station L is positioned upstream to monitor the acute boundary during
flow reversals). Stations E through K were positioned along the chronic boundary that could
be authorized, at 210 feet downstream from the outfall (Figure 2). Positions along these
transects were coded on each line to ensure that the same station locations were revisited.
Stations M, S, and Z were located 1.2, 2.0, and 2.5 RMs below the outfall, respectively.

Anchors and buoys were deployed at stations A, M, S, and Z. A Unidata® with datalogger
continuously monitored depth for about two days at station A. A Hydrolab DataSonde®
continuously monitored depth and a variety of water quality parameters at station S..
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Several grab samples of receiving water were taken at station A before effluent discharge
with dye injection began (one at lower low water [LLW] one at lower high water [LHW]).
Receiving water fluorescence was also measured and found to be zero. A 24-hour automatic
composite sample of effluent was taken for pollutants of concern, total suspended solids
(TSS), and salinity. Results of these samples are shown in Appendix D.

Discharge from the WWTP and dye injection began at 1330 on September 3, 1992, and
ceased at 1415 on September 4. Injection was located at the effluent weir to ensure
maximum mixing. The pump drew from a solution consisting of 24 liters of 20%
Rhodamine WT dye and tap water that had been premixed in two 55 gallon drums. The
predetermined rate of 270 mL/minute was maintained throughout the tidal day as confirmed
by the fact that both drums were emptied. Flow over the weir was carefully monitored in an
attempt to maintain 0.5 million gallons per day (MGD).

Discharge and injection began at the initiation of a small ebb following a LHW. The
duration of fall to higher low water (HLW) was about three hours. A drogue was deployed
early in the ebbing stage and average current velocity for the stage was measured at 0.8 feet
per second.

The Lowrance® was used to create a continuous bottom profile of the centerline of the bay.
A fifth cross-sectional profile was taken at station M. The cross-sectional plot for station M
is in Appendix B with the other four locations.

Dye concentrations were measured in situ during the first four days (several exceptions are
noted below). While the first set of measurements was during a small ebb stage (LHW-
>HLW), it was intended that all remaining measurements be taken on stands of tide—
involving 10 of the first 12 stands. The first three sets of measurements were at all of the
stations shown on Figure 2; the remainder were at stations A, M, S, and Z only. The first .
10 sets were at multiple depths, and the remainder at one foot below the surface because
injection had ceased and the dye was vertically mixed.

It was necessary to obtain some dye concentrations by driving to the monitoring station and
collecting samples for later analysis. A sill across the channel restricted navigation during
lower stands of tide the first three days. Over the next five days, three additional sets of
samples were collected during return trips for measurement at Ecology.

Continuous data collected at stations S and A were downloaded and are provided in
Appendices E1 and E2, respectively. Gaps in the water level data at station § were
supplemented by interpolated water levels, as explained in Appendix EI1. Appendix F
contains tide time and height information which has been referenced to the Julian date, the
tidal gage plate, and the Unidata® depth monitor at station A. Explanations of the correction
and normalization processes used are provided in the footnotes to the appendix.
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Appendix G1 is a complete chronology of tide information and dye measurements for the
nine days of the survey. The raw dye measurements were corrected because fluorescence is
dependent upon temperature, time, chlorine, and turbidity. References used were Pritchard
and Carpenter (1960), Hetling & O’Connell (1966), and Deaner (1973), respectively.
‘Turbidity was accounted for by creating the calibration standards using receiving water
brought back from a reconnaissance trip.

Appendix G2 contains a selected shorter-term group of data from Appendix G1 consisting of
dye concentration measurements taken during the small ebb immediately following start of
injection. It was used to calibrate the PLUMES model. Appendix G3 contains a selected
longer-term group of data from Appendix G1. Each of the dye concentrations is the highest
(corrected) value for that particular time at that station, Stand of tide durations are also
shown for the purpose of illustrating on which stage of tide the dye measurements actually
occurred. This information was useful when attempting to create the dye concentration-over-
time curve, which must pass through each data point.

The principle of superposition was used to determine the ultimate daily maximum
concentration attributable to far-field accumulation that could potentially occur under the
steady-state conditions of a continuous discharge. The principle evolves from Linsley ez al.
(1958) and was later refined for use with dye tracer work by Bailey (1966), Yotsukura
(1968), and Hubbard & Stamper (1972). It is explained in detail in Appendix H.

Considerable review of reconnaissance data must go into the selection of sampling stations
and times at which the longer-term group of data is collected. In the case of a tidal bay, a
pollutant mass discharged will remain centered about the point of discharge, but tidal action
causes it 1o become more elongated with each tidal cycle. After a sufficient number of tidal
cycles, the leading edge is flushed into the adjoining sea. Eventually, a steady-state
condition develops -(if the discharge is continuous).

There is a nearly constant relationship between the peaks of concentration at each sampling
station and the rise and fall of the tides. It requires frequent measuring of concentrations at
each station until this relationship can be established. It may then be possible to confine
monitoring to the stage of tide when the maximum peak occurs; but, it is always better to err
on the side of more frequent monitoring. An examination of the stages of tide listed in
Appendix G3 confirms that the measurements weren’t properly timed. This timing is a
critical factor in correctly graphing the concentration-over-time curves and determines the
ultimate daily maximum concentrations for each station. '

The modified tidal prism method was used to calculate a flushing time. The raw trace data,
explanations of how depth to bottom from MHW and MLW were determined, and calculated
volumes are contained in Appendix L
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Results and Discussion

Tidal action can cause far-field accumulation of pollutants. Part of the volume of water that
enters during the flood tide can be made up of water that left the estuary on the previous ebb
tide (refluxed water). The remainder can be thought of as "new" water that is available for
dilution of pollutants inside the estuary. In pure theoretical analyses, far-field accumulation
can only be crudely estimated. This is why a dye study becomes valuable. It can be used to
determine far-field accumulation and also to develop a farfield diffusivity coefficient for the
3PLUMES model (referred to in the PLUMES User’s Manual as the farfield dispersion
coefficient).

Validating the mixing zone model.

Dilution factor (DF) is an important conceptual term in mixing zone analyses and water
quality-based permlttmg (Ecology, 1994). If DFs are known for the acute and chronic
boundaries of a mixing zone, then comparison of effluent pollutants of concern to receiving
water quality criteria contained in the standards becomes a simple mass balance calculation.
Appendix J contains a detailed explanation of how DFs are formulated, and of related
terminology which appear-in this text.

The 3PLUMES model was operating near the limit of its capability at Stanwood. The
densimetric Froude number was less than one. When it is less than one the plume has
virtually no momentum and is so buoyant that it separates from the bottom of the port orifice
allowing ambient water to flow into the diffuser. The receiving water was also well-mixed
and shallow, contributing to a rapidly surfacing plume,

Validating the model with dye work was important. The model was best validated using
field data from the ebb tide immediately following initiation of dye injection. This is because
there was no other time during field work involving dye injection when steady-state
conditions prevailed (i.e., a background fluorescence [C,] of zero) Appendix K explains how
the dye concentration in effluent (C,) value (3,020 pg/L) was predetermined.

The objective of the model validation exercise was to compare theoretical to empirical results
and make a judgment regarding acceptability of the model results. But first, it was necessary
to make a judgment regarding the dye measurements (i.e., which values best represented the
concentration in the plume (C,) at the two regulatory boundaries). The measurements taken
at stations A - X during this first ebb tide (as shown in Appendix G1) show a dramatic
flattening of the surfacing plume--analogous to a waffle cone unfolding into a waffle. It was
no longer a plume by the time it reached the two boundaries. Most of the dye was in the top
one foot of the water column, and the plume had spread to nearly 30 feet in width at the
acute boundary, and 70 feet at the chronic boundary. It was decided to use the single highest
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reading for each station as most protective - specifically of the microlayer. However, it is
suggested that Ecology develop clearer policy(s) regarding the actual poini(s) of compliance
on the regulatory boundary planes and protection of the microlayer.

Table 1 shows the comparison of theoretical to empirical results. 3PLUMES was not able to
simulate this situation involving a rapidly surfacing plume: While the dye plume was nearly
30 feet wide and one foot thick at the acute boundary, the model plume was less than 6 feet
in diameter. The dye plume had spread to nearly 70 feet at the chronic boundary and less
than three feet thick, but the model indicated that the plume would be 25 feet in diameter.
Nevertheless, 3PLUMES was validated for use at the acute boundary because it generated
reasonably accurate concentrations at that distance from the discharge. This indicated that all
entrainment took place within near-field and that flattening (and widening) of the plume was
dramatic once the surface boundary was encountered. Appendix L contains this validating
case run, coded Case: 1 of 4.

Concentrations generated by the model at the chronic boundary were significantly higher than
those resulting from the dye study, and it was necessary to calibrate it. Two coefficients
can be adjusted: the aspiration coefficient and farfield dispersion coefficient, the input cells
described by the code names <asp coeff >, and <far dif>, respectively. The early exit
from the near-field algorithm, validation of the model at the acute boundary, and dramatic
spreading of the plume on the surface suggested that tuning of the farfield dispersion
coefficient was needed in order to make model results at the chronic boundary acceptable.
Appendix L contains this calibrating case run, coded Case: 2 of 4. Appendix M gives an
explanation of the farfield algorithm. :

Determining far-field accumulation

Tides on the West coast of the United States exhibit a strong semi-diurnal inequality. A tidal
day includes an HHW and an LHW, an LLW and an HLW, large ebbs and small ebbs, as
well as large floods and small floods. For this reason, all dye studies should include a
duration of injection of at least one tidal day.

The dye cloud elongates symmetrically about the point of injection when there is no
freshwater inflow. The highest concentration is always at the center of mass (centroid). At
a sampling station located near the point of injection, this centroid moves back and forth-
across the station with each ebbing and flooding stage causing four peaks during a tidal day.
This concentration may decrease and then increase depending upon the robustness of ebbing
and flooding tides. Stations far-removed longitudinally from the centroid may experience
only two peaks. Concentrations can be expected to decrease during the quiescence of slack
tides due to vertical and lateral dispersion and diffusion.
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The shapes of concentration-over-time curves that can be plotted vary considerably. Some
curves display successively lower peak concentrations following cessation of injection. Other
curves show successively lower peaks within a tidal day and successively lower maximum
peaks from day-to-day, but a maximum peak may be higher than several of the peaks in the
previous tidal day. The shape is dictated by: 1) the quantity of freshwater inflow, and 2) the
location of the sampling station in relation to the centroid. The key to an accurate
determination of far-field accumulation using the superposition approach is to measure the
maximum peak in each tidal day.

Station A was chosen because it was obvious that in this tidal bay a station in close proximity
to the discharge point was going to have the highest steady-state concentration. The schedule
- of sampling was devised so that dye measurements were taken during stands of tide.
Unfortunately, it was not understood then that peaks occur during the brief period when the
centroid of the dye cloud moves through the sampling station and sampling of the centroid
likely did not occur. Dye measurement should have been scheduled frequently during the
ebb and flood stages of tide.

Figure 3 is a concentration-over-time curve which connects the dye measurements, but if is
likely that the curve underestimates the actual peaks in concentration that occurred at the
sampling station. This problem could have been avoided by using a newer model digital
fluorometer which can read and store dye concentrations continuously. Figure 3 also
includes the curve showing tidal action so that the relationship between stage of tide and dye
concentration can be seen.

The ultimate daily maximum concentration of dye at station A was determined from Figure 3 -
by summing the daily maximum peak concentrations - including the peak that occurred
during dye injection. The prior-occurring "background fluorescence” in the Stillaguamish
River is zero. So, the correct concentration of dye within the mixing zone (assuming a
continuous discharge) was:

232 + 22 +20+ 10+ 10+ 5+ 4 + 3 = 306 ug/L,
which was 10% of the concentration present in effluent (3,020 pg/L).

Referring to the dye study results shown in Figure 3 and the information under subheadings
Introduction, Definitions, and Mass Balance Equations for Alternative 1 in Appendix N:

Cpax = V = 232 pglL;
Coax = ¥ = 306 pg/L; and

Ty = (.24
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Appendix N refers to a third method for determining far-field accumulation, a default value
based on r;, which avoids the expense of a dye study. This Jirka term (1) was selected as
the basis for a default value because endugh research has been conducted to provide reliable
numbers for several different types of receiving water. Paraphrasing Subsection 2.6.2 in
EPA (1992) as it applies at Stanwood:

The return rate . . . can be expected to vary in the range of <0.1to = 0.5
(highly conservative estimate). . . . It may be réasonably high (up to 0.5) for
shallow water, vertically mixed, discharges in strongly restricted estuaries with
weak flushing.

The guidance appears in Ecology’s Permit Writer’s Manual as follows:

The MZ modeling analysis conducted in the office should simulate an ebbing
tide, and then the assumption should be made that far-field accumulation reduces
the resultant DFs at acute and chronic boundaries by one-half (Ecology, 1994).

This is equivalent to an r, of 0.5.

Anytime a dye study is done there are two 1r,’s from which to choose: the one derived
empirically, and the default value. Ordinarily, the empirically derived one is lower and
more representative of the discharge location, and should be chosen. It was pointed out
earlier that the 0.24 value probably contributes to an overestimation of the dilution factors;
but 0.5 is probably conservative, resulting in an underestimation of the dilution factors. The
0.24 value is used in this report.

It would be helpful to permittees if guidance were available on whether to conduct a dye
study or accept the default value when addressing the effect of far-field accumulation.

Return rate and its closely associated flushing time can vary dramatically from estuary to
estuary and are not that easy for the inexperienced person to estimate from observations.

Determining flushing time

The modified tidal prism method is one of four methods for calculating flushing time which
is discussed in Mills e al. (1985). The first step in using the method is to divide an estuary
into segments. Within each segment the tidal prism is compared to the total segment volume
as a measure of the flushing potential of that segment per tidal cycle. The method assumes
complete mixing of the incoming tidal prism waters with the subtidal volume as it iterates its
way from head waters to mouth through the entire estuary. The method is also capable of
reflecting the presence or absence of freshwater inflow.
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Figure 4 is a graph of the cumulative intertidal and subtidal volumes in the estuarine portion
of the Stillaguamish River established during the study. It was prepared using the calculated
water volumes in Appendix I and in accordance with the methodology in Mills e al (1985).
Table 2 shows that the flushing time calculated using this method is about three days.

Efficacy of discharging on ebb tides only

Intuitively, it makes good sense to discharge only on ebb tides. Every discharger to tidally-
influenced waters should do this as long as the additional storage needed is affordable. That
may not always be the case, so this analysis takes a brief look at the factors involved:

robustness of ebb tide;
duration of fall of tide;

relative size of tidal prism; and
distance to mouth of estuary.

The survey took place during a first-quarter moon with minimal tidal fluctuations (Tide
Guide, 1992). Perigean tides, which occur during a new moon, are the most robust.

Appendix F shows that the duration of fall of the ebb tide following the LHW stand was four
hours, but that the duration of the ebb following the ensuing HHW was nearly eight hours.
The Appendix also indicates that the tide time corrections for the various stands of tide,
which are shown for "Stanwood/Stillaguamish” in the Tide Guide (1992), can be off by as
much as 1% hours (e.g., the ebb following the LHW stand was of four hours duration, not
six hours as suggested by the Guide). . :

This tidal bay has a relatively large tidal prism (and correspondingly, a short flushing time).
The influence of a large tidal prism becomes more evident when the first two factors are
optimized such that a minimal amount of pollutants are refluxed above the discharge point.
This is a positive factor for the Stanwood situation.

Longitudinal trace information in Appendix I shows that the discharge point is more than
four miles from the mouth. Dye results in Appendix G1 indicate that during an ebb
following a LHW stand of tide effluent can reach station M, which is a travel distance of 1.2
miles. So, during the less robust of the two daily ebb tides, effluent travels less than one-
third of the distance to the mouth. The ensuing flood tide undoubtedly pushes the entire
effluent cloud upstream past the discharge point.
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Distance of the discharge point from the mouth appears to be an overriding factor.
Regardless of the discharge scenario devised, the entire volume of effluent refluxes at least
once; but under an optimum scenario the centroid of an intermittent discharge need not reflux
above the discharge point. This optimum scenario would limit discharges to the large ebb
stages of tide (following HHWSs). The large difference between durations of fall and
disparity in starting times of ebb tides from the published information (as well as possible
effects that lunar and seasonal tide cycles and seasonal freshwater inflow may have on these)
suggest the need for a documented discharge schedule. A schedule would show the dates and
times of appropriate ebb tides and the allowable duration of discharge. Articles by Webb &
Tomlinson (1992) and Duxbury (1988) are excellent references for further inquiry.

Analysis of present situation |

An analysis of the effect on receiving water involves: 1) determining the dimensions of each
mixing zone, 2) finding the minimum dilution factors, 3) comparing concentrations of
pollutants of concern to the appropriate water quality criteria at each boundary, and

4) establishing waste load allocations (WLAs) for each pollutant. The mixing zone
regulations are in Chapter 173-201A-100 WAC (Ecology, 1992). Three places in this
subsection discuss dimensions with applicability to the Stanwood situation:

[(7) (b))} The maximum size of a mixing zone shall . . ."not extend in any
horizontal direction from the discharge port for a distance greater than two

" hundred feet plus the depth of water over the discharge port as measured during
mean lower low water; and

[(7)(b)(ii)] "The maximum size of a mixing zone shall . . . not occupy greater
than twenty-five percent of the width of the water body as measured during mean
lower low water; and

[(8)(b)] "In oceanic and estuarine walers a zone where acute criteria may be
exceeded shall not extend beyond ten percent of the distance established in
subsection (7}b) . . . "

The phrase "any horizontal direction” suggests a circular MZ boundary (when the outfall is a
single port), but the "width of the water body" stipulation, coupled with a narrow river
channel, mandates a more rectangular shape.

The first ebb tide following start of dye injection was more sluggish and the plume’s lateral
spread was more extensive. This was the appropriate opportunity to focus on plume
dimensions and channel width considerations. Dye results shown in Table 1 give quite well-
defined dimensions for the plume.
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The channel width during mean lower low water (MLLW) was takeh from the cross-section
for station A which can be found in Appendix B. It is approximately 100 feet. Therefore, a
strict interpretation of the regulations mandates dimensions for the boundaries as follows:

Y (lateral) X (longitudinal)
dimension dimension
* acute 2.5 ft. 21 ft.

¢ “chronic 25 ft. 210 ft,

However, a more liberal interpretation of the regulations is now being used by Ecology. The
“ten percent of the distance” requirement for the acute boundary is interpreted as a distance
equal to ten percent of the longitudinal dimension of the chronic boundary. This distance
may be used as both the lateral and longitudinal dimensions of the acute boundary. So, the
“acute MZ boundary is taken as 21 feet in both the lateral and longitudinal dimensions:

Y (lateral) X (longitudinal)
dimension dimension

* acute 21 ft. , 21 ft.

e chronic 25 ft, ‘ 210 ft.

These are the maximum allowable dimensions for acute and chronic boundaries for
Stanwood.

Results in column (6) of Table 1 show that the plume was already 30 feet wide at the acute
boundary and had spread to a width of 70 feet at the chronic boundary. So, dye
concentrations at both the lateral and longitudinal dimensions must be compared. The higher
of the two concentrations (from both the acute and chronic boundaries) is the important one.
Column (4) in Table 1 shows that the maximum dye concentrations at the acute and chronic
lateral boundaries were approximately 157.8 and 39.0 ppb, respectively. However, there are
higher values on the longitudinal boundary--232.0 and 58.7 ppb, respectively. Therefore, the
minimum DFs are those shown in column (5) in Table I

acute | 13.0
chronic 51.4

Chronic criteria assume a continuous exposure duration of four days. The WWTP operator
indicated that the intermittent discharge occurs less frequently than once every four days; so,
it was necessary to calculate an average--assuming one day of discharge and three days of
no-discharge. The chronic DF was time-weighted (51.4, 0.0, 0.0, 0.0) and a harmonic mean
DF of 205.6 was calculated. The acute DF was not corrected because acute criteria assume
a one-hour duration of exposure. :
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Neither the chronic nor acute DFs was corrected for far-field accumulation under this
condition of an intermittent discharge because a steady-state concentration of dye did not
exist in the receiving water at the time short-term measurements (for determining these DFs)
were taken. Therefore, the corrected DFs for use in the present situation are:

acute 13.0
chronic 205.6

These are appropriate as long as the frequency of discharge is one-day-in-four or less and the
timing of the discharges coincides with large ebb stages of tide.

Table 3 shows the effects on receiving water of the present situation involving an intermittent
discharge. FEach of the C,’s shown in columns (4) and (5) was calculated in accordance with
the explanation and equation (3) given under the subheading Mass Balance Equations for
Alternative 1, which is in Appendix N. The Water Quality Criteria shown in columns (6)
and (7) are in accordance with the state’s standards (Ecology, 1992) or EPA (1989).

The C,’s in column (4) are concentrations calculated for the longitudinal acute boundary. A
comparison of each of these values to those in column (6) shows that copper exceeds its
acute criterion. C,’s shown in column (5) are for the longitudinal chronic boundary. A
comparison of each of the values to those in column (7) shows that ammonia violated its
criterion. '

* All toxic effects testing has some degree of uncertainty associated with it. The more limited
the amount of test data available, the larger the uncertainty. Only one sample was collected
for each pollutant of concern in effluent and receiving water at Stanwood. EPA has .
examined a myriad of effluent toxicity data nationwide. A statistical approach has been
developed to better characterize the effects of effluent variability and reduce uncertainty in
the process of deciding whether to require an effluent limit. It involves the use of a
"reasonable potential” multiplier, which.is applied to a.single value to project an estimated
maximum corncentration for the effluent.

The "Yes"/"No" information in columns (8) and (9) of Table 3 indicates whether a
"reasonable potential” for violation of criteria exists after an appropriate multiplier is applied.
The multiplier is from Table 3-2 of EPA (1991); the equation is from Chapter VI of Ecology
(1994). This information indicates that a reasonable potential exists for nickel to exceed its
chronic criterion under the present situation.
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The WLAs are shown in columns (10) and (11). The copper WLA (acute) and ammonia _
WLA (chronic), which are outlined by boxes, reflect the present need for limits on these two
pollutants to reduce the concentration in effluent below the amount measured during the field
study. The values in bold lettering reflect reasonable potential. The city may be able to
avoid an effluent limit on nickel by collecting additional samples in order to reduce the

" reasonable potential multiplier that is applied.

Analysis of future situations
‘The model is used to generate dilution factors for future situations which involve a
continuous discharge of effiuent. This necessitates changing several of the variables and

revisiting the coefficient (discussed under Validating the mixing zone model) in the
3PLUMES interface:

1. Effluent flow rate. Effluent flow rate was obtained from the city of Stanwood
General Sewer Plan (KCM, 1994), which projected a discharge rate of 0.79
MGD in the year 2015. This is an appropriate number for analyses at the
chronic boundary, but the Permit Writer’s Manual suggests that a peaking
factor be applied to this number for analyses at the acute boundary. A factor
of 3.0 is used. This variable appears in the PLUMES interface under the cell
name <tot flow>.

2. Farfield dispersion coefficient (<far dif>). The approach to making changes
in this coefficient has been explained in Appendix M.

3. Far-field velocity. The only current velocity data is from the one-time drogue
release. A minimum velocity is chosen when the analysis is done for the
acute boundary. The average of 0.7 feet/second obtained from the drogue
release is used for the analysis at the chronic boundary. This variable appears
in the interface as < far vel>. (The current velocity used by the initial
dilution algorithm appears in the interface under the cell name <current>;
the same values were inserted here).

Case: 3 of 4 and case: 4 of 4 in Appendix L give the minimum DFs for the acute and
chronic boundaries, respectively:

acute 21.8
chronic 54,7

Both the chronic and acute DFs must be corrected for far-field accumulation under this
condition of a continuous discharge. Therefore, the corrected DFs for use in the future
situation are:
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acute 16.6
chronic = 41.6

Table 4 shows the effects on receiving water of the future situation involving a continuous
discharge. It can be understood by employing the same explanation and logic used in '
reading Table 3. Copper and ammonia again violate their water quality criteria: copper at
the acute boundary; ammonia at the chronic boundary. Lead and nickel present a reasonable
potential for violation. Additional sampling would increase the number (of samples) in the
population and decrease the applicable reasonable potential multiplier. This could change the
results as shown in both Tables 3 and 4. ' :

Conclusions and Recommendations

1. The Stanwood WWTP intermittently discharges treated wastewater into an old channel
of the Stillaguamish River at RM 4.1. This channel acts as a tidal bay during the dry
season (i.e., there is no freshwater inflow). There is a sill across the channel at
RM 3.7 which is exposed during lower low water (LLW).

2. Actual times of some tide stands in the channel differed from published times by as
much as 1% hours.

3. The 3PLUMES model was operating near the limit of its capability when modeling
the future situation at Stanwood. Calibrating the model with dye work was important,
particularly because of Froude numbers less than 1. ‘

4, Measuring the cyclical peak concentrations of dye is imperative. These peaks occur
during the brief periods when the centroid of the dye cloud moves through the
sampling station. Many of the peaks were missed at Stanwood, resulting in an
incomplete data set. In future mixing zone studies, the reconnaissance survey should
be used to establish whether anomalous tidal movements are present - which may then
influence the sampling schedule. An alternative approach would involve using a
newer model digital fluorometer which can read and store dye concentrations
continuously. '

5. Anytime a dye study is done there are two return rates (rg) from which to choose: the
one derived empirically, and the default value of 0.5 allowed by Ecology.
Ordinarily, the empirically derived one is lower and more representative of the
discharge location, and should be chosen. The study at Stanwood yielded an
empirical r, of 0.24 at the injection Jocation.
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6. The return rate is part of an expression used to adjust an initial dilution factor to a
quasi-steady state dilution factor, accounting for far-field accumulation. The
percentage of far-field accumulation at Stanwood was underestimated because of the
manner in which the field work was conducted, a Iiberal interpretation of results
tending to overestimate dilution factors in favor of Stanwood. On the other hand, the
default value would have been conservative, resulting in an underestimation of
dilution factors.

7. A flushing time of about three days was calculated using a desk'—top approach
(modified tidal prism).

8. A liberal interpretation of Ecology’s mixing zone regul.ationé would allow a' mixing
zone to be established with the following dimensions:

Y (lateral) X (longitudinal)

dimension dimension
acute 21 ft. 21 ft.
chronic 25 ft. 210 ft.

The lateral dimensions should have been determined prior to initiation of the survey
so that two of the shorter-term sampling stations could have been sited at those
precise locations.

9. The acute and chronic dilution factors for permitting purposes are as follows:
® present situation with intermittent discharge

acute 13.0
chronic 205.6

e future situation with continuous discharge and far-field accumulation

acute 16.6
chronic 41.6

10.  Using the above dilution factors it appears that in both the present and future
situations copper and ammonia concentrations measured in Stanwood’s effluent cause
a violation of the acute and chronic criteria, respectively. This is due, in large
measure, to the high background concentrations of these pollutants in the receiving
water. There is a reasonable potential for nickel to exceed its chronic criterion.
Therefore, the WLAs for these latter two pollutants should also be included as
effluent limits in the reissued permit. The permittee may be able to mitigate the
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11,

12.

13.

14.

regulation of several of these pollutants through regular monitoring of metals and
ammonia in effluent and receiving water. Collecting additional samples will decrease
the applicable reasonable potential multiplier, which is presently based on a single
sample. :

A better designed outfall could provide an optimum balance between buoyancy and
momentum, and thus more entrainment in the discharge plume. This would be
reflected by a Froude number (ratio of buoyancy-to-momentum) between 15 and 30.
Model results indicate the Froude number is presently less than one.

Data and observations from the study suggest that regardiess of the discharge scenario
devised, the entire cloud of effluent from an intermittent discharge refluxes at least
once. But, under an optimum scenario of discharge during the more robust of the

two daily ebb tides, the centroid of the discharge need not reflux above the discharge
point. Discharge should be limited to this ebb tide. The large difference between
durations of fall and disparity in starting times of ebb tides from the published
information (as well as possible effects that lunar and seasonal tide cycles and

seasonal freshwater inflow may have on these) suggest the need for a documented
discharge schedule. ‘A schedule would show the dates and times of appropriate ebb
tides and the allowable duration of discharge.

The formulae to be used in deriving WLAS are:

e | DE = DF (1 -y, where

DF is. DF corrected for far-field accumulation;
. C,=C.(1/DE) + C, (1 - (1/DB); and
. WLA = WQC * DF - C, (DE - 1), where

WQC is the appropriate water quality criterion.

The recommended WLAs (in pg/L) for the present discharge scenario are as follows:

Acute Chronic
ammonia 93,300 2,020
copper 5.2 -
nickel 795 11.0
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15. The recommended WLAs (in ug/L) for a future discharge scenarto are as

follows:

Acute Chronic
ammonia 118,000 2,020
copper 5.2 --
lead - 241
nickel 1,010 11.0
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Glossary of Terms

The following technical terms are defined in order to clarify their usage in this
report.

Apogean tide. The lower of the semimonthly neap tides, resultmg from the moon
being in apogee (farthest from the earth).

Conservative waste. A dissolved substance of low degradability.

Diffusion. In mixing zone studies, this is the random scattering of particles by
turbulent motion. Often defined mathematically by the eddy diffusion coefficient.

Duration of rise and duration of fall. The time interval from low water to high
water and from high water to low water, respectively.

Ebb current. The outgoing current moving down an estuary or tidal bay.
Estuary. Where a river meets the sea.
Flood current. The incoming current moving up an estuary or tidal bay.

Flushing time. The average time required for a particle to travel from a point of '
injection to the mouth of the estuary (or tidal bay).

Froude number. The ratio of inertial to gravity force. More appropriately
termed the jet densimetric Froude number when studying the motion of fluids in
which there is density stratification; in Whlch case, the ratlo is of momentum to
buoyancy.

Initial dilution. The dilution achieved in a plume due to the combined effects of
momentum and buoyancy of the fluid discharged from an orifice, and due to
ambient turbulent mixing in the vicinity of the plume.

Intertidal volume. The tidal prism, consisting of the voiume of water lying
between mean high tide and mean low tide.

Left bank. The streambank that is on the left when. facing downstream or

P

A-1



seaward.

Longitudinal dispersion. The scattering of particles or a cloud of pollutants (or
dye) by the combined effects of shear and diffusion.

Longitudinal trace. Measurement of (1) dye distribution and concentration, or (2)
depth of water along the centerline of a channel. Measurements are made by
moving slowly upstream on a stand of tide taking continuous measurements using
the (1) fluorometer at approximate one meter depths, or (2) the Lawrance.

Mean high water. Generally speaking, it is considered the arithmetic mean of the
high water heights observed over a number of years. Specifically (for this
project), it is the mean of all high waters for a three month period (July through
September) derived from data contained in Seattle Tides (1992) tables and
corrected for Stanwood. This period contains the series of semidiurnal, neap, and
spring tides which is appropriate for this study.

Mean low water. Generally speaking, it is considered the arithmetic mean of the
low water heights observed over a number of years. Specifically (for this project),
it is the mean of all low waters for a three month period (July through September)
derived from data contained in Tide Guide (1992) tables and corrected for
Stanwood. This period contains the series of semidiurnal, neap, and spring tides
which is appropriate for this study.

Mean range of tide. The difference in height between mean high water and mean
low water. S

Mixing zone. The Washington state Water Quality Standards allow the use of .
mixing zones for discharges that would otherwise exceed the water quality criteria
~ for aquatic life. Mixing zones are a regulatory recognition that the concentrations
and effects of most pollutants diminish rapidly after discharge due to dilution.
They are established in a manner which limits the duration of exposure for
organisms passing through the effluent plume to minimize the risk from each
discharge. The water quality standards for chronic protection must be met at the
boundary of this zone and beyond. A smaller zone in which acute criteria may be
exceeded can also be authorized. This zone must be small enough to limit
exposure times and therefore not cause acute mortalities or interfere with passage
of aquatic organisms in the water body. In other words, a mixing zone may be
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an area that is not suitable as long-term habitat at critical conditions for all aquatic
organisms, but those organisms passing through it should not die from the short-
term effects of any pollutants”. (Ecology, 1992a)

Neap tides. Tides of decreased range occurring semimonthly as a result of the
moon being in the first or last quarter of its quadrature.

Perigean tide. The higher of the semimonthly spring tides, resulting from the
moon being in perigee (nearest the earth). '

Range of tide. The difference in height between consecutive high and low waters.

Seattle Tides. Published tables which give daily predictions of times and heights
of high and low waters for the Seattle reference station. Some additional
information included is: 1) corrections for other locations in the Seattle District,
and 2) date of each quarter in the Moon’s quadrature.

Semidiurnal. A term which describes an event, or cycle, which occurs during
half-day intervals. Since tidal cycles in this part of the world cover approximate
intervals of one-half day, they are characterized as semidiurnal.

Shear. Transport by an imposed current system, reSUlting from fluid lying in
adjacent streamlines that is traveling at different speeds.

Slack water. The state of a tidal current when its speed is near zero, especially
the moment when a reversing current changes direction and its speed is zero. The
term also applies to the entire period of low speed near the time of turning of the
current. ‘ '

Spring tides. Tides of increased range occurring semimonthly as a result of the
moon being in the new or full quarter of its quadrature.

Stand of tide. An interval at high or low water when there is no sensible change
in the height of the tide. The stands are (in the most frequent order of
occurrence): higher high water (HHW), lower low water (LLW), lower high
water (LHW), and higher low water (HLW). In general, the duration of the
apparent stand will depend upon the range of tide, being longer for a small range
than for a large range. '



Station. A cross-section of the tidal bay where a series of sampling and
measuring activities is conducted. :

Tidal bay. So little fresh water inflow that there is no measurable dilution.

Tidal day. Commensurate with a lunar day, i.e., consisting of 24.8 solar hours.
On the Pacific Coast it consists of two tidal cycles (four stands of tide).

Tidal excursion. The net distance a certain particle of water (or a dye cloud)
moves during a tidal cycle (12.4 hrs) with reference to some stationary point.

Tidal prism. The intertidal volume of water in 1) an entire estuary, or 2) if
working with the modified tidal prism approach, a predetermined length (segment)
of the estuary.
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Channel cross-sections
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APPENDIX C

Field equipment used during survey
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APPENDIX D

General chemistry and metals analytical results
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APPENDIX El

Data logged by DataSonde®
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APPENDIX F

Corrected and normalized tide information
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APPENDIX G2

Shorter-term dye concentrations
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APPENDIX G3

Longer-term dye concentrations
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APPENDIX H

The Principle of Superposition



The Principle of Superposition

The principle of superposition as it applies generally to dye
tracing studies and in particular to the Stillaguamish River study
can be best understood 1if the case of discharge into a
unidirectional flowing stream is considered firgt. If a slug of
dye is injected instantaneocusly, the concentrations measured over
time at a downstream sampling station will assume a typical bell-
shaped curve. If slug injections of the same amount of dye are
repeated at uniform, closely spaced time intervals, then there will
be a series of overlapping bell-shaped curves. Concentration at
this station (or any other downstream sampling station) will build
up to some ultimate plateau level.

The assumption can be made that these closely spaced time intervals
amount to a continuous discharge. In this way, the series of bell-
shaped concentration-over-time curves can be superimposed on each
other, as shown in Figure H1, and a cumulative response curve can
be graphed. This curve will yield the ultimate daily maximum
concentration due to this "continuous®" discharge. This ultimate
concentration can also be simulated (in unidirectional flow
situations only) by numerically integrating the curve produced by
a single slug injection. The ultimate concentration will be
dependent on the stream discharge and the amount or rate of dye
injection.

The portions of estuaries where there are alternating directions of
flow are more complex. The concentration-over-time curves
regulting from a series of instantaneous slug injections will vary
in shape, magnitude, and location, depending on the stage of tide
when the injection is made. Thus, each concentration-over-time
curve in the series (of slug injections throughout a normal tidal
cycle}) will be different, i.e., no two will loock alike.

It becomes virtually impossible to c¢reate a series of curves using
this approach in tidally-influenced waters without simplifying
assumptions. The complication can be overcome by assuming a slug
injection of one tidal cycle duration. This is reasonable because
the conditions during a tidal cycle are quasl-steady-state in
relation to the long observation period.



Congider the case of this one-tidal-cycle injection into an estuary
which has no freshwater inflow. The sget of curves shown in Figure
H2 evolve from this single slug injection, when dye concentrations
are measured at one-tidal-cycle intervals at the point of
injection. These are concentration-over-longitudinal distance
curves.* The T = 1At curve shows the concentrations throughout the
dye cloud after an elapsed time of at (the end of the injection),
when the tidal condition is the same as it was at the beglnnlng of
injection. The curve at 24t shows the concentratiomns due to
injection which took place two tidal cycles previous; the curve at
3At is due to injection three tidal cycles ago; and so on. The dye
mass remains centered about the point of injection even though it
becomes more elongated with each tidal cycle - as depicted by
curves T = 2At, T = 3at, and T = 4At. The appearance of each curve
as symmetrical about the point of injection, i.e., bell-shaped, is
due to the absence of freshwater inflow.

If the injection point is relatively close to the ocean (or Skagit
Bay/Port Susan - as is Stanwood’s outfall), a part of the dye will
reach the ocean within several tidal cycles. This is due to the
processes of tidal excursion and longitudinal dispersion. This dye
will be flushed out by the large body of dilution water. Such
flushing will cause additional attenuation of the seaward side of
the cloud, the formation of a nonsymmetrical cloud, and loss of the
bell-shape in the curve.

If the tides are asymmetrical, then dye should be injected for two
tidal cycles; it makes some difference in the ultimate
concentration whether the dye ig injected through just the hlgh—
high or the low-high cycle. By injecting through both it 1is
possible to choose the combination of peaks that will add up to the
largest dye concentration.

The set of concentration-over-longitudinal distance curves in
Figure H2 are useful for graphically depicting what happens in an
estuary following a slug injection. In theory, the ultimate daily
maximum concentration due to a continuous dinjection at any
location, e.g., sampling station A somewhere along the x axis of
Figure H2, can be obtained by summing each concentration (C;, C,,
Cz,....Cy) obtained from the y axis at At intervals. This summation
ig, in essence, the principle of superposition.




The final case isg in estuaries where steady freshwater inflow
exists. The concentration-over-longitudinal digtance curves are
shifted seaward, as shown in Figure H3, and the concentrations are
reduced by both freshwater and ocean-water dilution. The ultimate
daily maximum concentrations that will result at various stations
from a continuous injection can still be computed uging the
superposition principle by summing the curves at each of the
stations. . The resultant concentrations reflect the affects of
Ereshwater transport, flushing, and longitudinal dispersion; and
therefore, depict exactly the concentration distribution of a
pollutant of concern having similar characteristics.

*[Note Figure H1 shows the concentration curves for a series of
dye injections (each injection of instantaneous duration) developed
for a downstream sampling station, while Figure H2 shows the
concentration curves for a single dye injection (of one-tidal-cycle
duration) developed for the point of injection. Time is the
preferred independent variable (units on X-axis) in Figure H1
because of the unidirectional nature of the current, while distance
is the preferred independent variable in F:n.gure Hz because of the
cyclical nature of the current].
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APPENDIX 1

Raw and corrected longitudinal trace data

Calculated intertidal and subtidal water volumes
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APPENDIX

Formulation of the term "dilution factor"



Formulation of the conceptual term "dilution factoxr".
The volumetric dilution factor (DF) is defined as
DF = (Q, + Q) / Q. where (1)

Q, is the quantity of receiving (ambient) water entrained
in the plume from an outfall at some sampling station;
and

0, is the guantity of effluent in the plume.

It is conceptual because it’s easier to visualize than to obtain
directly. What can be measured directly in the plume isg
concentration of a pollutant of concern - or a dye tracer - at a
sampling station whose location is a known horizontal distance from
the outfall. Call this concentration (C,). (A dye tracer is
better because it can be measured in situ; and measuring its
background concentration in the ambient water (C,) and the

concentration being discharged in effluent (C,) is more manageable).
The basic mass balance equation is
(Q*C) + (Q*C) = (Q+Q.) * C (2)

The Q values are difficult to measure at sampling stations in the
plume, but they can be factored out of the mass balance equation by
algebraic manipulation:

If the % effluent is represented by the term X; then the
% ambient water which has been entrained in the plume of
effluent that emerged from the outfall must be (1-X),
because the sum of the two is 100% of the water in the
plume. Substituting (1-X) for Q, and X for Q, (and
understanding from equation (1) that 1 / X = DF) gives

DF = (C,-C) / (C,-C) (3)

A DF calculated using equation (3) is an empirical result for the
particular sampling station where the C, value was measured.

The PLUMES model generates theoretical C,8 and DFs during a case run
using outfall, steady-state effluent, and steady-state receiving
water characteristics supplied to it (inecluding C, and C,}). Each C,
and DF that prints out is for a particular horizontal distance from
the outfall. The empirical and theoretical C,gs for the same
horizontal distance from the outfall can then be compared to
" establish how well the model is simulating the plume. In this way,
a model can be validated for a particular site.
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Calculations Showing Derivation of C,.

Quantity of 20% Rhodamine WT dye used: 24 Lj;
Quantity of 100% dye used: 24 x 0.2 = 4.8 L
Density of dye: 1.19 kg/L;

5.71 kg;

Weight of dye: 4.8 L x 1.19 kg/L

5.71x10° gm;

Quantity of effluent:
6 3 3 3 3
0.5x10° gal x 3.785x10 m/L x 107 L/m
- 1.89x10° 1;
Concentration of dye (C):
5.71x10° gm / 1.89x10° L = 3.02x10° gm/L

= 3,020 ppb
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Jun 17, 1996, 17: 9:41 WED PROGRAM PLUMES, Ed 3.1, 8/7/95 Case: 1 of 4
Title - . Stanwood-Present/Validation,ebb following LHW, station A. nonlinear
tot flow # ports port flow spacing effl sal effl temp far inc far dis
0.02191 1 0.02181 1000 0.0 17 6.4 6.4
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print frg
2.652 0.5567 0.4348 0.1476 - 0.1476 6.000 0.1 60
port elev ver angle cont coef  effl den poll conc decay Froude # Roberts F
0.3048 0.0 0.61 -1.16146 3020 . 0 0.6001 4755
hor angle red space p amb den p current far dif  far vel K:vel/cur Stratif #
80 1000.0 13.0040 0.2438 (0.000453 0.1 0.6053 0.0002402
depth current density salinity temp amb conc N (freq) red grav.
0.0 0.1 12.9832 19.3 19.6 0 0.008704 0.1391
3. 0.1 13.00867 19.3 19.5 0 buoy flux puff-ther
3.047E-06 0.2414
jet-plume jet-cross
0.245¢6 0.2332
plu-cross jet-strat
0.2103 2.556

plu-strat

8.245

hor dis>=
6.4

CORMIX1 flow category algorithm is turned off.
0.000453 m2/3/s

Help: F1l.

Quit:

<egc>.,
UM INITIAL DILUTION CALCULATION

plume dep plume dia poll conc

Hi

2.652

.388
.141
. 850
.508
.108
0.6453
0.4584

N

m
0.4348

L4239
.5199
.6573
. 8407
1.080
1.388
1.522

OO O

3020

1992
1315
B67.3
572.2
377.5
249.1
213.8

Iﬁput wagstefield width: 1.52

Configuration:NRCOO.
(nonlinear mode)

dilution
1.000

1.508
2.27%
3.447
5.218

7.902

11.97
13.94

0.
FILE:

hor dis
m
0.000

0.3006
0.4553
0.6277
0.8359
1.086
1.427
1.570

Farfield dispersion based on wastefield width of
--4/3 Power Law--
conc dilution

212

14.1

width
m
1.83

‘ ' -» surface hit
FARFIELD CALCULATION ({(based on Brooks, 1960, see guide)

1.520m

0001 to 0.0005 m2/3/8 range
STANWOOD. VAR ; '

--Const Eddy Diff--
conc dilution width distance time
m m gec hrs
14.0 .80 6.40 48.3 0.013

213



Jun 17, 1996,

Cage: 4

Title Stanwood-Pregent/Calibration, ebb following LHW/station I. nonlinear
tot flow # ports port flow spacing effl sal effl temp far inc far dis
0.02191 .17 0.021%91 1000 0.0 17 6.4 64 .
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print frg
2.652 0.5567 0.4348 0.1476 0.1476 0.000 0.10 100
port elev ver angle cont coef effl den poll conc . decay Froude # Roberts F
0.3048 0.0 0.61 -1.16146 3020 0 0.6001 328.2
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif #
90 1000.0 13,0040 0.1000 0.0022 0.1 1.476 0.0002402

depth current density salinity temp amb conc N (freq) red grav.

0.0 0.1 12.9832 19.3 19.6 0 0.008704 0.1391

3. 0.1 13.0067 19.3 19.5 0 buoy flux puff-ther

R 3.047E-06 0.3249

jet-plume jet-cross

0.2456 0.5686

plu-cross jet-strat

3.047 - 2.556
plu-strat '

8.245
hor diss>=
6.4

CORMIX1 flow category algorithm is turned off.
0.0022 m2/3/s

Help: F1.
plume

2.652
.227
L7452
.108
0.4584

2
1
1

Quit:

m
0.4348

0.4832
0.7130
1.080
1.522

<28C>.

dep plume dia poll conc
1l

3020

1510
755.0
377.5
213.8

Input wastefield width: 1.52

dilution
1.000

1.986
3.958
7.902
13.94

Configuration:NRCOO.

ho

0
0

r dis

17: 7:22 WED PROGRAM PLUMES, Ed 3.1, '8/7/95

2 of

0.0001 to 0.0005 m2/3/s range
FILE: STANWOOD.VAR; .
UM INITIAL DILUTION CALCULATION (nonlinear mode)

m

0.000

L4029
.6923
1.096
1.570

Farfield dispersion based on wastefield width of
~--4/3 Power Law--
conc dilution

i_l
S
o

75.
48.
34,
26.
20,
17.
14.
12.
10.

TN WOWWIIN

21.4
39.8
61.8
86.8
114
145
177
212
248
287

width
m
3.20
5.99
9.31
13.
17.
21,
26.
31.
37.
43,

B WO 0w

-» gurface hit
FARFIELD CALCULATION (based on Brooks, 1960, see guide)

--Const Eddy Diff--
conc dilution

169
126
105
91.3

©82.1

75.1
69.7
65.3
61.7
58.6

17.
23.
28.
32,
36.
40.
43.
46,
48,
51.

O OROOOOWI0

w

1.520m

idth distance time

m m sec hrs
2.60 6.40 48 .3 0.013
3.56 12.8 112 0.031
4,31 19.2 176 0.049
4,95 25.6 240 0.667
5.51 32.0 304 0.085
6.02 38.4 368 - 0.10
6.50 44 .8 432 .12
6.94 51.2 49¢ 0.14
7.35 57.6 560 0.16
7.74 : 64.0 624 6.17



Jun 17, 1996, 17: 7:31 WED PROGRAM PLUMES, Ed 3.1, 8/7/95 Case: 3 of 4
Title Stanwood-Future/acute boundary/2.37 MGD/min curx/ nonlinear
tot flow # ports port flow gpacing effl sal effl temp far inc far dis
- 0.1038 1 0.1038 1000 0.0 17 6.4 6.4
port dep port dia plume dia total vel horiz vel vertl vel asp coeff print frg
2.652 0.6096 0.4761 0.5830 0.5830 0.000 0.1 60
port elev ver angle cont coef effl den poll conc decay Froude # Roberts F
0.3048 0.0 0.61 -1.16146 100 0 2.266 673.2
hor angle red space p amb den p current far dif far vel K:vel/cur Stratif #
S0 1000.0 13.0040 0.2134° 0.000453 0.00609 2.732 0.0002630
depth current density salinity temp amb conc N (freq) red grav.
0.0 0.000Q¢9 12.8832 18.3 19.6 . 0 0.008704 0.1391
3. 0.0009 13.0067 19.3 18.5 0 buoy flux puff-ther
' 0.00001444 1.058
jet-plume jet-cross
1.015 1.153
plu-cross jet-strat
1.486 5.316

plu-strat

12.16

hor dis>=
6.4

CORMIX1 flow category algorithm is turned off. .
0.000453 m2/3/s
Help: Fl1. Quit: <esc». Configuration:NRCOO.

FILE: STANWOOD.VAR;
UM INITIAL DILUTION CALCULATION -

{(nonlinear mode)

plume dep plume dia poll conc dilution  hor dis

.om m o m

2.652 0.4761 100.0 1.000 0.000

2.567 0.7022 "65.98 1.508 0.5918

2.14%7 0.9463 43.53 2.279 1.32%9

1.293 1.186 28.72 3.447 2.021
0.2588 1.432 20.17 4.903 2.526 -> surface hit

FARFIELD CALCULATION (based on Brooks, 1960, see guilde)

Input wastefield width: 1.43

0.0001 to 0.0005 m2/3/s range

Farfield dispersion based on wastefield width of 1.430m
--4/3 Power Law-- --Const Eddy Diff--
conc dilution width cone dilution width distance cime
‘ m : m m sec hrs
0.582 172 £69.2 4.57 21.8 8.80 6.40 . 4300 1.2



Jun 17, 1996, 17:11:17 WED PROGRAM PLUMES, Ed 3.1, 8/7/95

Title
tot flow
0.03461
port dep
2.652
port elev
0.3048
hor angle
90

depth

0.0

3.

# ports

1

port dia
0.557%
ver angle
0.0

red space
1000.0
current
0.2134
0.2134

port flow
0.03461
plume dia
0.4354
cont coef
0.61

p amb den
13.0040
density
12.9832
13.0067

spacing
1000
total vel
0.2324
effl den
-1.16146
p current
0.2134
salinity
19.3

19.3

effl sal
0.0

horiz vel
0.2324
poll conc
100

far dif
0.0022
temp

19.6

19.5

CORMIX1 flow category algorithm is turned ofE.
0.0022 m2/3/s '

Help: Fi.
plume
2.652

.386
.122
.781
.324

811

[alll el 2N V)

0.

Quit: <esc>. 'Configuration:NRCOO.
UM INITIAL DILUTION CALCULATION
dep plume dia poll conc

m

m
0.4354

0.5667
0.8208
1.192
1.722
2.132

100.0

50.00
25.00
12.50
6.250
4.152

Input wastefield width: 2.13

(noniinear mode)

dilution
1.000

1.986
3.958
7.902
15.79
23.76

hor dis

m

¢.000

0.5179
0.8091
1.496
2.440
3.263

Farfield dispersion based on wastefield width of
--4/3 Power Law--
conc dilution

0.718

139

- width
m
17.2

1.82

Stanwood-Future/chronic boundary/0.79 MGD/mean curr/

effl temp
17

vertl vel
0.000
decay

: 0
far wvel
0.2134
amb conc
0

0

Case:

4 of 4

nonlinear

far inc
64.

asp coeff
0.1
Froude #
0.9445
K:vel/cur
1.089

N {(freq)
0.008704
buoy flux
4.814E-06
jet-plume
0.3872
plu-cross
0.4953
plu-strat
9.244

far dis
64.

print frg
100
Roberts F
2019
Stratif #
0.0002405
red grav.
0.1391
puff-ther
0.3979
jet-cross
(.4203
jet-strat
3.210

hor digs=

6.4

-» surface hit
FARFIELD CALCULATION (based on Brooks, 1960, see gulde)

0.0001 to 0.0005 m2/3/s range
FILE: STANWOOD.VAR;

2.130m
--Const Eddy Diff--
cone dilution width distance time
™ m gec hrs
54,7 .76 64.0 285 0.079
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. The UM model in the PLUMES interface
A closer look at the near-field and far-field algorithms

The 3PLUMES interface contains both initial dilution (near-field)
and far-field algorithms for predicting performance of the effluent
plume. Entrainment of ambient fluid into the effluent plume is
gimulated in the near-field by the interrelated principles of
aspiration and projected area entrainment (PAE). The user can
fine-tune aspiration through the interface by adjusting the
aspiration coefficient <asp coeff>. Adjustments have the biggest
effect at the lowest ambient current velocities. The default value
is (0.1). PAE cannot be fine-tuned.

The far-field algorithm can also be fine-tuned. Some explanation

is provided here. The user’'s manual (EPA, 1993) should be
consulted for a detailed discussion of the algorithm (and the
equations (66) through (70)) associated with far-field. The

printout from the model shows the output from both algorithms.

There are two eguations in the farfield algorithm: (1) the 4/3
Power Law, and (2) the Constant Eddy Diffusion. The former
equation is preferred for analyses in open coastal waters; the
latter for near shore coastal waters and confined waters - like the
Stlllaguamlsh River estuary. Both equatlons employ a farfield
dzsper31on coefficient, whose units are ‘m* /sec, Both sgets of
results are lncluded in the printout from a 3PLUMES case run.

The llterature, e.g., Table 5.3 in Flscher et al (1979), contains
a range of obgerved values for longitudinal dlSp@KSlon.coeff1c1ents
for a wvariety of channels. Typically, the .units are m’/sec.
Equation (67) in the user’s manual expresses the relationship
between the longitudinal and farfield coefficients:

@ = €,/b%, where (1)

€, 1is a longitudinal dispersion coefficient from the
literature;

b is the width of the plume field at the end of initial
dilution (in m); and ‘

o is the farfield dispersion coefficient used in 3PLUMES.

A change from the default value for the farfield dispersion
coefficient (named <«far dif> on the interface) appeared to be
-warranted, Dilutions in the yrlntout under the subheading "-Const
Eddy Diff-" (results from Equation (66)) weren’t close to empirical
values. Calibration of the model to field data for use at the
chronic boundary was eventually achieved using a farfield
dispersion coefficient of 0.0022. This is appropriate as long as
the value in <far vel> remains approximately the same. This is

M-1



because dispersion is dependent on ambient velocity, as mentioned
above. '

The farfield dispersion coefficient is the variable which must be
recalculated whenever "b" changes. The "b" value is always present

in the message: "Farfield dispersion based on wastefield width of
m". The recalculated o is entered into the cell <far d4if>, and
the model restarted. If the second digit of the five-digit

configuration string (at the bottom of the PLUMES interface) is
encoded as an R, then the model will stop following completion of
the near field algorlthm to allow the moéeller to input a "b" of
his/her choice.
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‘Mixing Zone Mass Balance Calculations
Including Far-Field Accumulation of Effluent
and Ambient Background Pollutants

Introduction

Tidal currents may cause effluent to accumulate in the receiving water surrounding an outfall
in a tidal river or estuary. The receiving water may also contain background concentrations
of pollutants from sources other than effluent. This discussion presents mass-balance
equations to account for far-field accumulation of effluent and background pollutant
concentrations in the receiving water for mixing zones that are tidally-influenced. Various
methods are available to account for the accumulation of effluent and ambient background
sources when determining potential to exceed water quality criteria or estimating waste load
allocations.

When dye is used as a tracer of effluent in a mixing zone study, the far-field accumulation of
effluent may be estimated based on either of two methods:

* Method 1: the USGS superposition method (Hubbard and Stamper, 1972) may be
used by injecting the tracer during one tidal day and measuaring continuously at a fixed
monitoring station to determine maximum concentrations during succeeding days until
the tracer is undetectable; or

] Method 2: the Jirka method (EPA, 1992) may be used by injecting the tracer over
several tidal cycles (usually five or more) until a quasi-maximum steady state is
reached. Concentrations of the tracer are usually monitored continuously at a fixed
monitoring station.

In addition to the two methods of tracer injection, two alternative schemes for locating
monitoring stations are acceptable:

. Alternative 1: tracer concentrations are measured in the near-field at the mixing zone
boundary in the approximate centerline of the effluent plume; or

. Alternative 2: fracer concentrations are measured in the far-field at some considerable
distance from the effluent plume at a position that is representative of the source of
dilution water for the plume.

Either the superposition or Jirka method may be used to conduct the tracer studies for both
Alternatives 1 and 2. A third method is also proposed if a tracer study is not conducted:

° Method 3: A default correction which can be used as an approximation of far-field
accumulation is based on recommendations by EPA (1992).

N-1



Definitions

near-field

. far-field

v

<

DF

WLA

WQC

at the mixing zone boundary in the approximate center-line of the effluent
plume.

at some considerable distance from the effluent plume at a position that is
representative of the source of dilution water for the plume.

initial maximum effluent concentration (volume fraction of effluent, e.g. 5
percent effluent corresponds to V of 0.05) during first tidal cycle prior to
influence of far-field accumulation from previous tidal cycles.

quasi-steady-state maximum effluent concentration (volume fraction of effluent;
eg. 5 percent effluent corresponds to V of 0.05) after several tidal cycles
result in equilibrium with far-field accumulation.

return rate of dye or effluent mass discharged in the previous tidal cycle as
defined in EPA, 1992. ‘

initial effluent dilution factor (reciprocal of volume fraction of effluent; e.g. 5
percent effluent corresponds to DF of 20) during first tidal cycle prior to
influence of far-field accumulation from previous tidal cycles. DF may be
estimated using a model (e.g. PLUMES or CORMIX) or by near-field tracer
measurement, DF is usually determined at critical conditions.

quasi-steady-state effluent dilution factor (rec1proca1 of volume fraction of
effluent, e.g. 5 percent effluent corresponds to DF of 20) after several tidal
cycles (usually 5 or more cycles) result in equilibrium with far-field
accumulation. DF is usually determined at critical conditions,

pollutant concentration in the plume at the mixing zone boundary.

pollutant concentration in effluent before dilution in the mixing zone.

pollutant concentration in upstream ambient receiving water away from the
influence of far-field effluent accumu]ation,

effluent concentration {o use for Waste Load Allocation (acute or chromc) for
derivation of water quality-based permit limits.

pollutant ¢oncentration for water quality criteria (acute of:.,‘thqnic).

N-2



Mass Balance Equations for Alternative 1

If the tracer monitoring station is located in the near-field (at the mixing zone boundary in

the approximate centerline of the effluent plume), then the follqwihg mass-balance equations

are appropriate:

. calculate Jirka’s r; from near-field V and V (based on equation 22 in EPA, 1992:

n=(¥-V)/¥

] calculate the near-field DF (acute or chronic boundary), including the effect of far-

1)

field accumulation of effluent, from model or tracer estimates of DF and estimated r,

in the previous step (based on equation 22 in EPA, 1992:

DE =DF (1-14)

@)

L The following equation is appropriate to calculate pollutant concentrations (C,) at the
mixing zone boundaries for comparisons with water quality criteria. Near-field DF is

corrected for far-field accumulation of effluent in the previous step. The following

equation incorporates the effect of ambient background (C,) from sources of pollutants
other than effluent. Estimates of C, may also include a reasonable potential multiplier

using methods in chapter VI of Ecology’s Permit Writer's Manual. Pollutant
concentrations (C,) are estimated as follows (based on equation 9 in EPA, 1993:

C,=C.(1/DE)+C,(1-(1/DE))
. calculate acute and chronic WLAs:
WLA = WQC *DE-C,(DE-1)
Example:

Given: near-field V = .02 (2 percent effluent); near-field Y = .07 (7 percent
effluent).

Calculation of near-field DF including far-field accumulation of effluent:
r;=(.07-.02)/.07=.7143; DF=1/.02=50; therefore near-field
DF=50(1-.7143)=14.3,

3

4)



Mass Balance Equations for Alternative 2

If the tracer monitoring station is Jocated in the far-field at some considerable distance from
the effluent plume at a position that is representative of the source of dilution water for the
plume, then the following mass-balance equations are applicable:

calculate near-field DF, excluding the far-field aécumulatiori of effluent, from a model
(e.g. PLUMES or CORMIX) or from an additional near-field tracer monitoring
station (e.g. near-field DF = reciprocal of near-field V) '

calculate the near-field DF (acute or chronic boundary), including the effect of far-
field accumulation of effluent, by mass balance with near-field DF from the previous
step and far-field V (based on equation 8 in EPA, 1993:

DE=DF/(1+Y¥Y(DF-1)) )

The following equation is appropriate to calculate pollutant concentrations (C,) at the
mixing zone boundaries for comparisons with water quality criteria. Near-field DF is
corrected for far-field accumulation of effluent in the previous step. The following
equation incorporates the effect of ambient background (C,) from sources of pollutants
other than effluent. Estimates of C, may also include a reasonable potential multiplier
using methods in chapter VI of Ecology’s Permit Writer’s Manual. Pollutant
concentrations (C,) are estimated as follows (based on equation 9 in EPA,1993:

C,=C, (1/DE)+C,(1-(1/DFE})) (3)
calculate acute and chronic WLAs:

WLA = WQC *DF - C, (DEF- 1) | 4

Example:

Given: near-field DF=50 from PLUMES model excluding far-field accumulation of
efftuent; far-field V=051 (5.1 percent effluent) from tracer study using super-
position method. ‘

Calculation of near-field DF including far-field accamulation of effluent:
near-field DF=50/(1+.051(50-1))=14.3.



Mass Balance Equations for Method 3

If it is decided to use a default correction for far-field accumulation, then the following mass
balance equations are applicable: ' '

L estimate default for Jirka’s r, = 0.5 from EPA 1992 and Ecology’s Permit Writer’s
Manual. |

'Y calculate the near-field DF (acute or chronic boundary), ‘including thé effect of far-
field accumulation of effluent, from model or tracer estimates of DF and estimated 1,
in the previous step (based on equation 22 in EPA, 1992:

DF = DF (1-1,) . @)

®  The following equation is appropriate to calculate pollutant concentrations (C,) at the
mixing zone boundaries for comparisons with water quality criteria. Near-field DF is
corrected for far-field accumulation of effluent in the previous step. The following
equation incorporates the effect of ambient background (C,) from sources of pollutants
other than effluent. Estimates of C, may also include a reasonable potential multiplier
- using methods in chapter VI of Ecology’s Permit Writer’s Manual. Pollutant
concentrations (C,) are estimated as follows (based on equation 9 in EPA, 1993:

C,=C,(1/DE)+C,(1-(1/DE)) | 3)
® calculate acute and chronic WLASs:

WLA = WQC *DFE - C, (DE- 1) “)
Example: |
Given: 1,=0.5; DF=50

Calculation of DF: DE=50(1-.5)=25.





