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INTRODUCTION 

Field studies were conducted in the Hawkins Bay area during August 

and September of 1986. These studies were designed to obtain data for 

use in testing and refining the hydrodynamic and transport models 

previously developed for predicting the effects of an offshore discharge 

from the proposed Kingsland Bay Fish Hatchery on phosphorus 

concentrations in the area (Walker, Laible, Owens, & Effler, 1986). 

Additional objectives were to select a specific location for the 

offshore discharge and to evaluate currents in that area via drogue and 

dye studies. Based upon these additional data and further analysis of 

historical data, the phosphorus transport model has been refined and 

used to project hatchery impacts for effluent flows and concentrations 

specified in the discharge permit which has been drafted by the Vermont 

Department of Water Resources. The work is described in the following 

sections: 

WIND VELOCITY MEASUREMENTS 

DROGUE STUDIES 

DISCUSSION OF CURRENT PATTERNS AT PROPOSED OUTFALL LOCATION 

DTE STUDIES 

TRANSPORT MODEL REFINEMENTS 

HATCHERY IMPACT PROJECTIONS 

A final section summarizes principal conclusions of the study. The 

location of the proposed offshore outfall is approximately 400 meters 

west of Gardiner Island, as shown in Figure 1. Results indicate that, 

with the proposed effluent limitations, the offshore hatchery discharge 

will cause an average increase of less than 2 ppb in the bay area east 

and south of Thompson's Point under summer loading and wind conditions. 

WIND VELOCITY MEASUREMENTS 

Wind speed and d i r e c t i o n were recorded a t the e a s t e r n t i p of 

Thompson's Point during August and September 1986, as shown in Figure 1. 
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Measurements were recorded at 5-minute in terva ls using a remote data 

logger. Wind speeds driving lake currents are l ike ly under-estimated 

because the f i e l d s t a t i o n i s somewhat s h e l t e r e d by land masses, 

pa r t i cu la r ly from northeast winds. 

The resu l t ing wind rose is shown in Figure 2 . The data suggest two 

dominant wind events - southeast (mean speed = 7.3 mph) and northwest 

(mean speed = 6.6 mph). The mean wind speed for August-September 1986 

period was 8.7 mph, compared with a 20-year average of 7.7 mph recorded 

at the Burlington Airport for these months. Figures 3-6 display the 

wind speed and di rect ion for time periods preceding and during each 

drogue study. 

Wind speed and di rect ion at Thompson's Point during September 1986 

are compared with the Burlington Airport data in Figures 7 and 8, 

respect ive ly . The lake data are more scat tered because the observations 

are a t 5-minute in t e rva l s , as compared with the Burlington Airport data, 

which are taken at 3 hr i n t e rva l s . With the exception of the northern 

wind event which occurred on September 20, speed and direct ion are in 

reasonab le agreement. Bur l ington Ai rpor t data appear useful for 

longterm project ions, although both sources of wind data seem l ikely to 

underestimate wind speeds over the lake. 

Histograms of wind direct ion at Thompson's Point and Burlington 

Airport wind data are shown in Figures 9 and 10. Wind i s from the SE 

quadrant 44,45% of the time a t the Ai rpor t and the l ake s i t e 

respect ively. The percentages for the other quadrants for the a i rpor t 

and lake s i t e respectively are NE - 13,20 %, SW - 12,10% and NW-

30,26%. When broken down into eight direct ions (Figure 10), the data 

indicate that winds are more from the SE at the lake s i t e than at the 

Airport . 
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DROGUE STUDIES 

During the August-September 1986 period of field studies, lake 

elevations averaged 96.3 feet, or .7 feet above the mean stage of 95.6 

feet. Drogues, devices used for direct measurement of lake current 

velocities, were released and tracked on four occasions. Wind 

conditions, release points, and drogue paths are summarized in Figure 

11. Drogue paths are compared with model predictions as follows: 

Release Paths Hodographs* 

August 18 Figure 12 Figure 13 

August 28 Figure 14 Figure 15 

Sept 2 ' Figure 16 Figure 17 

Sept 3 Figure 17 Figure 19 

* velocity vs. depth diagrams 

Table 1 summarizes measured and modeled current speeds. Results 

indicate that there is a dominant current along a NE-SW bearing for both 

NW and SE wind conditions and that the hydrodynamic model generally 

underpredicts measured current speeds, when driven by wind speeds 

measured at Thompson's Point. 

On August 18, the mean wind velocity prior to and during drogue 

tracking has been computed using wind data from 9:30 - 15:00. The mean 

velocity was 13.8 mph from a direction 25 degrees west of true north. 

Figure 12 shows the August 18 wind direction (NNW), predicted vertically 

averaged current patterns, and the observed drogue paths. The modeled 

currents have been generated using a wind speed of 13.8 mph and a wind 

shear coefficient C =.001 (identical to the value used in previous 

simulations (Walker et al., 1986)). The model hodograph at node (82) 

nearest to the release point, is shown in Figure 13, along with the 

observed drogue paths. 
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Initial drogue path directions compare well with the simulated 

patterns for the August 18 drogue study. The drogue paths follow the 

directions of the simulated currents away from the release point. Both 

the modeled and measured results suggest a strong reverse current, with 

a mean direction towards the northwest. Measured current magnitudes 

were approximately twice the modeled currents near the surface. The 

observed and predicted magnitudes at the lower depths were in good 

agreement, however. 

On August 28, wind direction was initially from the NW (prior to 11 

am), but later shifted to the NE. Wind speeds varied from 5-13 mph. 

Figure 14 shows the simulated current patterns for a N wind and the 

drogue paths. Figure 15 compares the drogue paths and the simulated 

flow over the depth. Observed currents (3.9-8.5 cm/sec) are 

significantly larger then the simulated values (1.6-4.2 cm/sec). 

Simulated surface currents are in the direction of the wind, whereas the 

observed currents were directly into the wind. Both observed and 

simulated flows are generally along a NE-SW bearing. 

On September 2, the wind was from the W-NW direction at 5-10 mph. 

Figure 16 shows the simulated current patterns for WNW wind and the 

drogue paths. Figure 17 compares the drogues paths and simulated flow 

over the depth. In this case, the directions of the surface and bottom 

currents are in good agreement. The observed flows from 1 meter down 

are again along a NE-SW bearing. This case gives the best agreement 

with the magnitude of flow. Observed and simulated surface speeds are 

2-3 cm/sec vs. 2 cm/sec, respectively. Observed and simulated near-

bottom speeds are 2-3 cm/sec vs. 1 cm/sec, respectively. 

On September 3, the mean wind velocity prior to and during tracking 

was computed using wind data from 8:00 - 16:00. The mean velocity was 

9.3 mph from a direction 25 degrees east of true south. Figure 18 shows 

the September 3 wind direction (SSE), predicted vertically averaged 

current patterns, and observed drogue paths. The model hodograph at 
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node 92, nearest to the September 3 release point, is shown in Figure 

19, along with the observed drogue paths. 

The initial drogue path directions compare well with simulated 

patterns for the September 3 release. The drogue paths also follow the 

directions of the simulated currents away from the release point. Both 

the modeled and measured current structures are predominantly towards 

the northeast. The model predicts a mild reverse current which was not 

observed in the field. Observed current magnitudes on this date are 

significantly greater ( 4 - 8 times) than the modeled currents. This 

indicates that the assumed wind shear coefficient may be too low and/or 

that a slope current had not fully developed (see discussion below). 

One possible explanation for the better agreement of the modeled 

and measured currents for the NNW case is that the magnitude and 

direction of the wind on August 18 was steadier and of longer duration 

than on September 3 (SSE event). Since the model produces results for a 

steady condition, better agreement should be achieved for winds of a 

stronger and longer duration. A reverse current, as observed for the 

NNW event, requires a build-up in surface elevation at the windward land 

mass. This would be achieved more rapidly for strong winds from the NNW 

due to shallow area of Hawkins Bay. A longer period of time may be 

required for a SSE event because of the large expanse of water to the NW 

of the release point. These considerations suggest that the drogue 

paths observed on September 3 (SSE event) may have represented transient 

conditions, with insufficient time for full development of a reverse 

current. Consequently, the field measurements show more of a 

unidirectional flow condition. 

For each drogue study, dominant observed and measured currents in 

the discharge region tend to be in a direction nearly perpendicular to 

the wind, reflecting the topographic gyre that develops throughout 

Hawkins and Town Farm Bays. The gyre is counter-clockwise for a SSE 

wind and clockwise for a NNW wind. 
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DISCUSSIOH OF CDKEEHT PATTERNS AT PROPOSED OUTFALL LOCATION 

The previous study (Walker,Laible, Owens, & Effler, 1986) utilized 

wind-driven circulations as the advective terms in the cell model 

transport analysis. The drogue studies and modeling discussed above 

indicate that the hydrodynamic model captures the general structure of 

the circulation patterns in the region, but generally under-predicts 

current magnitudes. 

The nature of these currents and their effects on transport in the 

discharge location deserve comment. Figure 20 shows simulated current 

patterns for eight wind conditions (N,NE,E,SE,S,SW,W and NW). While the 

dominant wind conditions are from the SE and NW, an interesting 

condition exists in the discharge cell that is common to all wind 

conditions. Careful observation of the direction of flow in the 

discharge region reveals that the discharged fluid is generally swept 

into currents with a NE-SW bearing. The worst condition appears to be 

during an easterly wind event, when the initial NE transport is drawn 

into Hawkins Bay near Long Point. Currents are directed into Hawkins 

Bay in the discharge zone during an easterly event since fluid must be 

replaced by the significant westerly flow along MacDonough Point. It 

should be noted, however, that easterly winds are present only 16% of 

the time (Figure 10). 

These results indicate that dominant transport from the proposed 

discharge location is not directly into the shallow Hawkins Bay area. 

The results also suggest that, although the wind driven currents will 

tend to spread the discharged fluid throughout the greater bay area east 

and south of Thompson's Point, the actual direction of the wind will 

have little effect on changes in phosphorus concentration resulting from 

the hatchery discharge. The relationship between wind direction and 

hatchery impact is investigated further below using the transport model 

(see HATCHERY IMPACT PROJECTIONS). The proposed discharge location is 

favorable since it is not in a region where a particular wind condition 

would cause a major increase in the transport of phosphorus into the 
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Bay. In comparison, a discharge location closer to MacDonough Point 

would cause considerable transport into the Bay under S, SW, W or NW 

wind conditions. Flows would reverse for the N, NE, E and SE winds, 

respectively. 

DTE STUDY 

Rhodamine B dye was released at a location approximately 400 meters 

WNW of Gardiner Island (latitude 44° 15.04', longitude 73° 17.71') at 

2:20 pm on September 15, 1986. The dye was released in a 150—foot strip 

and dispersed over a depth range of 5-25 feet. The water column was 32 

feet at this location and was essentially isothermal. The quantity of 

dye released was sufficient to increase the average fluorescence in the 

release cell (column 17, row 11 of the expanded model grid) by 2.5 

units, as compared with background levels of approximately .1 units. 

Dye concentrations were tracked in the surrounding bays over a 

period of approximately two days using a flow-through fluorometer. A 

total of 250 measurements were recorded at depths ranging from 0 to 25 

feet. Latitude/longitude coordinates were measured with a Loran-C unit. 

Aerial photographs of the dye plume were also taken at various times 

between 1 and 5 hours after the dye release to supplement the field 

measurements. 

Wind velocity measurements at Thompson's point over the dye-study 

period are displayed in Figure 21. A light (2-6 mph) SE wind was 

dominant during the period prior to and immediately following (2 hrs) 

the dye release. Subsequently, dominant winds shifted between NW and NE 

at speeds varying up to 18 mph. 

Dye measurements grouped into four time periods (2-5 hours, 5-10 

hours, 21-25 hours, and 44-46 hours after the dye release) are displayed 

in Figure 22. The contour diagrams have been generated using the 

following procedure: (1) increase grid resolution by factor of 4 (divide 

each cell into 16 mini-cells, each 100-meters square); (2) determine 
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maximum observed concentration for each mini-cell and time period; (3) 

plot contours accordingly. Maximum (vs. mean) observed concentrations 

have been used to circumvent a complex spatial weighting procedure. 

Accordingly, the resulting contour diagrams likely over-estimate the 

actual dye plume concentrations and under-estimate the observed 

dilution. 

Dye measurements, direct field observations, and aerial photographs 

indicate that the dye plume moved rapidly towards the ENE during the 

first five hours of the study. During these hours, the bulk of the 

measured dye mass was at depths ranging from 6 to 15 feet. Aerial 

photographs also indicate that a narrow surface plume extended from an 

area approximately 200 meters north of Gardiner Island to 400 meters 

west of the tip of Long Point approximately 2.5 hours after the dye 

release. The surface plume headed ENE to an area just north of Gardiner 

Island and subsequently turned NNW as it encountered currents along 

Long Point. This narrow surface plume was not measured directly and is 

not reflected in the contours shown in Figure 22. Based upon the aerial 

photos, the surface current velocity was approximately 8 cm/sec to the 

NE during the first 2.5 hours of the experiment, when light SE winds 

were dominant. 

The behavior of the plume during the first few hours of the 

experiment is important because wind conditions were most representative 

of the prevailing SE wind. Had these winds persisted for a longer 

period, the bulk of the dye would likely have been transported in the 

counter-clockwise currents towards Thompson's Point and the open lake. 

As the wind shifted from SE to NE approximately 3 hours after the 

release, however, the plume began to move SW. The strong NW winds 

recorded between hours 13 and 35 drove the peak dye concentration 

towards an area SE of McDonough Point, where it was observed on the 

second day of the experiment (hours 21-25) at a peak concentration of 

approximately .5 units, as shown in Figure 22. On the third day of the 
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study (44-46 hours), fluorescence ranged from .06-.07 units and no 

gradients could be detected. 

Table 1 compares observed and predicted current speeds for the few 

hours of the experiment, based upon dye study results. At the surface, 

the maximum observed current velocity (based upon aerial photographs) 

was approximately 8 cm/sec, as compared with a predicted velocity of 1 

cm/sec for the corresponding wind condition. Based upon movement of the 

peak dye concentration, the mean observed current velocity was 

approximately 1.7 cm/sec, as compared with a predicted mean velocity of 

.5 cm/sec. 

Simulations of dye movement have also been performed using the 

linked hydrodynamic and transport models. Because each of these models 

assumes steady wind and current conditions and because wind conditions 

were variable during the dye study (Figure 21), it is necessary to break 

up the simulation into five periods of approximately uniform wind 

conditions, as indicated in Table 2. The root-mean-square wind speed 

(mixing energy input is proportional to square of wind speed) has been 

calculated for each period and used to drive the hydrodynamic model. An 

estimated speed of 5 mph has been assumed for periods with NE winds, 

since the Thompson's Point wind recording station is sheltered from NE 

winds. For comparison, simulations have also been performed using 

Burlington Airport data (at three-hour intervals) to drive the 

hydrodynamic and transport models. 

Simulation results are compared with observed dye plume behavior in 

Figure 23. In this figure, each row corresponds to a different time 

period and each column, to a different simulation run or set of observed 

values. The parameters used for the four simulations are identical to 

those used in evaluations of hatchery impact (see TRANSPORT MODEL 

REFINEMENTS). For the first two runs, dispersion coefficients have been 

estimated by calibration against August-mid September 1984 phosphorus 

concentrations in the region. For the third and fourth runs, current 

patterns predicted by the hydrodynamic model have been used to drive the 
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transport model, based upon Thompson's Point and Burlington Airport wind 

measurements, respectively. The last column displays observed cell-mean 

concentrations, for each time period (corrected for a background 

fluorescence of approximately .1 units). The observed cell-mean values 

have been calculated from the dye contours (Figure 22) by area-weighted 

averaging within each cell. A scale factor of 10 is used to display 

observed and predicted concentrations in all cases. 

Over the first 10 hours of the experiment, it is difficult to 

compare observed and predicted dye concentrations because the dye plume 

straddled cell boundaries and cells were not of uniform concentration, a 

condition which is inherent in the transport simulation. The 

comparisons are more valid at longer times (21 - 45 hrs). For both of 

these time periods, observed cell-mean dye concentrations and plume 

sizes were generally lower than modeled values for all simulation runs. 

Between 21 and 25 hours after the dye release, the center of the 

observed plume was somewhat further south (hugging the shoreline along 

McDonough Point) than predicted by the models, although observed 

concentrations (.1-.2 units) agree with model predictions. Generally, 

the simulations using the hydrodynamic model with Burlington Airport 

wind data show the best agreement with observed dye movements. Between 

43 and 45 hours after the release, the models predict 4 to 15 cells 

exceeding .1 units, although no plume could be detected. 

Consistent with drogue study results, dye study results suggest 

that current magnitudes in the region exceed those predicted by the 

hydrodynamic model. This under-estimation may be related to two 

factors: (1) under-estimation of the wind shear coefficient (a model 

parameter determining energy input at a given wind speed) and/or (2) 

under-estimation of effective wind speeds driving lake circulation. The 

above simulations (Figure 23) suggest that Burlington Airport data may 

be more representative of winds driving lake circulation than 

measurements made at Thompson's Point. Sheltering by land masses may be 

a significant problem at the latter station. The predicted current 

speeds assume that the land-based wind measurements are applicable to 

10 



the bays and open lake. Because of long fe tches , wind speeds over the 

open lake are l ike ly to be considerably higher than those measured on 

land. In order to resolve th i s i ssue , long-term monitoring of wind 

ve loc i t i e s over the open lake would be r e q u i r e d . As they s t and , 

however, the hydrodynamic and t ransport models are useful for generating 

conservative p ro j ec t ions of ha tchery impact , as i nd i ca t ed by the 

s imu la t ions of observed dye movements, discussed above, and by the 

simulations of observed phosphorus concentrations, discussed below. 

TRANSPORT MODEL REFINEMENTS 

This section describes refinements to the model previously employed 

for simulating spa t ia l var ia t ions in phosphorus concentrations in the 

study region and for predict ing hatchery impacts (Walker et a l . , 1986). 

Refinements have been made in the following a reas : 

(1) expansion of the hydrodynamic and t ransport grids (Figure 

1) to include a t o t a l of 6,080 acres (vs . 3,960 acres 

included in previous vers ion) ; 

(2) improvements in communication between the hydrodynamic 

and transport model, including: 

(a) least-squares flow balancing; 

(b) estimation of exchange flows, as well as net 

advec t ive flows between c e l l s , based upon 

depth- integrated current ve loc i t i e s predicted 

by hydrodynamic model under a given wind 

condition. 

(3) r e c a l i b r a t i o n of the model (advec t ive and diffusive 

versions) to August-mid September 1984 data. 

(4) p r o j e c t i o n of h a t c h e r y i m p a c t s f o r e f f l u e n t 

concentrations and flows specified in the draft discharge 

permit. 
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Results are discussed below. 

Figure 24 displays phosphorus contours in the study region on ten 

sampling dates in 1984 (Smeltzer,1985). The proposed outfall (marked) 

is located in a region where contours tend to be relatively far apart, 

as compared with regions closer to the mouths of Lewis and Little Otter 

Creeks. The spacing of the contours and their general orientation in a 

NE-SW direction reflect circulation patterns in the region, as predicted 

by the hydrodynamic model. On most of the sampling dates, phosphorus 

concentrations in the vicinity of the outfall were more similar to those 

in the open lake west of Thompson's Point than to those in Hawkins Bay. 

The mixing regimes suggested by the observed phosphorus contours further 

support the selection of this outfall location. 

Figure 24 also indicates that conditions in Hawkins and Town Farm 

Bays are influenced by the plume from Otter Creek (south of Kingsland 

Bay), as well as by loadings from Lewis and Little Otter Creek. The 

Otter Creek plume was particularly evident, on June 27, July 26, August 

17, September 7, September 19, and September 27. Given the general NE-

SW current orientations, significant transport of phosphorus from the 

Otter Creek plume into Hawkins and Town Farm Bays may occur. 

Previous modeling of phosphorus in the region (Smeltzer,1985; 

Walker et al.,1986) has focused on predicting average August-September 

conditions and has not explicitly accounted for effects of loadings from 

Otter Creek and for transport of phosphorus from the Otter Creek plume 

into the bays east of Thompson's Point. Figure 24 shows that Otter 

Creek plume was more evident and concentrations in the open lake west of 

Thompson's Point were generally higher on the last two sampling dates 

(September 19 and 27), as compared with other sampling dates in August 

and September. To reduce the influences of the Otter Creek plume and to 

improve the validity of the steady-state simulation, the transport model 

has been recalibrated against cell-average concentrations for the August 

8, August 17, August 27, September 7, and September 13 sampling rounds. 
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The development of a least-squares flow balancing algorithm and 

estimation of exchange flows between cells based upon finite-element 

velocity fields represent significant improvements in the transport 

simulation. The distribution of wind load (squared mean daily speed) on 

direction for August-September 1984 is shown in Figure 25. Mixing 

energy input to the water column is clearly dominated by winds from the 

southeast. Application of the flow balancing algorithm to velocity 

fields predicted by the finite element model for a southeast wind 

results in the balanced flow velocities shown in Figure 26. Similar 

calculations have been performed using velocity fields generated by the 

hydrodynamic model for other wind directions (Figure 20). These are 

used in the subsequent section to evaluate the sensitivity of hatchery 

impacts to wind direction. 

Tributary flows, concentrations, and loadings were higher during 

June and July, as compared with August and September of 1984. Previous 

modeling studies (Walker et al.,1986) have indicated that phosphorus 

residence time (ratio of mass in water column to external loading) is on 

the order of two weeks in the Hawkins and Town Farm Bay areas east of 

Thompson's Point. Some of the phosphorus measured in the water column 

during August and September 1984 reflects loadings which occurred 

earlier in the summer. To account for these effects, flows and loadings 

from Little Otter and Lewis Creeks have been calculated for the July 15-

September 15 period and used in simulating water column concentrations 

between August and mid September. 

Model variables and parameter estimates for phosphorus transport 

simulations are summarized in Table 3. Three approaches to modeling 

phosphorus transport have been investigated: 

Case 1A: diffusive transport only, uniform dispersion 

coefficient; 

Case IB: diffusive transport only, different dispersion 
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coefficients for transport in north/south and 

east/west directions. 

Case 2: diffusive transport + advective transport predicted 

by hydrodynamic model under dominant wind condition. 

The first two approaches are empirical in that the dispersion 

coefficients must be calibrated against observed phosphorus 

concentrations. The third approach is less empirical because the lake 

currents predicted by the hydrodynamic model are the dominant transport 

mechanism and simulations are very insensitive to the assumed dispersion 

coefficient, as shown by the calibration curves in Figure 27. 

Consistent with earlier work (Walker, et al.,1986), dispersion 

coefficients have been calibrated against observed mean concentrations 

in the open bay and lake regions (away from shallow areas around creek 

mouths). Observed and predicted phosphorus concentrations for each Case 

are displayed in Figure 28. 

The inclusion of Case IB (different transport coefficients in the 

north/south vs. east/west directions) is based partially upon the 

balanced flow velocities predicted by the finite element model. As 

shown in Figure 26, the model predicts much higher exchange velocities 

in the open lake in the north/south direction (.8 cm/sec) vs. east/west 

direction (.1 cm/sec). As noted by Fischer et al. (1979), effective 

diffusivities in the direction of mean lake transport (south to north in 

this case) have been found to be an order of magnitude higher than 

diffusivities in a direction with is transverse to the mean transport. 

Because of the elongated shape of the lake and variations in wind fetch, 

effective eddy sizes may be larger for transport in the north/south vs. 

east/west directions; this, in turn, may have important implications for 

selection of appropriate diffusive transport coefficients (Okubo,1971; 

Walker,1985). As indicated by the calibration curves in Figure 27, Case 

IB yields the lowest mean squared error for prediction of phosphorus 

concentrations (.62 vs. .74 for Case 2 and .76 for Case 1A). Several 

other combinations of north/south and east/west dispersion coefficients 
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have been investigated. A ratio of 5 (600,000 m2/day to 120,000 mz/day) 

yields the best fit, although other ratios (e.g., 10) work nearly as 

well. 

For each Case, the model tends to over-predict phosphorus 

concentrations by 0-1 ppb in the open lake region west of Thompson's 

Point (Columns 11-14, Rows 4-9). It is possible that transport rates in 

this region are greater than those predicted by any of the above 

approaches. The models tend to under-predict phosphorus levels by 0-1 

ppb in the southern portions of the bay (Columns 13-18, Rows 11-12). 

Intrusions from the Otter Creek plume and/or underestimation of 

tributary loadings may account for these small differences. Agreement 

between model simulations and observed phosphorus is generally good, 

especially considering the fact that the Case 2 predictions are based 

upon velocity fields which, have been generated independently of the 

observed phosphorus data. 

Simulations of the steady dye release conducted by Smelter(1985) 

during August and September of 1984 are shown in Figure 29. As found 

previously, the models calibrated for predicting phosphorus levels tend 

to over-predict measured dye concentrations resulting from the steady 

release. This may be related to non-conservative behavior of the dye 

over long time scales (e.g., adsorption to bottom sediments) and/or to 

under-prediction of lake currents. 

HATCHERY IMPACT PROJECTIONS 

Drogue studies and simulations of phosphorus and dye distributions 

in 1984 and 1986 support the validity of the linked hydrodynamic and 

transport models as tools for developing" conservative projections of 

hatchery impact. The models are used below to evaluate the sensitivity 

of hatchery impacts to location, discharge concentration, wind 

direction, and wind speeds. 
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Hatchery impact projections for each Case under August loading 

conditions (effluent concentration = 90 ppb) are illustrated in Figure 

30. The impacts are expressed as increases in cell phosphorus 

concentration (ppb) attributed to the hatchery discharge. A plot scale 

factor of 10 has been used to enhance resolution. Increases for other 

months can be estimated in proportion to the hatchery effluent 

concentration (ranging from 86 to 111 ppb, Table 3). The August loading 

condition is most representative of impacts during the critical algal 

growth period. The advective model predicts a maximum increase of 2.1 

ppb in the hatchery discharge cell and increases of 1.7-1.9 ppb 

throughout the bay areas east of Thompson's Point. The diffusive models 

predict greater impacts within the discharge cell (2.5-3 ppb), but 

similar increases throughout most of the bay (1.7-2.1 ppb). 

As discussed previously (Walker et al.,1986), bay-wide increases 

are probably of greater significance from a water quality perspective 

than increases within the discharge cell because low residence time in 

the discharge cell would limit algal responses to the increased nutrient 

levels. The models do not account for currents and dilution induced by 

the diffuser and therefore likely over-estimate phosphorus increases in 

the discharge cell. Generally, the impact projections on bay-wide 

conditions are relatively insensitive to choice of model (advective vs. 

diffusive). 

Sensitivities of impacts to wind direction under August loading 

conditions are illustrated in Figure 31. Because of variability in 

direction and speed and because of the appreciable residence time of 

phosphorus in the bay, it is unlikely that conditions would ever 

equilibrate with any fixed wind regime. The simulations in Figure 31 

are intended to show general directions of changes in relation to wind 

direction. These simulations show that projected impacts are greater 

for the southeast and northwest wind directions than for the others. 

The above projections for the dominant southeast wind event likely 

overestimate the impacts, when shifting wind directions are considered. 
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Impact sensitivities to the combined effects of variations in wind 

speed, direction, and hatchery loading are shown in Figure 31. Time 

series of daily mean wind speed and direction at Burlington Airport for 

June-September 1984 have been used to develop 122 sets of daily current 

patterns. These, in turn, have been used to drive the transport model 

in a dynamic mode in order to predict spatial and temporal variations in 

phosphorus over the 122-day period, as induced by the hatchery discharge 

at 11.5 mgd and effluent concentrations at the proposed monthly limits 

(Table 3). Average wind speed for June-September 1984 was 8.2 mph, in 

relation to the 30-year mean of 7.9 mph for the same months. Initial 

values for the simulation (June 1) have been set at the steady-state 

solution under the dominant wind event (SE, 8.5 mph). 

Time series of hatchery impacts at six locations in the bay are 

shown in Figure 31. As expected, the impacts are greatest and most 

variable in the discharge cell. As discussed above, the model likely 

over-predicts increases and variability within the discharge cell 

because effects of currents induced by the diffuser at not considered. 

Increases of less than 4 ppb are predicted in the discharge cell under 

worst-case conditions (generally following a day or two of low wind 

speeds). At locations further distant from the discharge cell, the 

level and variability of the hatchery impact decreases. This reflects 

increased volume and a greater sensitivity to average wind conditions, 

as opposed to daily conditions. When these variations are considered, 

the range of impacts is generally between 1 and 2 ppb throughout most of 

the bay areas east of Thompson's Point, as reflected by the dashed lines 

in Figure 23. 

Under the proposed effluent limitations, the projected mean impact 

of the hatchery on phosphorus levels east of Thompson's Point is less 

than 2 ppb. This conclusion is similar to that reached based upon 

earlier versions of the hydrodynamic and transport models (Figure IV-11, 

p. 56, Case 2, Mean Flow, Effluent P = 100 ppb, Walker et al., 1986). 

This change ghould-be" should be evaluated in relation to: 
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(1) 5 ppb average increase set by the Vermont Department of 

Water Resources as an acceptable level of impact; 

(2) observed temporal var ia t ions in phosphorus concentrations 

in the open waters of the bay under exis t ing conditions 

( r a n g e 12-25 ppb , see Figure 2 4 ) , as induced by 

fluctuations in -loadings from L i t t l e Otter , Lewis, and 

Otter Creeks, mixing cha rac t e r i s t i c s , and other physical , 

chemical, and biological f ac to r s ; 

(3) observed year-to-year var ia t ions in average phosphorus 

concentrations at the longterm lay monitoring s ta t ion off 

Thompson's Point (range 11-21 ppb, 1979-1984 means, 

Walker,1986); 

(4) o b s e r v e d t e m p o r a l v a r i a t i o n s in t r ansparency off 

Thompson's Point (ranging seasonally from 2 to 8 meters) ; 

(5) spa t ia l var ia t ions in Lake Champlain, in par t icu lar the 

south-north gradient which ranges from 56 to 10 ppb, 

based upon 1979-1985 monitoring data (Walker,1986). 

Analyses of phosphorus, c h l o r o p h y l l - a , and t ransparency data from 

throughout Lake Champlain (Walker,1986) indicate that nuisance algal 

growths (defined as chlorophyll-a concentrations exceeding 20 ppb or 

transparencies less than 2 meters) are generally not found at detectable 

frequencies in waters with to t a l phosphorus concentrations less than 25-

30 ppb. An inc rease from 15 to less than 17 ppb in the average 

phosphorus concentration east of Thompson's Point i s not l i k e l y to 

r e s u l t in nuisance algal dens i t ies and wi l l maintain a mesotrophic 

c lass i f i ca t ion for the bay. 

18 



CONCLUSIONS 

(1) An outfall location 400 meters west of Gardiner Island is 

favorable for minimizing local water quality effects of the 

hatchery discharge. Discharge through a diffuser will take 

advantage of the 1.7-9.3 cm/sec currents measured during the 

drogue and dye studies under prevailing winds and will 

minimize the potential for localized increases in nutrient 

concentrations during periods of low winds. 

(2) Phosphorus contours observed during 1984 indicate that water 

quality in the vicinity of the proposed outfall is more 

similar to the open lake waters west of Thompson's Point than 

to the shallow Hawkins Bay area. This is consistent with 

favorable currents in the area. The orientation of phosphorus 

contours is also consistent with the dominant SW-NE current 

patterns predicted by the hydrodynamic model under prevailing 

SE winds. 

(3) An outfall location further out into the main lake would 

result in a discharge to the hypolimnion. A location closer 

to the hatchery and McDonough Point would place the discharge 

in a region where current velocities tend to be higher, but 

where a higher percentage of the effluent would be transported 

through shallow regions of Hawkin's Bay under dominant wind 

regimes. 

(4) Comparisons of measured and modeled current velocities 

indicate that the hydrodynamic model used to project hatchery 

impacts captures the general structure of circulation patterns 

in the region, but generally under-predicts current 

magnitudes, when driven by wind measurements taken at 

Thompson's Point. Underestimation of effective wind speeds 

driving lake circulation and/or the effective wind shear 
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coefficient may contribute to differences between observed and 

predicted current magnitudes. 

(5) Simulations of observed dye movements following release at the 

outfall location on September 15, 1986 also indicate that 

actual current velocities and local dilution potential exceed 

those predicted by the hydrodynamic and transport models. The 

best agreement between model simulations and observed dye 

movements is obtained when Burlington Airport wind 

measurements are used to drive lake circulation. Sheltering 

of the Thompson's Point wind station may limit the usefulness 

of the data for simulating lake currents. 

(6) Drogue studies and simulations of phosphorus and dye 

distributions in 1984 and 1986 support the validity of the 

linked hydrodynamic and transport models as tools for 

developing conservative (i.e., worst-case) projections of 

hatchery impact. 

(7) Under the proposed effluent limitations, the discharge will 

cause an increase of 1-2 ppb in the bay waters east and south 

of Thompson's Point under summer conditions. This conclusion 

is largely insensitive to modeling assumptions (advective vs. 

diffusive transport), wind direction, and typical seasonal 

variability in wind speeds. This conclusion is also 

consistent with projections developed from earlier versions of 

the hydrodynamic and transport models (Walker et al., 1986). 

(8) The projected 1-2 ppb increase in phosphorus concentration is 

within the maximum 5 ppb increase which has been determined by 

the Vermont Department of Water Resources as an acceptable 

level of impact. Based upon comparisons with other sources of 

spatial and temporal variability in the system, the effects of 

a 1-2 ppb increase in phosphorus on water quality and water 

uses will be difficult to detect. Phosphorus concentrations 
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in the bay will remain well below levels which are required to 

support nuisance phytoplankton growths, based upon review of 

data from other regions of Lake Champlain. 
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Table 1 

Comparison of Measured and Modeled Currents 

August 18, 1986 Drogue Study 
Wind Direction = NNW Speed = 13.8 mph 

DEPTH 
(m) 
1 
3 
6 

MEASURED 
(cm/s) 
12.8 
5.2 
3.8 

MODELED 
(cm/s) 
6.6 
3.4 
3.4 

August 28, 1986 Drogue Study 
Wind Direction = N Speed = 5-13 mph 

DEPTH 
(m) 
1 
3 
6 
9 

MEASURED 
(cm/s) 
7.3 
3.9 
7.6 
8.5 

MODELED 
(cm/s) 
4.2 
2.3 
1.5 
1.5 

September 2, 1986 Drogue Study 
Wind Direction = NW Speed = 5-10 mph 

DEPTH 
(m) 
1 
3 
6 

MEASURED 
(cm/s) 
3.0 
3.0 
3.0 

MODELED 
(cm/s) 
2.0 
0.3 
1.2 

September 3, 1986 Drogue Study 
Wind Direction = SSE Speed =9.3 mph 

DEPTH 
(m) 
1 
3 
6 
8 

MEASURED 
(cm/s) 
14.8 
12.2 
9.6 
9.3 

MODELED 
(cm/s) 
3.6 
1.9 
1.2 
1.4 

September 15, 1986 Dye Study 0-5 hrs 
Wind Direction = SE Speed = 4.5 mph 

DEPTH 

Surface 
Mean 

MEASURED 
(cm/s) 
8.0 
1.7 

MODELED 
(cm/s) 
1.0 
0.5 

(from aerial photo) 
(from dye measurements) 



Table 2 

Time Periods and Wind Conditions 
for Dye Study Simulations 

Period Start Stop Direction mph 

1 
2 
3 
4 
5 

Time(hrs) 

0 3.6 
3.6 9.4 
9.4 15.4 
15.4 39.4 
39.4 56.0 

SE 
NW 
NE 
NW 
NE 

Speed 

4.3 
5.4 
5.0 
8.8 
5.0 



Table 3 
Simulation Variables and Parameters 

Tributary Inputs Flow 
m3/day 

Phosphorus 
Cone. 
ppb 

Lewis + Little Otter 
Thorp and Kimball 
Hatchery 
Open Lake Throughflow 
Open Lake Throughflow 

58,000 
2,400 
43,569 

3,200,000 
3,800,000 

68 July 15-Sept 15, 1984 
68 " 

(see below) 
12 Aug-Sept 1984, Col. 13 
12 Aug-Sept Mean, Col. 13 

Phosphorus Decay Rate = .001 day-* 
Atmospheric Loading = .055 mg/m^-day 

Dye Loading (Aug-Sept 1984) = 87 grams/day, (Col 18, Row 13) 
Dye Effective Settling Velocity (Photochemical Decay) = .091 m/day 

Hatchery Permit Concentrations 
(including 15 ppb Background for Kingsland Bay Intake) 

Month Cone(ppb) 

June 
July 
August 
Sept 

103 
86 
90 

111 

Dispers ion Coef.(m^/day) Aug-Sept 1984 Phos. 
East-West North-South Error Mean Square 

Case 
Case 
Case 

1A 
IB 
2 

140 
120 
10 

,000 
,000 
,000 

140 
600 
10 

,000 
,000 
,000 

.76 

.62 

.74 

Advective Transport - Case 2 
Dominant Wind D i r e c t i o n : SE 
Ef fec t ive Wind Speed: 8.55 mph 

= Root Mean Square Daily Mean Speed, Bur l ington A i r p o r t , 
August-September 1984 
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Figure 1 
Location Map and Expanded Simulation Grid 

Cell Width = 400 meters 
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Figure 2 

Wind Rose - Thompson's Point 
September 1986 
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Figure 3 

WIND DIRECTION DURING DROGUE STUDY 
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Figure 4 

WIND DIRECTION DURING DROGUE STUDY 
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Figure 5 

WIND DIRECTION DURING DROGUE STUDY 
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Figure 6 

WIND DIRECTION DURING DROGUE STUDY 
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Figure 9 

Wind Direction Histograms 
Four Categories 
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Figure 10 

Wind Direction Histograms 
Eight Categories 
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Date 

Figure 11 

Drogue Study Results 

Wind 
Mean Current Speed (cm/sec) 
Surface Bottom 

1 August 18, 1986 

2 August 28, 1986 

3 September 2, 1986 

4 September 3, 1986 

NNW 

NNE 

NW 

SSE 

10-15 mph 

5-13 mph 

5-10 mph 

5-10 mph 

9.0 

7.3 

2.4 

13.5 

3.8 

10.6 

2.0 

9.4 
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Figure 12 

Vertically Averaged Velocity Vectors 
From Computer Simulation 

and 
Measured Drogue Paths 
Wind Conditions NNW, W = 13.8 mph 

' mean v 

August 18, 1986 

S - Surface 
B = Bottom 
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Figure 13 

Measured Drogue Paths and Simulated Flow Hodograph 
Wind Condition NNW, W = 13.8 mph 

mean 

August 18, 1986 



Figure 14 

Flow Field Due to N Uind Conditions on Aug. 28 1986 
• = Drogue Release Point Drogue Paths 
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Hodograph from Finite Element 
Model Node 93 : nearest 
to release point. 

Figure 15 

Uind Conditon H 
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Figure 16 

Flou Field Due to UNU Wind 
• = Drogue Release Point 

Conditions on Sept. 2 1986 
Drogue Paths 
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S = surface urogues 

B = Bottom Drogues 



Figure 17 

Drogue Paths Observed 
on Sept. 2 1986. 
Uind Condition U-NU. 

Hodograph from Finite Element 
Model Node 148 : nearest 
to release point. 

Uind Condition UNU 

> 6n 9M 

1 & 3 w 
3 cm/s 

1 M 
2.B CM/S 

.3 M. 



• Release Point 

Node 92 

'—'—;•"• Scale cm/s 
0 1 2 3 

Figure 18 

Vertically Averaged Velocity Vectors 
From Computer Simulation 

and 
Measured Drouge Paths 

Wind Condition SSE, W =9.3 mph 
mean 

September 3, 1986 

S = Surfa 
B = Botto 



Surface 4.8 cra/s 

Release Point 

Mid depth 

Bottom 
1.5 cm/s 

Hodograph at node 92 

Figure 19 

Measured Drogue Paths and Simulated Flow Hodograph 
Wind Condition SSE, W 9.3 mph 

September 3, 1986 
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Figure 2jO 
Simulated Current Patterns vs. Wind Direction 

"* Wind Direction 

Current Direction (West to East) 
_̂ . • Proposed Outfall Location 
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Figure 22 
Observed Dye Behavior 
September 15-17, 1986 
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Figure 23 

Observed and P r e d i c t e d Dye Movements 
September 15-17, 1986 

iirnsivc text, n-m-m.iii r a w 

t o 
I I 11 12 13 M IS I I I? I I If 21 21 22 

lilTFKWt « C t t , M-121,111, IWII .III K2A MUCCTIME MOO,, IIU VWH 

21 
41 
SI 
4 ' m u x 
Hut 
l l m 
fl 

III 
111 
121 
121 
141 
131 

m a x m x u x u u x l 
i m u u u u l 
m m I 

rain I 
m l 
m l 

m m t 
i m u u i l 

23 m n i t i x l 
m x u m l 

m m m n x l 
m u i i i i i m i x m t x m i t 

x x x u i x x m x u x i m i u i i i u m I 
'» i 

I • .15 tot • I .I I n 

l l l l 12 II H IS U 17 It If 21 2? 22 
«• I 

3 1 mxxxxxxxxxmxxxl 
It txxxxx xxxxnl 
51 mxxx I 
I l i u m xxxui I 
7 1 m m l 
l i r a m l 
t l n x x u l 

111 2 xxxmxxxl 
l i t '2 IS 2 u n u m l 
121 2 l m x x x n l 
131 m xxxixxml 
HI m umxmxxxx i inxxnt 
131 l u u x m n u i m u x u u m m l 

t « . l 

II II 12 I I U IS I I 17 I I I I 21 21 22 

I • I im • l If i 

I I I I 12 13 14 IS l i 17 I I It 21 21 22 

« • .15 A n • S.I 111 

' l l l l I t I I I I IS II17 II It 21 21 22 
4 I 

41 xxxm xxxiuxl 
SI m m I 
I l i u m m u x . I 
7 lra m l 
• I m m l 
tt I m i n i 

III 4 nxxmxxt 
III t 1 m x n m l 
121 5 ixxixxml 
131 m 2 ixmxxxxl 
141 m xxxmxxmmxxxxml 
131 m m m m m n i n n x i n i m I 

« I 

I • .13 <vs • 3.4 in 

II II 12 13 II IS 14 17 II It 21 21 22 
< , I 

31 n x x x x m m m m l 
41 mxxx xxxxxxl 

.51 ixxxxx' I 
llxxxxzi ixxxn I 
71m m l 
l l x u m l 
tl n x x u l 

111 I mxxxxxxl 
III It I I I I I I I I U I 

121 1 x m x u u l 
131 m .xzxxxxml 
l i t u s u u x s x i m x u x x i u u l 
131 i x x u u u x u x i r a i x u x u x i i u x t 

wjcaivc nooa, KUDCTON t irat met 

t « i 

I I I I 12 13 14 13 14 17 I I It 21 21 22 

XXXXXlIIIIIIIlIXIXl 
iux ix u x m l 
ixuxx t 

mxxx 1 
m l 
x u l 

u x m l 
n i m x x i l 

25 u u x x x u l 
i x m x r a t 

x u mxxxxxxl 
m x u x u x m x u x x m x u l 

mxxxxxxxxixxxxuxxxixxxxxxxil 

l « t l n 

II II 12 13 14 13 U 17 II If 3 21 22 

nsFJuco em. mms 
Afi l l t l CoKutrillM 

II II 12 13 14 IS II 17 II If 21 21 2Z 
l ' 

i xxx i i i ix i ix i i in i : 
n u l l I U I I I ! 
xiuxx t 

m u x t 

31 
41 
SI 
H u m s 
7 ! I I I 

l l m 
tl 

lit 
111 
121 
131 
II I 
131 

i n : 
x u : 

m m • 
Xl l l l l i i i ! 

23 u x i l l i i l ! 
X I I I I I I I I ! 

XU XXIIIIIllt 
XU UXXXUXXIXXXXlIIIIlli 

xxmmxzxxuxxu i i i xxx i iu i i ! 

t '2 -Skn 

II II 12 I I14 IS I I 1 7 II If 21 21 22 

l i x u u x x u x i m x l l 
uxxx . u u u l 

xuxxx 
m m 

4 7 
t 12 

I 

m l 
m l 

u u u l 
xxmxuxl 
x i u u n l t 
UIUIIIl l 
x i u u x u l 

T>«TlTWTTTltTlTlTT¥lHIIIII \ 

1 • J3 An • 1.4 t«r< 

I I I I 12 13 14 IS II17 I I If 21 21 22 

I • .33 An • 1.4 Ir i 

I I II 12 II14 IS II17 I I If 21 21 22 

I • .35 A n • 1.4 Wi 

II II 12 13 I I 13 II17 I I If 21 21 22 

31 
41 
SI 
4! m m 
; : « i 
I:<XI 

ft 
tit 
in 
12! 
13! 
14! 

n i i i i i i i i i i i i i u i l 
I U I I I 

m i n 
IUIII 

2 
2 f 3 

3 1 
HI 

l i m i t 
1 
i 

m l 
m l 

m i n t 
i i i i i m i t 
uuixiut 
UIUIIIl l 
I I I I I I I U I 

III I l l l l l t l l l l l l l l U l I I l l 

31 
41 
31 
l luxm 
7!m 
i : m 
ft 

III 
111 
121 
131 
141 

lumuuuxxmxl 
ztnu 
n u n 

xuxu 

1 
1 

1 3 1 
1 4 1 

i n 1 1 

i i n n t 
1 
1 

m t 
m l 

m i n t 
u n i i m ] 
i i i i i u i i t 
UIUIIIl l 
IIIIIIIUI 

m l u u x u u m x x x m u l 

31 
4t 
St 
4 1 u m i 
7!m 
l l m 
ft 

111 
III 
l i t 
111 
141 
131 

m u m m m i u i t 
u n u 
m i l l 

UIUI 

2 
2 1 3 1 

3 
m 

u u u l 
1 
I 

m l 
m l 

i m i i n i l 

u i i m m i i m m u u i i l 

I • f I M 

II 11 12 13 14 IS II 17 II If 21 21 22 
i i 

m x m x u x u x u u l II 
41 
31 
Itmm 
71m 
llm 
tl 
III 
111 
121 
131 
III 
131 

u u u 
mux 

it 
I 
I 

m l 
m l 

m u x l 
Ixuxxixul 
2 x u u u u t 
u u x u u l 
x u u i u x l 

m x u x u x u x u lit 
m u i i i i u i i i u u i u i u u u u I 

I • 3-11 kra 

I I I I 12 12 H 13 14 17 I t If 21 21 22 

UXUIUUUIIIIIII 
u n i t n u n ! 
m m I 

t m u I 

31 
41 
31 
4! m m 
7 ! m 
l i s t s 
fl 

III 
III 
121 
131 
141 
131 

tma\ 
1 7 n x n m i 
4 7 m i u x i i ; 

u i u x m 
m i n i i u u . 
IIIXXIIIIIIIIIIIIIXXI 

m i m m m n 

t • 1.13 d m - 2S.2 hMrt 

I I I I 12 13 14 13 14 17 I I If 21 21 22 
* • " " — — — — « 

3! l i i i m m i i i i i i n l 
4! u u u u u u l 
31 mm I 
i l i u m mm I 
7 i i u m l 
t ! i n l i l t 
f! u u u l 

tl! 1 2 1 I I I I I I I U I 
II! 2 3 2 l i m m i x l 
131 1 2 2 l i i i i m i i l 
13! i n I I i i u i i u i l 
HI i n i i x m i n i i i i i i x m i x l 
13! i i u i i i i t i i i i i i i i i i i i i i i i i x i i i l 

f 1.13 im-a.2kr« 

II II 12 13 14 13 M 17 II If 21 21 22 

31 
41 
31 
l lxmxx 
7!m 
tins 
tl 

III 
111 
121 
131 
141 
131 

m x m m t t x u m l 
m m 
UXSU 

m u z 

1 
1 1 1 
1 2 I 
1 2 1 

x u 2 1 

u m x l 
1 
1 

n i l 
m l 

u u u l 
nxxmxxt 
XIIIUIIll 
ixuxuul 
nuxnixl 

x u x x u i u u x u n x i u u i l 
x u u u u m i x i u m i n i i i u u l 

t - I . l 3 4 w 2 3 . 4 t r i . 

II II 12 13 14 13 14 17 II If 21 21 22 
« i 

31 m i i u i i u i m m t 
41 m m u u u l 
31 mm I 
i l i u m mm I 
7 1 m m l 
l l m m l 
fl I m m I 

l i t 2 1 t m m x i l 
III 1 2 2 i i n i m i l 
l i t 2 2 1 X I I I I U I I ! 

13! m 1 I I I I I I I U I 

HI i n i m i m m i u m m i l 
131 m i x i x n i u i i u u m m i i i n i I 

« • i i I 

l * 2 3 h r » 

II II 12 13 14 13 l i 17 II If 21 21 22 
i i 

31 m i u m u i m m t 
41 mm m m I 
31 n u n I 
i l i u m I U I I I 1 
7! i n m l 
l l m * m l 
ft 1 u u u l 

111 I i i i i i m i t 
HI 1 2 2 u u i u i i l 
121 1 2 1 I I I I I I I I I I . 

13! i n I I u n i i m ! 
141 u i l u i u m m i u u u u l 
131 m i i i m u m i i i i i i x i i i x i i i i i t 

I • 21-23 hri 

I111 12 13 1413 14 17 I I I f 21 21 22 
| — • • ! I 

31 i i n i i m n i i t i n i l 
41 m m m i n i 
31 n u n ! 
i l i m u mm 1 
71m m l 
l l m m l 
fl I U I I I ! 

HI l i i i i i i i n i 
HI I I I I U U I I I I ! 

121 ' 2 2 1 u i i u i i i : 
13! i n 2 I I I I I I I U I 

141 u x u u u u u u x x m i i u ! 
13! i x m x i x i i i i i i i i x i i i i i n i i i i i i ! 

I - 1.13 t a n • 44.4 U l 

l l l l 12 13 14 13U 17 11 If 21 21 22 
» • • • • ' — • • • • ' — « 

31 l u i i m i i u i i i u i t 
4! u n u l i m i t 
31 u u u 1 
i l i u m m i n I 
7 t m m l 
l l m m l 
f! u u u l 

l it I I I l u i m i u l 
11! I l l I I U U I I I I I 
i:t i i i i i m i i i . i t 
13! m t 1 l i i i i i i m t 
14! m l i m i i i i i i i i i n i i i i i l 
131 ' i i i i i i i i i m i i i i i i i i i i i i n i i i i l 

* • 1.13 tftn-44.1 fcrt 

t l II 12 13 14 13 14 17 II If 21 21 22 
« I 

3t l m i i i i i m x i i x x i l 
41 nmt u u u l 
31 m m I 
i ' l i i u i m m t 
7 1 m m l 
l l m m l 
fl I m i n t 

III 1 I m m n x l 
111 | | m i i m i l 
12! I l l i x x m x i i l 
131 u i | 1 m i i m i l 
141 m 11111X111X11111111x111 
131 u i i i u m m x i m u m m i u i l 

t - 1.13 d i n > 44.4 kri 

l l l l 12 13 14 13 1417 1117 212122 
* • • ' ' - * 

31 i i i i i m i i i i i i i i i i f 
41 turn u u u l 
31 imn I 
i l i u m u n a I 
7 ! m xxxt 
• I m Mil 
ft I m i n i 

III I I u u i u i i l 
t it t i l m m i n t 
I2t 1 1 1 I I I I I I I U I 
131 i n I I u u x u u l 
141 i n m i i m u i x u i i m i i l 
131 

II II 12 13 14 13 14 17 II If 21 21 22 
t — » 

3! n i m i i m i i i i i i i ! 
41 i u i i i u u u l 
31 mm t 
4 ! m m u u u I 
7 ! m m l 
l ! u i m l 
ft xxxxxxl 

III u u i u i i l 
l i t I I I I I I I U I 

I2t I 1 u u i u i l 
131 i n I I I I I I I I I U I 

I4t u i i n m i i i i i m i i i i m l 

11 It 12 13 14 13 14 17 II If a 21 22 
I — — — — . i • • ! 

3) i i m i i i i n i i i n i i . 
41 n x u i i i i m t 
31 mm t 
( I n n n m m 1 
7 1 m m ! 
I! i l l m i 

m u m i i u m u m i m u m i t 131 m i i i i i i u m u x i i i i i i i i i i i i i t 

f! 
Ill 
l i t 
121 
131 
141 
151 

m i n 
m i i i i i i 
U I I U I I I 

U I I U I I I 

UX UIIUIII 
i n i i i i i u i i i i u x i i m i i 

i i i u m m i i i n i i i i i i i i i i i i n 

t-I.l3
4w23.4tri
iimiii.it


Figure 24 
Phosphorus Contours in Study Region 

June-September 1984 
(Smeltzer,1985) 



Figure 25 
Wind Load v s . D i r ec t i on 

Bur l ing ton A i rpo r t 
August-September 1984 
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Figure 26 
Balanced Flow Velocities 

Southeast Wind 
Mean Speed = 8.7 mph 

Velocities in centimeters/sec x 10 

1 2 3 4 5 i 7 8 9 II II 12 13 H 15 M 17 18 19 21 21 22 

2!xxxxxxxxxxxxxxxxxx 3 8 8 8 5 
Slxxxxxxxxxxxxxxx 1 7 8 8 8 8 
4lxxxxxxxxxxxxxxx 9 8 8 8 8 8 
Slxxxxxxxxxxxxxxxxxxxxx 7 8 8 8 
i!x xxxxxxxxxxxxxxxxxxx 
7!x NORTH xxxxxxxxxxxxxxxx I 
8!x xxxxxxxxxxxxxxxx 7 
9!xxxxxxxxxxxxxxxxxxxxxxxxxxx I 8 
lllxxxxxxixxxxxxxxxxxxxxxxxxxx 8 8 
llixxxxxxxxxxxxxxxxxxxxxxxx 1 8 8 
I2!xxxxxxxxxxxxxxxxxx 1 1 8 8 8 
13!xxxxxxxxxxxxxxxxxx 7 8 8 8 8 
14!xxxxxxxxxxxxxxx 1 8 8 8 8 8 
Ulxxxxxxxxxxxx 1 8 8 8 8 8 8 

8 8 7 2xxx lxxxxxxxxxxxxxxx! 
8 8 8 ! Ixxxxxxxxxxxxxxxxxx! 
8 8 8 Bxxxxxx I I Ixxxxxx! 
8 8 8 8xxxxxx 1 3 i I I! 
8 8 8xxxxxx I I 3 8 14 9! 
8 8 8 I I 1 7 12 IS 28xxxi 
8 8 8 7 4 3 14 17 17 14xxx! 
8 8 7 i 5 7 14 14 llxxxxxx! 
8 8 7 7 6 8 14 12xxxxxxxxxi 
8 8 8 8 8 8 II ixxxxxxxxx! 
8 8 8 II 9 i 4 Sxxxxxxxxxi 
8 8 8 8xxx 4 2 lxxxxxxxxx! 
8 8xxx Sxxxxxxxxxxxxxxxxxxxxx! 
llxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxi 

1 2 3 4 5 i 7 8 9 II 11 12 13 14 15 14 17 18 19 21 21 22 

2!xxxxxxx»xxxxxxxxx 7 8 8 8 8 
3!xxxxxxxxxxxxxx> 5 8 8 8 8 8 
4!xxxxxxxxxxxxxxx 1 1 7 8 8 8 
5!xxxxxxxxxxxxxxxxxxxxx t i l l 
i\t xxxxxxxxxxxxxxxxxxx 
7!x SOUTH xxxxxxxxxxxxxxxx 8 
Six xxxxxxxxxxxxxxxx 9 
9!xxxxxxxxxxxxxxxxxxxxxxxxxxx 9 9 
llixxxxxxxxxxxxxxxxxxxxxxxxxxx 9 9 
llixxxxxxxxxxxxxxxxxxxxxxxx 8 9 9 
12lxxxxxxxxxxxxxxxxxx 7 8 9 9 9 
13lxxxxxxxxxxxxxxxxxx 8 8 8 8 8 
I4lxxxxxxxxxxxxxxx 8 8 8 8 8 8 
lSlxxxxxxxxxxxx 8 8 8 8 8 8 8 

8 8 8 Sxxx lxxxxxxxxxxxxxxxI 
8 8 8 8 Ixxxxxxxxxxxxxxxxxx! 

8 8 8xxxxxx 4 
8 8 Ixxxxxx II 
8 8xxxxxx 25 II 
9 9 11 14 U 5 
9 II 12 IS 11 
9 II II 12 9 
9 9 9 9 8 
9 9 4 7 9 
9 9 5 1 3 
8 I Sxxx I 

2xxxxxx 
2 I 2 
1 I I 
I 2xxx 
1 Ixxx 
Ixxxxxx 

2xxxxxxxxx 
lxxxxxxxxx 
lxxxxxxxxx 
lxxxxxxxxx 

II Ixxx Ixxxxxxxxxxxxxxxxxxxxx! 
llxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxl 

I 2 3 4 5 4 7 8 9 II 11 12 13 14 15 14 17 18 19 21 21 22 

(Ixxxxxxxxxxxxxxxxxx 1 1 I 1 1 
2IXXXXXXXXXXXXXXXXXX 1 1 1 1 1 
3!xxxxxxxxxxxxxxx 1 1 1 1 1 1 
4!xxxxxxxxxxxxxxx 1 1 1 1 1 1 
Slxxxxxxxxxxxxxxxxxxxxx 1 1 1 1 
4|X XXXXXXXXXXXXXXXXXXX 
7!x UEST xxxxxxxxxxxxxxxx 1 
8!x xxxxxxxxxxxxxxxx 1 
9IXXXXXXXXXXXXXXXXXXXXXXXXXXX 1 2 
llixxxxxxxxxxxxxxxxxxxxxxxxxxx 1 ] 
llixxxxxxxxxxxxxxxxxxxxxxxx 1 1 I 
12!xxxxxxxxxxxxxxxxxx 1 1 1 1 1 
13IXXXXXXXXXXXXXXXXXX 1 1 1 1 I 
14!xxxxxxxxxxxxxxx 8 1 1 1 1 ] 
lSlxxxxxxxxxxxx 9 1 1 1 1 1 1 

1 2 3 4 5 4 7 8 9 11 II 

2IXXXXXXXXXXXXXXXXXX 1 1 1 1 1 

3!xxxxxxxxxxxxxxx 1 1 1 I 1 1 
4IXXXXXIXXXXXXXXX 1 1 1 1 1 1 

Slxxxxxxxxxxxxxxxxxxxxx t i l l 
4!x xxxxxxxxxxxxxxxxxxx 
7!x EAST xxxxxxxxxxxxxxxx 1 
Six xxxxxxxxxxxxxxxx I 
9!xxxxxxxxxxxxxxxxxxxxxxxxxxx 1 1 
llixxxxxxxxxxxxxxxxxxxxxxxxxxx 1 1 
llixxxxxxxxxxxxxxxxxxxxxxxx I 1 1 
12!xxxxxxxxxxxxxxxxxx 1 1 1 1 1 
ISIxxxxxxxxxxxxxxxxxx 1 1 1 1 I 
I4IXXXXXXXXXXXXXXX 1 1 1 1 1 1 

lSlxxxxxxxxxxxx 1 1 1 1 1 1 t 

1 
1 
1 
1 
1 
1 
1 
2 
i 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
2 
2 
I 
1 
I 
1 
I 

1 
1 
1 
1 
1 

_ — _ _ • 

1 1 1 1 lxxxxxxxxx! 
Ixxx lxxxxxxxxxxxxxxx! 
1 Ixxxxxxxxxxxxxxxxxx! 
Ixxxxxx 8 S 7xxxxxx! 
Ixxxxxx 1 11 12 12 7! 

Ixxxxxx 1 33 21 12 8 3! 
2 
2 
1 
1 
1 
1 
1 

Ixxx 

3 8 19 22 12 4 2xxx! 
3 4 3 1 1 1 Ixxx! 
1 1 1 1 1 Ixxxxxx1 
1 1 8 8 Ixxxxxxxxxl 
1 1 1 1 Ixxxxxxxxxl 
1 1 4 2 Ixxxxxxxxxl 
Ixxx 1 3 lxxxxxxxxx! 
Sxxxxxxxxxxxxxxxxxxxxx! 

lxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx! 

12 13 14 IS 14 17 18 19 21 21 22 

1 
I 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
1 

1 
1 
I 
1 
1 
1 
1 
1 
1 
1 
2 
3 

1 
1 
1 
1 

8xxx 8xxxxxxxxxxxxxxx! 
1 Ixxxxxxxxxxxxxxxxxx! 
Ixxxxxx 1 1 Bxxxxxx! 
Ixxxxxx 1 1 1 2 1! 

Ixxxxxx 2 1 1 2 7 8! 
1 
1 
1 
2 
1 
3 
4 

Ixxx 

1 1 2 2 4 8 Ixxx! 
1 1 11 11 11 7 Sxxx! 
2 4 4 8 7 Ixxxxxx! 
5 IB 13 8 Ixxxxxxxxxl 
5 9 8 4 Bxxxxxxxxx! 
2 2 4 3 Bxxxxxxxxx! 
Ixxx 1 1 lxxxxxxxxx! 
Ixxxxxxxxxxxxxxxxxxxxx! 

llXKXIIIXXXXXXXXXXXIXXXXXXXXXX 1 



Figure 27 
Dispersion Coefficient Calibration 
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OBSERVED CONCENTRATIONS 
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Figure 28 
Observed and Predicted Phosphorus Concentr 

August 1 - September 15, 1984 
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1 2 3 4 S 4 7 S 9 II 11 12 13 14 IS 14 17 18 19 21 21 22 
1 

II 11 II llxxx llxxxxxxxxxxxxxxxl 
II II II II llxxxxxxxxxxxxxxxxxx! 
11 II II llxxxxxx 14 14 H m x x x ! 
11 12 12 llxxxxxx 14 14 14 14 141 
12 12 12xxxxxx 13 14 14 14 14 14! 
12 12 12 13 13 13 13 14 14 I4xxxl 
12 12 13 13 13,13 14 14 14 I4xxxi 
12 12 13 13 13 13 14 14 Hxxxxxxl 
12 12 13 13 13 14 14 Hxxxxxxxxx! 
12 12 13 13 13 14 14 ISxxxxxxxxxl 
12 12 13 13 14 14 15 I7xxxxxxxxxi 
12 13 13 ISxxx IS 17 21xxxxxxxxx! 
13 I3xxx 13xxxxxxxxxxxxxxxxxxxxxl 
Hxxnxxxxxxxxxxiixxxxxxxxxxixxxl 

2>XXXXXXXXXXXXIXXXXX II II II II II 

3'XXXXXXIXXXIIXXX II II II II II II 

4IXXXXXXXXXXXIXXI II II II II II II 

Slxxxxxxxxxxxxxxxxxxxxx II II II II 
4IXXXXXXXXXXIXXXXXXXXXXXXXXXXXXXXXX 

7IXXXXXXXXXXIXXXXXXXXXXXXIXIXXXI 12 

8'xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 12 
9lxxxxxxxxxxxxxxxxxxxxxxxxxxx 12 12 
ll'xxxxxxxxxixxxxxxxxxxxxxxxxx 12 12 
llixxxxxxxxxxxxxxxxxxxxxxxx 12 12 12 
12!xxxxxxxxxixxxxxxxx 12 12 12 12 12 
13IXXXXXXXXXHXXXXXXX 12 12 12 12 12 

Hixxixixxxxxxxxxx 12 12 12 12 12 12 
ISIxxxxxxxxxxxx 12 12 12 12 12 12 12 
i 

1 2 3 4 S 4 7 8 9 II II 12 13 14 15 14 17 18 19 21 21 22 

xxxxxxxxxxxxxxxxxx II II II II II 
XXXXXXIXXXXXXXX 9 II II II II II 

xxxxxxxxxxxxxxx 9 II II II II II 
xxxxxxxxxxxxxxxxxxxxx II II II II 
xxxxxxxxxxxxxxxxxxxxxxxrxxxxixxxx 
XXXXXXXXXIXXXXXXXXXXXXXXXXXXXI 12 

XXXXXXXXXXXXXXXXXIXXXXXXXXXXXX 12 

xxxxxxxxxxxxxxxxxxxxxxxmx 12 12 
xxxxxxxxxxxxxxxxxxxxxxxxxxx 12 12 
xxxxxxxxxxxxxxxxxxxxxxxi 12 12 12 
xxxxxxxxxxxxxxxxxx 12 12 12 12 12 
xxxxxxxxxxxxxxxxxx 12 12 12 12 12 
xxxxxxxxxxxxxxx 12 12 12 12 12 12 
xxxxxxxxxxxx 12 12 12 12 12 12 12 

II 11 II llxxx llxxixxxxixxxxxxx! 
II II II 11 llxxxxxxxxxxxxxxxxxx! 
II II II llxxxxxx 14 14 Hxxxxxxl 
II 11 II llxxxxxx 14 14 14 14 15! 
11 12 12xxxxxx 14 14 14 14 14 15! 
12 12 12 13 13 13 14 14 14 14xxx! 
12 12 12 13 13 13 14 14 14 14xxx! 
12 12 12 13 13 14 14 14 Hxxxxxxl 
12 12 12 13 13 14 14 Hxxxxxxxxxi 
12 12 12 13 13 14 14 ISxxxxxxxxx! 
12 12 13 13 13 14 14 I4xxxxxxxxx! 
13 13 13 13xxx 14 14 17xxxxxxxxx! 
13 I3xxx lSxxxxxxxxxxxxxxxxxxxxx! 
HxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxI 

1 2 3 4 5 4 7 8 9 II I 

2IXXXXXXXXXXXXXXXXXX II II It II I 

3!xxxxxxxxxxxxxxx 9 9 II II II I 
4!xxxxxxxxxxxxxxx 9 9 II II II I 
Sixxxxxxxxxxxxxxxxxxxxx II II II | 
4!xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
7!xxxxxxxxxxxxxxxxxxxxxxxxxxxx» 1 
8!xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 1 
9!xxxxxxxxxxxxxxxxxxxxxxxxxxx 12 1 
llixxxxxxxxxxxxxxxxxxxxxxxxxxi 12 1 
llixxxxxxxxxxxxxxxxxxxxxxxx 12 12 1 
I2!xxxxxxxxxxxxxxxxxx 12 12 12 12 1 
13!uxixxxxxxxxxxxxxx 12 12 12 12 1 
Hlxxxxxxxxxxxxxxx 12 12 12 12 12 1 
15!xxxxxxxxxxxx 12 12 12 12 12 12 1 
, 

PREDICTED - OBSERVED, MEAN SQUARE * .74 PREDICTED - OBSERVED. HEAN SQUARE • .42 

1 2 3 4 5 ( 7 8 9 II 11 12 13 14 15 14 17 IS 19 21 21 22 

xxxxxxxxxxxxxxxxxx I I I I I 
xxxxxxxxxxxxxxx 
xxxxxxxxxxxxxxx 
xxxxxxxxxxxxxxxxxxxxx 
XXXXXXXXXXXXXXXXXXXIXXXXXXXXXXXXX 

XXXXXXXXXXXIXXXXXXXXXXXXXXXXXX 

XXXXXXIXXXXXXXXXXXXXXXXXXXXXXX I 

xxxxxxxxxxxxxxxxxxxxxxxxxxx 1 
xxxxxxxxxxxxxxxxxxxxxxxxxxx -I 
XXXXXIXXXIXXXIXXXXXXXXXI I 

xxxxxxxxxxxxxxxxxx I 
xxxxxxxxxxxxxxxxxx I 
xxxxxxxxxxxxxxx I I I 
xxxxxxxxxxxx I I I I I I I 

I I I Ixxx Ixxxxxxxxxxxxxxxl 
xxxxxxxxxxxxxxxxxx! 

I l l Ixxxxxx I xxxxxx! 
I 1 I Ixxxxxx I -I 1 1 I 
I I Ixxxxxx 1 I I -I -I I 
I I I I -I I -I -1 -I -Ixxx! 
I I I I -I -I -I -I -I -Ixxx! 
I 1 1 I I I -I I -Ixxxxxx! 
I I 1 -I -I I I Ixxxxxxxxx! 
I 1 -1 -I -I I I xxxxxxxxxl 
1 -1 -I -I I I 1 xxxxxxxxxl 
I I I Ixxx xxxxxxxxx! 
-2 -Ixxx xxxxxxxxxxxxxxxxxxxxx! 
Ixxxxxxxxxxxxxxxxxxxxxxxxxxxxxx! 

1 2 3 4 5 4 7 8 9 II 11 li 

2'xxxxxxxxxxxxxxxxxx 1 1 1 1 1 1 
3!xxxixxxxxxxxxxx 
4!xxxxxxiixxxxxxx 
S'xxxxxxxxxxxxxxxx 
4!xxxxxxxxxxxxxxxx 
7!xxxxxxxxxxxxxxxx 
8!xxxxxxixiixixixx 
9!xxxxxxxxxxxxxxxi 
lliiixxxxxxxxxxxxxx 
ll'xxxxxxixxxxxxxxx 
I2!xxxxxxxxxxxxxxxx 
13'xxxxxxxxxxxxxxxx 
Hlxxxxxxxxxxxxxxx 
ISIxxxxxxxxxxxx 1 

xxxxx 1 
XXXIIXXXXXXXXIXXX 1 

XXXXIXXXIXXIXX 

xxxxxxxxxxxxxx -1 1 
IXXXXXXXXXX 1 1 

XXXIIXXXXXX -1 

XXIXXXXX 1 1 

XX 1 

XX 1 

1 -1 1 -
1 1 1 1 1 1 

13 14 IS 14 17 18 19 21 21 22 

1 1 Ixxx Ixxxxxxxxxxxxxxxl 
xxxxxxxxxxxxxxxxxx! 

1 1 Ixxxxxx 1 xxxxxx! 
1 -1 -Ixxxxxx 1 1 1 1 ! 
1 Ixxxxxx 2 1 1 1 -I I 
1 1 1 -1 1 1 -1 1 Ixxx! 
1 1 1 -1 -1 -1 1 1 -Ixxx! 
1 1 1 -1 1 -1 1 Ixxxxxx! 
1 1 -1 -1 1 1 Ixxxxxxxxx! 
1 -1 -1 -1 1 -1 xxxxxxxxxl 

-1 -1 -1 -1 -1 1 xxxxxxxxx! 
1 1 -Ixxx xxxxxxxxxl 
-Ixxx xxxxxxxxxxxxxxxxxxxxx! 
XXXXXXXXXXXXXXXXXIXXXXXXXXXXXX' 

PREDICTED - OBSERVED, MEAN SQUARE • 

I 2 3 4 S 4 7 8 9 11 1 

xxxxxxxxxxxxxxxxxx 1 1 1 1 
xxxxxxxxxxxxxxx 
xxxxxxxxxxxxxxx 
xxxxxxxxxxxxxxxxxxxxx 
XXXXXXXXXXXXXXIXXXXXXXXXXXXXIXXX 

XXXXXXXXXXXXXXXXXIXXXXXXXXXXXX 

XXIXXIIIXXIXXXIIXXXXXIXIIXXXXX -

XIIIXXXXIXXXXIIIIIIIXXIXXIX 

XXXIIXIIXIXXXXXXXIXXXXXXIIX -

XIIIIXIXXXIXXIXXXXXIIIIX 

XIIIIIIXXIIXXXXXXX 

XXXXXXXIXXIXXIIXXX 

XIIIIXXIIXXXIII 1 -1 
XIIIIIIXXXXX 1 1 1 1 1 1 



Figure 29 

Observed and Predicted Dye Concentrations 
Steady Dye Release - August-September 1984 

DIFFUSIVE MODEL, DY • DX • 141,111 N2/DAY 

5 4 7 8 9 II II 12 13 14 IS 14 17 18 19 21 21 22 

3!xx< 
4! xxx 
5Ixxxxxxxxx 
4!xxxxxxxxxxxxxxxxxxxxx 
7!xxxxxxxxxxxxxxxx» 
8!xxxxxxxxxxxxxxxxxx 
9!xxxxxxxxxxxxxxx 
lllxxxxxxxxxxxxxxx 
lllxxxxxxxxxxxx 
12!xxxxxx 
13!xxxxxx 
14'xxx 
IS! 

t 

xxxxxxxxxxxxxxxxxxl 
xxxxxx 2 2 2x»xxx! 
xxxxxx 2 2 2 2 II 

xxxxxx 2 2 2 2 2 1! 
1 1 2 2 - 2 2 2 2xxxl 
1 1 2 2 2 2 2 2xxx! 
1 1 2 2 3 3 2xxxxxx! 
1 2 2 3 3 3xxxxxxxxxi 
1 2 3 4 4 Sxxxxxxxxx! 
1 2 3 5 7 7xxxxxxxxx! 
1 lxxx 8 13 llxxxxxxxxx! 

xxs lxxxxxxxxxxxxxxxxxxxxx! 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx! 

DIFFUSIVE MODEL, DX > 121,111, DY • m , » t i H2/0AY 

S 4 7 8 9 II 11 12 13 14 13 14 17 18 19 21 21 22 

3!xxx 
4 lxxx 
5!xxxxxxxxx 
4lxxxxxxxxxxxxxxxxxxxxx 
7IXXXXXXXXXXXXXXXXXX 

Blxxxxxxxxxxxxxxxxxx 
9IXXXXXXXXXXXXXXX 

lllxxxxxxxxxxxxxxx 
lllxxxxxxxxxxxx 
12lxxxxxx 
13lxxxxxx 
14lxxx 
131 

xxxxxxxxxxxxxxxxxxl 
xxxxxx 3 3 2 m m ! 
xxxxxx 

xxxxxx 2 
1 2 2 
1 2 2 
1 2 3 
1 2 3 
1 2 3 
1 2 3 
lxxx 4 

3 
3 
3 
3 
3 
3 
4 
5 
8 

3 2 2 21 
3 3 2 21 
3 3 2xxxl 
3 3 2xixl 
3 3xxxxxxl 
3xxxxxxxxxl 
4xxxxxxxxxl 
4xxxxxxxxxl 
4xxxxxxxxxl 

xxx lxxxxxxxxxxxxxxxxxxxxxl 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxI 

ADVECTIVE NODEL, SOUTHEAST UIND 

5 4 7 8 9 II 11 12 13 14 IS 14 17 18 19 21 21 22 

3 lxxx 
41 xxx 
Slxxxxxxxxx 
4!xxxxxxxxxxxxxxxxxxxxx 
7IXXXXXXXXXXXXXIXXXX 

8IXXXXXXXXXXXXXXXXXX 

9IXXXXXXXXXXXXXXX 

lllxxxxxxxxxxxxxxx 
lllxxxxxxxxxxxx 
12lxxxxxx 
I3lxxxxxx 
14lxxx 
151 

xxxxxxxxxxxxxxxxxxl 
xxxxxx 2 2 2xxxxxxl 
xxxxxx 2 2 2 2 2! 

1 m m 2 2 2 2 2 2! 
1 2 2 2 2 2 2 2xxx! 
1 2 2 2 2 2 2 2xxx! 
1 2 2 2 2 3 2xxxxxx! 
1 1 2 2 2 3xxxxxxxxx! 

1 2 2 3 3xxxxxxxxx! 
1 2 4 3 4xxxxxxxxx! 
lxxx 8 14 9xxxxxxxxx! 

xxx xxxxxxxxxxxxxxxxxxxxx! 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx! 

OBSERVED CELL-flEAN DYE CONCENTRATIONS (PPB X 189) 

5 4 7 8 9 II 11 12 

3!xxx 
4!xxx 
Slxxxxxxxxx 
^lxxxxxxxxxxxxxxxxxxxxx 
7IXXXXXXXXXXXXXXXXXX 

8!xxxxxxxxxxxxxxxxxx 
9!xxxxxxxxxxxxxxx 
lllxxxxxxxxxxxxxxx 
lllxxxxxxxxxxxx 
12!xxxxxx 
13!xxxxxx 
14!xxx 
IS! 

13 14 15 14 17 18 19 21 21 22 

xxxxxxxxxxxxxxxxxxl 
xxxxxx 
xxxxxx 

lxxxxxx 

xxxxxx! 

xxx! 
xxx! 

1 1 1 xxxxxx! 
1 xxxxxxxxx! 

4 4 xxxxxxxxx! 
1 3 3 12 4 xxxxxxxxx! 

xxx 12 xxxxxxxxx! 
xxx xxxxxxxxxxxxxxxxxxxxx! 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx! 



Figure 30 

Predicted Hatchery Impacts 
August Loading Conditions 

Increases in Cell Phosphorus Concentrations (ppb x 

flWECTIVE MODEL, SOUTHEAST UIND, OX - DX - 11,888 M2/DAY 

1 2 3 4 S i 7 8 7 It 11 12 13 14 15 14 17 18 17 28 21 22 

2'xxxxxxxxxxxxxxxxxx 8 8 1 8 8 
3!xxxxxxxxxxxxxxx 8 8 8 8 8 8 
4!xxxxxxxxxxxxxxx 8 8 8 8 8 8 
5!xxxxxxxxxxxxxxxxxxxxx 8 8 8 1 
4!xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
7,'xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 3 
8!xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 2 
?!xxxxxxxxxxxxxxxxxxxxxxxxxxx I 2 

18'xxxxxxxxxxxxxxxxxxxxxxxxxxx 1 1 
lllxxxxxxxxxxxxxxxxxxxxxxxx 8 8 1 
12!xxxxxxxxxxxxxxxxxx 8 8 8 8 8 
13ixxxxxxxxxxxxxxxxxx 8 8 8 8 8 
14'xxxxxxxxxxxxxxx 8 8 8 8 8 8 

8 8xxx 8xxxxxxxxxxxxxxx! 
1 1 lxxxxxxxxxxxxxxxxxx! 
3 2xxxxxx 18 17 17xxxxxxt 

•jxxxxxx 17 17 17 17 18! 
Zxxxxxx 18 17 1? 1? 1? 17! 

11 17 18 18 18 17 17 17xxx! 
[11 14 18 18 18 17 17 17xxx! 
if 14 17 18 18 17 I7xxxxxx! 

\\2 15 Ji4£l?xxxxxxxxxi 
J8 14EJ)28^7xxxxxxxxx! 

| 4 \^4\2j52J/8xxxxxxxxx! 
15 7xxx 19 17 14xxxxxxxxx! 

lxxx 7xxxxxxxxxxxxxxxxxxxxx! 
ISIxxxxxxxxxxxx 8 8 8 8 8 8 8 8xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx! 

DIFFUSIVE MODEL, OX * OX « 148,888 N2/DAY 

I 2 3 4 5 4 7 8 7 18 11 12 13 14 15 14 17 18 17 28 21 22 

2!xxxxxxxxxxxxxxxxxx 8 1 8 8 8 
3!xxxxxxxxxxxxxxx 8 8 8 8 8 1 
4!xxxxxxxxxxxxxxx 8 8 8 1 1 2 
5!xxxxxxxxxxxxxxxxxxxxx 1 1 1 2 
4!xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
7!xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 5 
8!xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
7!xxxxxxxxxxxxxxxxxxxxxxxxxxx 3 

18!xxxxxxxxxxxxxxxxxxxxxxxxxxx 2 
HSxxxxxxxxxxxxxxxxxxxxxxxx 1 1 
12!xxxxxxxxxxxxxxxxxx I I I I 
13!xxxxxxxxxxxxxxxxxx 8 8 8 8 1 
14'xxxxxxxxxxxxxxx 8 8 8 8 8 8 
ISIxxxxxxxxxxxx 8 8 8 8 8 8 

I 
3 
4 
5 
4 
7 
4 
4 
5 
4 7 
5 7 
5 8 
3xxx 

8 txxx 8xxxxxxxxxxxxxxx! 
2 1 lxxxxxxxxxxxxxxxxxx! 
4 Sxxxxxx 18 18 18xxxxxx! 
5 4xxxxxx 18 18 18 18 18! 
7xxxxxx 17 18 18 18 18 18! 
7 / 2 15 17 18 18 17 17xxx! 
7(12 15 17 1712J9 l?xxx! 
7 13 14 l M f l t l R x x x x x ! 
7U4 }%&p 22xxxxxxxxx! 

4 f\@2& 24xxxxxxxxx! 
.3 l\ 23 25 23xxxxxxxxx! 
Ixxxv24 24 21xxxxxxxxx! 
lxxxxxxxxxxxxxxxxxxxxx! 

8 8xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx! 

DIFFUSIVE MODEL, DX • 128,811 M2/MY, DY - 488,818 N2/DAY 

I 2 3 4 S i 7 8 7 I t I I 12 13 14 15 14 17 18 17 28 21 22 

2!xxxxxxxxxxxxxxxxxx 8 8 8 8 8 1 
3!xxxxxxxxxxxxxxx 8 8 8 8 8 8 8 
4ixxxxxxxxxxxxxxx 8 8 8 8 I I I 
5!xxxxxxxxxxxxxxxxxxxxx 8 8 8 8 1 
4!xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 2 
7!xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 2 2 
8!xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx I 2 
7!xxxxxxxxxxxxxxxxxxxxxxxxxxx 8 1 2 

18!xxxxxxxxxxxxxxxxxxxxxxxxxxx 8 I 2 
ll!xxxxxxxxxxxxxxxxxxxxxxxx 8 8 1 1 
12!xxxxxxxxxxxxxxxxxx 8 8 8 8 8 1 
13!xxxxxxxxxxxxxxxxxx 8 8 8 8 8 1 
14!xxxxxxxxxxxxxxx 8 8 8 8 8 8 1 

8xxx Ixxxxxxxxxxxxxxx! 
8 8xxxxxxxxxxxxxxxxxx! 
Ixxxxxx|28 21 21xxxxxx! 
lxxxxxx|28 21 21 21 28! 

4xixxxx 17C8 21 21 21 21! 
4 1 14 1/28 21 21 21xxx! 
7 II 14/8 21 21 21 21xxxl 
7 12 14121 21 21 21xxxxxx! 
7 12 17/J2 22 21xxxxxxxxx! 
7 12 17I2S)22 21xxxxxxxxx! 
7 11 17J24 22 21xxxxxxxxx! 
7/llxxx 23 22 28xxxxxxxxx! 

3xxqllxxxxxxxxxxxxxxxxxxxxx! 

ISIxxxxxxxxxxxx 8 8 8 8 8 8 8 8xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx! 



1 2 3 4 5 4 7 8 9 II 11 12 13 14 15 14 17 18 19 21 21 22 I 2 3 4 5 4 7 8 9 II II 12 13 14 15 14 17 18 19 21 21 22 1 2 3 4 5 4 7 8 9 I I I I 12 13 14 15 

2!xxxxxxxxxxxxxxxx>x I I I I I 

3 lx ix inxi ix i i ix i I I I I I I 
4'xxxxxxxxxxxxxxx I I I I I I 
5!XXXXIXIIIIIIHIXX1III I I I 1 
i l l XXXXXXXIXXXXXXXXXXX 

7!x NORTHJEST xxxxiixxxxxxxxix 2 
Six xxxxxxxxxxxxxxxx 2 
9!xxxxxxxxxxxxxxxixxxxxxxxxxx 1 2 
lllxxxxxxxxxxxxxxxxxxixxxxxxxx I I 
llliixxiixiiixixxxxxxiiiixx I I 1 
I2!xxxxxxxxxxxxxxxxix I I I I I 
13!lIXXIIIIIIXXIIXIXX I I I I I 
Hlxxxxxxxxxxxxxxx I I I I I I 
15!xixixxxnixx I I I I I I I 

I 

I I I Ixxx Ixxxxixxxxxxxxxx! 
1 2 1 1 lxxxxxxxxxxxxxxxxxxi 

1 3 2 Ixxxxxx 14 14 14xxxxxx! 
2 4 4 2xxxxxx 14 14 14 14 141 
3 5 5ixxxxx 14 14 14 14 14 14! 
3 5 7J2 15 14 14 14 14 l i i n l 
3 4 l/\3 17 14 14 14 14 I4xxx! 
3 4 / 1 14 18 17 14 14 14xxxxxxi 
3 4 1 2 17 19 19 14 14xxxxxxxxx! 
2 5113 lar fHO/V Kxxxxxxxxx! 
2 5114 I9\21 21 II U i i i x x i m ! 
2 4ll4 I 7 x \ 2 1 ^ lSixxxixxxx! 
1 4ixx I7xxxxxxxxxxxxxxxxxxxxx! 
Ixxxxxxxxxxxxxxxxxxixxxxixxxxxxi 

1 2 3 4 5 4 7 8 9 I I I I 12 13 14 15 14 17 18 19 21 21 22 

2!xxixxxxxxxxxxxxxxx I I I I I 
3'xxxxxxxxxxxxxxx I I I I I 1 
4!xxxxxxxxxxxxxxx I I I I I I 
5!i i ixxixixi i inixxiixx 1 1 1 2 
4!x xxxxxxxxxxxxxxxxixx 
7!x UEST xxxxxxxxxxxxxxxx 5 
8!x xxxxxxxxxxxxxxxx 5 
9'xxxxxxxxxxxxxxxxxxxxxxxxxxx 3 4 

llixxxxxxxxxxxxxxxxxxxxxxxxxxx 3 3 
lllxiixxiixxxxxiiixiixixixx I 2 2 
12!xxxxxxxxxxxxxxxxxx I I I I 1 
13 !x i i i i i i x ix i i i i i xn I I I I I 
14'xxixxxxxxxxxxxx I I I I I I 
15'xxxxxxxxxxxx I I I I I I I 

( 

1 
1 
2 
3 
S 
5 
5 
5 
4 
3 
2 
1 
1 

1 
2 
3 
4 
5 
4 
4 
4 
5 
4 
3 
3 

1 Ixxx Ixxxxxxxxxxxxxxx! 
1 1 lixxxxixxxxxxxxxxxx! 
3 2xxxxxx 11 II llxxxxxxi 
4 3xxxxxx 11 11 II II 111 
5xxxxxx 11 11 11 11 II 11! 
7 9 l l 11 11 11 II llxxx! 
7 / l i II 11 11 11 llxxxi 
8/1 11 12 12 12 llxxxxxxi 
8(11 12 14 13 I3iiiiiinx! 
7 1* 13(71)14 I3xxxxxxxxx! 
5 7UI 12 12 Uxxxxxxxxx! 
4 4xxx 12 11 Uxxxxxxxxx! 

2xxx 4xxxxxxxxxxxxxxxxxxxxx! 

2!ixxxxxxxxxxxxxxxxx I I I I I 
3'xxxxxxxxxxxxxxx I I I I I I 
4 ' i i i ix ixx i i i inx I I I I I I 
5!XIXXXXXXXXXIXXXXXXIXX 1 1 1 2 
4!x xxxxxxxxxxxxxxxxxxx 
7lx NORTH xxxxxx ixxx 4 
8!x xxxxxxxxxxxxxxxx 4 

9!xxxxxxxxxxxxxxxxxxxxxxxxxxx 3 4 
llixxxxxxxxxxxxxxxxxxxxxxxxxxx 3 3 
Uixixxxxxxxxxixxxxxixxxxxx I 2 2 
12!xxxxxxxxxxxiixxxxx I I I 1 2 
13!ixxxxxixxxxxxxxxxx I I I I I 

Hixxxxxxxxxxxxxxx I I I I I I 
ISixxxxxxxxxxxx I I I I I I I 

Figure 31 

Hatchery Impacts v s . Wind D i r e c t i o n 

E f f e c t i v e Mean Wind Speed - 8.5 mph 
Dispers ion Coef f i c i en t - 10,000 m2/day 

1 1 1 Ixxx Ixxxxxxxxxxxxxxx! 
1 2 1 1 lxxxxxxxxxxxxxxxxxxi 
2 3 2 2ixixxx 9 
3 4 3 3xxxxxx 9 
4 4 4xxxxxx 9 9 
4 5 4 7 8 9 9 
4 5 4 8 9 9 9 

4 4 7 >rtllN 
4 4 8 
4 5 8 
3 5 9 
3 5 8 
2 4xxx 

(II II 12 lA 
11 13© IV 
II 12 11/? 
llxxx 111 9 

9 9ixxxxx! 
9 9 9 9! 
9 9 9 9! 
9 9 9xxxi 
9 9 9xxx! 
9 9xxxxxxi 
9xxxxxxxxxi 
9xxxxxxxxx! 
9xxxxxxxxx! 
8xxxxxxxxx! 

llxxiiimiixxxxxxixiix! 
•xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx! 

2SXXXXXXXXIXXXXXXXXX I I I I I 

3!xxxxxxxxxxxxxxx 1 1 1 1 2 2 
4!xiixxxxxxixxiix 2 2 2 3 3 4 
Sixxxxxxxixxxxxixxxxxxx 3 4 4 5 
4il IXXXXXIXXXXXIXXXXXXX 

7!x NORTHEAST xiiiiiixxxxxuxix 7 
Six xxixxxxxxxxxxxxix 7 
9!xixixxxxxixxxxxxxxxxxxxxxxx 4 4 
llExxxxxxxxxxxxxxxxxxxiiixxxxx 5 4 
llixxxxxxixxxxxxxxxxxxxixix 3 4 4 
12!xxxxxxiixxxxxxxxxx 1 1 2 2 2 
I3!iiixxxxxxxxxiiiixx I I 1 1 2 
Hlxxxxxxxxxxxxxxx I I I I I 1 
15IXXIXXXXXXXXI I I I I I I I 

I Ix 
3 3 
5 5x 
4 4i 
7xxxx 
8 8 

9^ 

rll 
13 

'J2 
Tx 

2 3xxx 9X 
Ixxxxxxxxii 

1 2 3 4 5 4 7 8 9 II II 12 13 14 15 

Ixxxxxxxxxxxxxxxxxxxxxxxxxxxxxx! 

2iXIIXXXXIXIXXXIXIXX I I I I I 

3ilIIXXXXXXXXXXXX I I I I I I 

4!XIIXXXXXIXXXIII I I I I I I 
5!XXXXXXXXXXXXIIXXXIXXX 1 1 1 2 
4I> XXXXXXXXXXXXXXXXXXX 
7ii EAST XXIXXXXXXXIXXXXX 5 
8!x xxxxiixixxixiixx 5 
9!xxnxxxxxxxxxxxxxxxxx>xxxxx 4 4 

l l i i i i ixxxmxxiixxixxxixmxx 3 3 
lllxxxxxxxxxxxxxxxxxxxxxxxx I 2 3 
I2JXXXIXXXXXXXXXXXXXX I I I I 1 

131XIXXXXXIIIXXIIXXII I I I I 1 

I4JXXXIXXXXXXXXXXX I I I I I I 
I5!xxxxxxxxxxxx I I I I I I I 
I 

I 
2 
3 
4 
5 
4 
4 
4 
5 
5 
4 
4 7 
3xxx 

I Ix 
I I 
3 2x 
4 3x 
SXXXI 

7 9 

9/ 

9x 

V 
(1 
II 

IXXIIXXXIXX 

I 2 3 4 5 4 7 8 9 II 11 12 13 14 15 14 17 18 19 21 21 22 

2!xxxxxxixxxxixxxxxx I I I I I 
Slixxxxixxxxxxxxx I I I 2 2 2 
4!xixxxxxxixxxxxx 2 2 3 3 4 4 
Slxxxxxxxxxixxxxxxxxxxx 4 4 5 5 
4lx xxxxxxxxixxxxxxxxxi 
7!x SOUTHUEST xxxxxxxxxixxxxxi 8 
Six xxxxxxxxxxxxxxxx 8 
9!xxxxxxxxxxxxxxxxxxixxxxxxxx 7 7 
llixxxxxxxxxxxxxxxxxxxxxxxxxxx 4 4 
llixxxxxxxxxxxxxxxxxxixxxxx 3 4 4 
I2!xxxxixxxxxxixxxxxx 1 I 1 I 2 
I3!xxxxxxxxxxxxxxxxxx I I I I 1 
Hlxxxxxxxxxxxxxxx I I I I I I 
15!xxxxixxxxixx I I I I I I I 

I I 
3 4 

8 8 

Ixxx Ixxixxxxxxxxxxxii 
3 3xxxxxxxxxxxxxxxxxi! 
5xxxxxx II II llxxxxxxi 
ixxxxxx II II II II Hi 

8 8 8xxxxxx II II II II II II! 
II II II II II llxxxi 
II II II II II llxxx! 
II '« II II llxxxxxxi 7 7 8 

4 4 8 9 It ]t il llxxxxxxxxi! 
4 4 4 8\l@llllxxxxixxxxl 
2 3 4 5 4"T"7 7xxxxxxxxx! 
1 1 2 2xxi 7 7 4xxxxxxxxi! 
I Ixxx 2xxxxxxxxxiixxxxixxixx! 
Ixxxxxxxixxxxxxxxxxxxxxxixxxxxx! 

1 

I 2 3 4 5 4 7 8 9 II 11 12 13 14 15 14 17 18 19 21 21 22 
, '. 1 

2!XXXIXXIXIIIXIIXXXI I I I I I 

3IXXXXXIXXIXIXXXI I I I I I I 

4!XXXXXXIXXIIIIIX I I I I I I 

Slxiixxxixxxxxiixxxxixx 1 1 1 2 
4!x xxxxxxxxxxxxixxixxi 
7lx SOUTH xxxxxxxxxxxxxxxx 5 
8ii xxxxxxxxxxxxxxxx 5 
9!xxxxxxxxxxiiixxixxxxiiiixxx 4 4 

IIIXXXXXXXXXXXXXXXXXIIIIIIIXXI 3 3 

llixixxxxxxxxxxxiixxixxiiii I 2 2 
I2!xxxixxxxxxxxxxxxii I I I I I 
I3!ixxxxxxxixxxxxxxxx I I I I 1 
Hlxxxxxxxxxxxxxxx I I I I I I 
15IIIXXXXXXXXXX I I I I I I I 
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Ixxi IXXXIXXXXXXXIIXX! 

1 lxxxxxxxxxxxxxxxxxxi 
2xiixxx 11 11 llxxxxxxi 
3XHXXX II II 11 11 11! 

ixxxxxx II II 11 11 II II! 
7 
8 
7 
4 
5 
3 
3 

Ixxx 

9 ll 11 II II II llxxxi 
9111 11 11 11 Jl llxxx! 
9\l 11 11 II llxxxxxii 
8 9̂ 11 11 Uxxxxxxxxx! 
4 7 1 © 11 Uxxxxxxxxx! 
4 5 8 T"8xxxxxxxn! 
3xxx 8 8 7xxxxxxxxxl 
3xxixxxxxxxxxxxixxxiix! 

IlIIIXIIIIIlIXXXIIIIIIXXXIIXXXl! 

2IXXXXXXXXXIXIXXXXIX I I I I I 

3IIIIIXXXXXXXXIH I I I I I I 

4IIIXXXXXIXXXXXXX I I I I I I 

5!IXXXXIIXXXXIIIIXXIIXX I I I I 

4!x xxxxxxxxxxxxxxxxxxx 
7ix SOUTHEAST XXXXIIXXXXXXXXIX 3 

8!x xxxixixxxxxiixxx 3 
9iiiiiixixiixiiiiiiiinxxxixx I 2 
llllllXXXXIIXXXIIXXXXIIIXXXXII 1 2 

IllIXIXIXXXXXXIIIXXXIIIIXIX I I 1 

I2!IIXXXXXIIXXXIIXXIX I I I I I 
13i i i i ixxxnixxi i i i ix I I I I I 
Hlxiixxxxiixxxxxx I I I I I I 
15IIXIXXIXXXXXI I I I I I I I 

t 

I Ix 
I 1 
3 2x 
5 2x 
7xni 
T 17 
11 14 
J 14 

[2 
7 7V 

I 2 5 8 
I 1 4 ix 
I lixx i i 
IlIIIIIIIII 

Increases in Cell Phosphorus Concentrat ions (ppb x 10) 



Figure 32 

Simulation of Hatchery Impact under 1984 Wind Loads 

HATCHERY IMPACT SIMULATION 
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Column, Row of Simulation Grid (see Figure 1 for Locat ions) 


