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1.0 INTRODUCTION

The cities of Boynton Beach and Delray Beach, Florida, jointly administer a wastewater
treatment plant (WWTP) which discharges an average of 14 million gallons a day of
partially treated sewage effluent into the coastal waters of Palm Beach County. Operated
by the South Central Regional Wastewater Treatment and Disposal Board
(SCRWWTDB), this outfall is one of six found along the southeast Florida coast. The
outfalls all discharge into the ocean along the western boundary of the northward flowing
Florida Current (aka Gulf Stream Current). The SCRWWTDB outfall discharges one
mile offshore, directly east of Atlantic Avenue, downtown Delray Beach and is the
northernmost of the south Florida ocean outfalls. The Delray discharge is 90 feet below
the ocean surface and terminates directly within a coral reef tract that parallels the Palm
Beach County coastline, also approximately one mile offshore.

1.1 PBCRR Investigations

The volunteer organization Palm Beach County Reef Rescue (PBCRR) has monitored
Lyngbya algal blooms in the coral reef environment down current of the Delray effluent
outfall pipe since the blooms first became evident in early 2002. PBCRR has issued five
reports(1) beginning September 2003, detailing their investigations of the distribution of
Harmful Algae Blooms (HAB) on the south Palm Beach County coral reef tracts. The
south county Lyngbya bloom has been documented to occur only on the coral reef tract
immediately down current of the SCRWWTDB outfall pipe (Figure 1). PBCRR reports
document a connection between the quantity of nutrients discharged from the outfall and
the spatial and temporal distribution of HABs in the down current receiving environment.

PBCRR performed water quality nutrient analyses in the south Palm Beach County
coastal environment during the second half of 2005. The water quality monitoring
project established background conditions and detected elevated nutrient concentrations
down current of the Delray Beach ocean outfall. Results of that investigation provide an
added link between the occurrence of HABs and nutrient loading from SCWWTDB.

1.2 NOAA Tracer Study

During June 2004 the Ocean Chemistry Division of the National Oceanic and
Atmospheric Administration (NOAA) Miami, performed a farfield tracer study of the
Hollywood, Florida outfall, located 35 miles south of the Delray Beach outfall. Data
developed by the NOAA farfield tracer study provides a means to examine outfall
effluent behavior in the coastal environment and determine if plume configuration and
dilution predicted by the NOAA model verify levels of nutrient enhancement found by
the PBCRR water quality investigation.

________________________________________________________________________
1) See: http://www.reef-rescue.org/research.htm for copies of reports.
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2.0 NOAA FARFIELD EFFLUENT PLUME TRACER STUDY

The 2004 NOAA Hollywood, Florida outfall study “Farfield Tracing of a Point Source
Discharge Plume in the Coastal Ocean Using Sulfur Hexafluoride” published 2005, in
Environmental Science & Technology, Vol. 39, No. 22 (provided as Appendix A),
employed sulfur hexafluoride (SF6) as an effluent tracer and was able to track the
Hollywood outfall effluent plume down current 40 miles as it traveled northward
paralleling the coastline (Figure 1 and 5 of Appendix A). Data developed from this
experiment, while specific to the study, has potential bearing on other outfalls along the
south Florida coast where similar conditions exist.

Several aspects of the NOAA tracer study were examined to determine relevance to the
Delray outfall. The study showed that the effluent plume was controlled by current and
flowed northward parallel to the coast with a broadening of the plume to about 3 km wide
at a point 66 km from the outfall. Current velocities were variable in magnitude and
direction during the six day NOAA study but showed a net northward flow. Since the
outfall effluent is freshwater and positively buoyant in the marine environment it rises to
the surface at the outfall terminus and forms a seawater effluent surface layer. The
effluent is transported as a near surface plume with the current until the density contrast
is eroded by dilution with surrounding water. The tracer study suggests the effluent
advects from the outfall in filaments and/or as boluses until down current equilibrium is
achieved (Figure 2).

One objective of the study was to determine at what point the discharge was mixed
vertically in the water column and reached the bottom to assess its possible effect on the
benthos. Three depth profiles of SF6 were measured at 13, 17, and 66 km from the outfall
terminus along the projected centerline of the plume to determine the vertical distribution
of the plume tracer. High levels of SF6 were observed to the bottom at each location
sampled, indicating that vertical mixing of the discharged effluent with surrounding
waters occurred within 13 km of the outfall. However, in the first 20 km from the outfall,
SF6 surface concentrations were highly variable. Maximum SF6 concentrations
decreased by about 200-fold per kilometer as the plume traveled northward from the
outfall source.

The NOAA study determined that effluent dilution occurs in a systematic fashion and can
be represented by a linear decrease with distance (Figure 8 of Appendix A). A dilution
equation developed from the study (Equation 1, presented below) while only applicable
to the conditions encountered, illustrates dilution with distance from the source and is in
accord with earlier SEFLOE II (1) data that suggest at a distance of 800 meters from the
outfall a dilution on the order of 100:1 is attained. While the 2004, tracer study Equation
1 suggests a dilution of 160:1. More importantly, the study indicated that dilution
mechanisms, while complex, resulted in a linear decrease in SF6 concentrations over the
entire reach of the study area.

_________________________________________________________________________
1) SEFLOE II: Southeast Florida Outfall Experiment: http://www.aoml.noaa.gov/general/project/oadal1.html

Also see: http://www.epa.gov/region4/water/uic/downloads/ra/06-ocean.pdf
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3.0 PBCRR COASTAL WATER QUALITY MONITORING PROJECT

PBCRR performed a coastal water quality monitoring project during the second half of
2005. Samples were collected at two depth intervals from multiple locations both up and
down current of the SCRWWTDB Delray ocean outfall pipe (Figure 3). The purpose of
the program was to establish background conditions and determine if nutrient
enhancement from the Delray outfall could be detected in the coastal waters. Eight
separate sample collection episodes were completed from August 16, 2005 through
November 8, 2005, representing a total of over 100 water samples collected from
between Seagate Reef, Delray Beach, northward to the Boynton Beach Inlet. Nutrient
analysis was performed by Chesapeake Biological Laboratory (CBL), University of
Maryland, Center for Environmental Science. Field measurements were conducted for
specific conductance and temperature by PBCRR. Current direction, velocity, weather
and sea conditions were recorded at the time of collection.

The water quality program was performed in cooperation with Palm Beach County
Department of Environmental Resources Management (PBCDERM) and Harbor Branch
Oceanographic Institute (HBOI). Matching funding for the project was provided by
PBCDERM against contributions, discounts and volunteer efforts by PBCRR, HBOI,
CBL, Starfish Dive Charters, Lantana and Underwater Explorer Dive Charters, Boynton
Beach, Florida. Results of this investigation established background nutrient levels and
demonstrated a nutrient contribution to the coral reef ecosystem north and down current
of the Delray outfall during north current sampling episodes. Samples collected during
south current events show nutrient concentrations north of the outfall pipe to be at
background levels with no nutrient enhancement detected (Appendix B).
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4.0 EXAMINATION OF DELRAY OUTFALL EFFLUENT PLUME

The environmental setting of the Delray outfall is analogous in many respects with that of
the Hollywood outfall, located approximately 35 miles to its south. While the discharge
volume of Delray is less than Hollywood the outfall terminus is at an equivalent depth
and subject to similar current dynamics.

Effluent dilution and plume configuration data from the NOAA Hollywood outfall tracer
study were employed to examine the Delray outfall coastal water quality monitoring
results obtained by PBCRR. Calculations derived from the NOAA study were used to
evaluate if down current nutrient concentrations found by PBCRR were present at the
levels predicted by the tracer study. For the evaluation SCRWWTDB Discharge
Monitoring Report (DMR) effluent testing results and PBCRR water quality monitoring
data obtained on the same day were compared. Nutrient values reported in the
SCRWWTDB DMR were used to calculate anticipated down current effluent
concentrations by employing NOAA dilution Equation 1. These resulting values were
compared to the actual nutrient levels found in the environmental samples collected both
up and down current of the Delray outfall. A percent recovery of predicted value was
then calculated.

From the eight completed PBCRR sampling episodes only data obtained during north
current sampling events were examined. Four sets of water quality results were selected
for evaluation. A fifth north current data set (October 18, 2005) was not considered since
a negligible current velocity of 0.1 kts was measured. Video taped on-site observations
found a stationary effluent pool, surrounding the vicinity of the outfall pipe occupying the
upper 1/2 to 1/3 of the water column, suggesting minimal down-field effluent migration
from the discharge point. South current event data were not examined in this way since
no nutrient enhancement above background concentrations was detected in the
investigation area north of the outfall.

4.1 Parameter Comparison

As a NPDES (1) permit condition SCRWWTDB conducts effluent nutrient analysis on a
weekly basis. The analysis is performed for informational purposes only, since the
permit sets no nutrient discharge limits. The analysis is performed on a flow-proportional
composite sample collected on Tuesdays. The PBCRR water (grab) samples were also
collected on Tuesdays to coincide with the WWTP analysis and allow for a comparison
of seawater nutrient data with sewer plant effluent results. SCRWWTDB effluent is
analyzed for the parameters of Total Kjeldahl Nitrogen, Ammonia, Nitrite/Nitrate and
Total Phosphate. The PBCRR environmental samples were analyzed for Ammonia,
Nitrite/Nitrate and Ortho-Phosphate. For purposes of down current effluent dilution
comparison Dissolved Inorganic Nitrogen (DIN) concentrations were examined.
Ammonia and Nitrite/Nitrate concentrations were combined to derive the DIN value.
________________________________________________________________________
1) National Pollution Discharge Elimination System,. See: http://cfpub.epa.gov/npdes
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Gulf Stream Reef water quality monitoring Station 5 was chosen as the down current
(north of outfall) location for data comparison, (Figure 3). Station 5 is the location of
persistent Lyngbya algal blooms at a point where the theoretical Delray outfall effluent
plume contacts the reef and is 6.8 km north of the outfall terminus. Based on the width
versus distance plume model generated by the NOAA study (Figure 4) the effluent plume
is believed to be approximately 250 meters wide at Station 5. Due to the narrow width of
the effluent plume at this close proximity to the outfall and variability of analytical data
generated from sampling stations closer to the source, it was felt evaluation of predicted
DIN recovery at points closer to the outfall would be impractical due to the inconsistent
nature of the effluent plume as demonstrated by SF6 concentrations found in the near-
field water column reported in the NOAA study. In fact, variability of PBCRR DIN
concentrations between the 20 and 45 foot (6.1 and 13.7 meter) depth intervals as
observed at Station 5, suggest that 6.8 km may be as close to the source as practical for
effluent mixing in the water column to occur with any reasonable degree of homogeneity.
NOAA measurements within the first 20 km of the Hollywood outfall showed large
variability in concentrations on a sub-kilometer scale and a poorly defined tracer field.
NOAA explains the lack of near-field effluent uniformity as a filament or bolus effect
and did not find complete mixing in the water column until measured 13 km down
current.

To compare nutrient levels predicted by the NOAA tracer study with the actual nutrient
concentrations found in the environment down current of the Delray outfall the following
set of equations were employed:

To calculate the predicted down current nutrient enhancement for Station 5, the DMR
DIN is first divided by the dilution factor derived from NOAA Equation 1.

Equation 1 (NOAA):

Dilution = 212 X distance (km)

Station 5 is 6.839 km north of the outfall; 212 times 6.839 equals a dilution factor of
1450.

To obtain the predicted DIN concentration (as µg/l) at Station 5, Equation 2 is employed,

Equation 2:

mg/l (as N) X 1000 = predicted enhancement (as µg/l N) + background (as µg/l N) = predicted DIN concentration
1450

where the DRM DIN is divided by the dilution factor (1450) to obtain the predicted
enhancement value and this product is then added to the DIN concentration from
background Station 1, up current (south) of the outfall to obtain the predicted DIN
concentration.
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Finally, the predicted DIN concentration is compared to the actual analytical DIN result
from Station 5 and a percent recovery is calculated as represented by Equation 3.

Equation 3:

DIN concentration found X 100 = % recovery
predicted DIN concentration

In this way a comparison can be made between the effluent dilution predicted by the
NOAA study and the actual nutrient levels found in the down current environment. The
comparison of predicted versus actual results adds to the understanding of nutrient
enrichment from the outfall effluent in the down current coral reef environment impacted
by Lyngbya blooms and serves to validate PBCRR field observations and water quality
data interpretation.

4.2 Examination of Data

Two depth intervals, 20 and 45 feet below surface were analyzed during the course of the
PBCRR water quality monitoring project. For the purpose of evaluating predicted
nutrient enhancement the combined average DIN of both intervals was examined. In
addition, due to the lack of homogeneity of nutrient distribution in the water column the
higher DIN concentration of the two depth intervals was also considered.

Data from PBCRR Seagate Reef Station 1, two kilometers up current (south) of the
outfall, were employed to establish background nutrient concentrations. The background
concentration was determined by averaging the combined DIN total of the 20 and 45 foot
depth intervals. When evaluating data sets, only background, DMR and down current
water sample results generated on the same day were compared.

The DIN variability found in the effluent plume at Station 5 was not observed in
concentrations at PBCRR background locations, either between depth intervals or from
one day’s data to another. For the episodes selected for data review the background DIN
concentration (Station 1) averaged 3.48 µg/l (as N) and ranged from 1.8 to 4.6 µg/l.
While DIN values at down current Station 5, ranged from 2.0 to 24.2 µg/l (as N).

In addition to reviewing the four individual episodes the overall average of predicted
versus actual down current enhancement is presented.
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5.0 FINDINGS

A summary of the calculated recoveries for the individual sampling episodes are
presented below. Appendix C provides the calculations, site maps and results of
individual analyses. The overall average of predicted versus actual DIN enhancement
recovery for the four sampling episodes examined equals 56 %. When only the highest
DIN depth interval concentration from each episode is considered the average predicted
versus actual DIN enhancement recovery equals 85 %.

When the relationship of current velocity with predicted DIN recovery is examined, it
was found the two episodes with velocities of approximately 0.8 kts exhibited a higher
percentage of calculated recovery than the two episodes where lower current velocities of
approximately 0.3 kts were measured. While no explanation is offered, a raison d'être is
considered. Variation in current velocity may effect effluent dilution and/or plume
configuration. Also, PBCRR sampling trips were conducted from south to north in an
effort to increase the likelihood of obtaining samples from within the same northward
traveling water mass. Elapsed time between sample collections at Station 1 and Station 5
was generally one hour. At increased current velocities the Station 5 sample is more
likely to be representative of the water mass encountered at Station 1, as when compared
to sampling episodes conducted during decreased current velocity.

The predicted down current DIN concentrations were calculated from the results of
analyses performed on 24 hour flow-proportional composite samples collected at the
WWTP. These values were compared to PBCRR grab samples for the purpose of
calculating percent recovery. It is unrealistic to anticipate a perfect 1:1 relationship
between these values. Nutrient concentrations released at the outfall discharge point into
the coastal environment cannot be expected to identically match the concentration of
nutrients present in the WWTP 24 hour composite sample. Additional variables capable
of impacting absolute agreement can include; effluent plume configuration, loss of low-
level ammonia from the environmental samples, weather and sea conditions, current
amplitude, velocity and duration, and flux in effluent quality and quantity.

5.1 Summary of Calculations

August 16, 2005 Sampling Episode
Measured current = North 0.795 kts.

DMR DIN = 17.16 mg/l = 11.83 µg/l (as N) predicted enhancement
1.45

Predicted concentration = 11.83 µg/l + Bg (3.45 µg/l) = 15.25 µg/l
Found = 14.8 µg/l

Recovery (average of both depth intervals) = 97.0%
20 ft. depth interval = 24.2 µg/l = 159% recovery
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August 30, 2005 Sampling Episode
Measured current = North 0.829 kts.

DMR DIN = 19.55 mg/l = 13.48 µg/l (as N) predicted enhancement
1.45

Predicted concentration = 13.48 µg/l + Bg(1) (3.05 µg/l) = 16.53 µg/l
Found = 7.08 µg/l

Recovery (average of both depth intervals) = 42.8%
45 ft. depth interval = 13.6 µg/l = 82.3% recovery

September 13, 2005 Sampling Episode
Measured current = North 0.321 kts.

DMR DIN = 13.81 mg/l = 9.52 µg/l (as N) predicted enhancement
1.45

Predicted concentration = 9.52 /µg/l + Bg (3.20 ug/l) = 12.72 µg/l
Found = 4.05 µg/l µg

Recovery (average of both depth intervals) = 31.8%
45 ft. depth interval = 4.6 µg/l = 36.2% recovery

October 11, 2005 Sampling Episode
Measured current = North 0.343 kts.

DMR DIN = 15.0 mg/l = 10.34 µg/l (as N) predicted enhancement
1.45

Predicted concentration = 10.34 µg/l + Bg M1(1) A/B (3.85 µg/l) = 14.19 µg/l
Predicted concentration = 10.34 µg/l + Bg 1 A/B (4.20 µg/l) = 14.54 µg/l

Found = 7.50 µg/l

Recovery (average of both depth intervals) = 52.9% (with M 1 A/B as background)
Recovery (average of both depth intervals) = 51.6% (with 1 A/B as background)

(45 ft. depth interval = 9.10 µg/l = 64.1% recovery with M 1A/B as background)
(45 ft. depth interval = 9.10 µg/l = 62.6% recovery with 1A/B as background)

_______________________________________________________________________________
1) Bg = Background location. Following the first several rounds of current measurements additional background

Station M1 was placed to be more inline with the northerly current axis flowing parallel to the coastline, than the
more inshore Station 1 on Seagate Reef. As such, M1 was positioned to most accurately reflect background water
quality entering the investigation area. See Figure 3 for sample collection station location and designation.
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6.0 CONCLUSIONS

PBCRR water quality monitoring data demonstrate nutrient enrichment of the environment
down current of the Delray outfall (Station 5) as evidenced by the increase in DIN values
above those found at upcurrent background locations (Stations 1 and M1). The down
current DIN enhancement was found only during north current sampling episodes. When
current flow reversed to the south, DIN values at Station 5 returned to background levels,
supporting the conclusion elevated DIN values found at Station 5 originate from current
transport of effluent from the Delray outfall.

Effluent plume dynamics established by the NOAA farfield tracer study further serve to
validate PBCRR findings by providing plume model calculations which can be used to
estimate dilution and characteristics of an effluent plume in the coastal environment. The
down current dimensional plume modeled from NOAA measurements suggest a Delray
outfall plume width and configuration (Figure 3), nearly identical to the PBCRR theoretical
plume representation, presented February 2004, which was developed based on Lyngbya
delineation (Figure 5). Down current PBCRR DIN values are in agreement with DIN
values predicted by SF6 dilution at comparable distances from the source. PBCRR down
current DIN concentrations, while present at the anticipated concentrations, did exhibit the
variability within the water column as exemplified by NOAA measurements obtained in
near proximity to the source.

The NOAA study found that effluent contact with the benthos and complete mixing across
the entire water column does not occur in the immediate vicinity of the outfall terminus.
The nearest vertical profile to the source measured by NOAA was obtained 13 km down
current of the outfall where SF6 concentrations confirmed mixing. However, it is
reasonable to assume effluent enrichment of the benthos does occur at a point closer to the
outfall than 13 km down current. The location of concentrated Lyngbya proliferation
present 5 to 7 km down current of the Delray outfall has been used to argue that another
nutrient source supporting the bloom must exist in closer proximity to the impacted zone
than the outfall terminus. On the contrary, Lyngbya proliferation as observed in the down
current zone is found where NOAA data suggest effluent mixing in the water
column would likely begin to occur. This particularly holds true in the Boynton/Delray
circumstance where along the axis of the theoretical effluent plume significant change in
bathometric relief is found between the outfall (90 - 95 ft. below surface) and the down
current Lyngbya proliferation zone, present at a depth of 45 - 55 feet below surface. This
abrupt change in topography, not reported as a component in the Hollywood study, very
likely contributes to vertical mixing of the effluent plume at a location coincident with the
persistent Lyngbya growth.

Considering the number of potential variables, the ability to recover an average 85% of the
anticipated DIN value in down current PBCRR environmental samples must be viewed as
confirmation of the NOAA SF6 effluent plume dilution model. The presence of elevated
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nutrient concentrations down current of the Delray outfall, at levels predicted by NOAA
dilutions, leaves little doubt that nutrient enrichment found in the Lyngbya bloom zone on
Gulf Stream Reef originates from the SCRWWTDB effluent discharge.
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APPENDIX A

Farfield Tracing of a Point Source
Discharge Plume in the Coastal
Ocean Using Sulfur Hexafluoride

(Reprinted from: ENVIRONMENTAL SCIENCE & TECHNOLOGY /VOL. 39, NO. 22, 2005)


