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Monitoring microbial water quality is essential fecreational beachés orderto protect human health.oTevaluate

the relative importance and impacts of various types ofpmimt microbial sources at a subtropical beach (Hobie
Beach, Miami, USA), we utilized a coastal ocean circulation in(i2ielft3D) with a microbetransporifate model.
Those norpoint sources include beach sedimeatdg feces, bather sheddiramd rainfall runoff The hyadodynamic
model results agreed waeliith tidal elevations recorded by a nearby NOAA tidal station and also fitddcdélected

by pressure sensors, acoustic Doppler ctrpgofiler (ADCB. We modeled enterococci levdiom four different
types of norpoint sources on the beach aBthphylococcus aureusvels from only the batheshedding Model
results suggeghatdog feces argpottysources of enterococci and can result in transigkespf enterococci levels
for hours Beach sandsire pervasive sources of enterococci and may explain observed persistent elevations of
enterococci levelst this site Runoff mayalso significantly increase enterococci levels during rainfall events while
bathersheddingcontribution of enterococds almostnedigible. Bather is the onlyStaphylococcus aurewsource
consideredn the study and simulated levels are insheneorderasprior field measurements.
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1. Introduction

Coastal waters have been extensively used as recreational resources, such as swimming, boating,
and fshing. At the same time, microbial water quality is becoming a concern since certain
microorganisms may cause diseases and pose potential risks to human health. Globally, it has been
estimated that a total of 120 million cases of gastrointestinal disease$H0 million cases of
respiratory diseases occur annually in relation to bathing/swimming in impaired marine waters (Shuval,
2003). The US Environmental Protection Agency (USEPA) set up guidelines and recommended
enterococci as an indicator microbe foami ne wat er (USEPA, 1986) . To
enterococci level of single seawater sample should be less than 104 colony forming unit (CFU) or most
probable number (MPN) per 100 mL, or 35 CFU/100 ml of geometric mean. Otherwise, beach
advisoriesor even closures will be issued by local beach managers. Traditional hdsed methods
require about aay for lab analysis and exceedance of fecal indicator bacteria cannot be identified until
the second day. Model approaches can play important imolégach management, supplementing
existing beach monitoring programs.

Process models have been widely applied to identify fecal pollutant sptrexk their pathways,
retentions, and fates in the water column, and evalbhatartpacts of various procass Deterministic
modeling of microbe levels requires comprehensive understanding of physical, chemical and biological
processes and their interactions and also abundant data sets for model calibration, parameterization,
validation and verification. Forxample, Sander et al. (2005) found that urban runoff and resuspended
wetland sediment are two factors controlling fecal indicator bacteria at a California marsh from a 2D
depthintegrated model experiment. Liu et al. (2006) suggested that tributariesmegoe fecal
pollutant sources by studying different processes affecting water quality of Lake Michigan beaches. Zhu
et al. (2011) evaluated three npaint bacteria loads, bather shedding, dog feces and beach sand, to a
south Florida beach and identifiduht a dog fecal event can elevate enterococci levels above the limit
for several hours.

In this study, we utilized a hydrodynamic model, Del#fBDOW, to simulate transport and fate of
two types of bacteria of interest (i.e., enterococci @taphylococcsi aureuy, in order to evaluatand
comparethe impactsof multiple nonpoint sources existing on a beaehder ideal scenario¥Vhile
enterococcus is a widely used fecal indicRraureuscommon human colonizing bacteria, can be shed
from bathers and ay potentially cause skin infections in recreational marine waters (Plano et al.,
2011).
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2. Materials and Methods

2.1 Site description

Hobie Beach is a subtropical marine beach located in the Virginia Key of Biscayne Bay, to the east
of the city of Miami,Florida, United States of America (Figure 1). The beach has a length of 1,600 m,
and an orientation of northwesbutheast. Because of its location inside a coastal embayment, Biscayne
Bay, the beach isrptected from strong wave ifluenckocal tide is dminated by the principal lunar
semidiurnal constituent (M2) and has a tidal range of approximately Ol®iencurrents nearshore the
beach are weak, although become much stronger in an adjacent tidal inlet, Bear Cut (Zhu et al., 2011).
This beach is chartarized by frequently elevated indictor mabes and higpercentage of exceedance
although no knowmpoint sourceof fecal pollution could be identified (Shibata, et al. 2004dbie
Beachis the only beach in Miaridade County that allowsisitors to briry their pets.Potential non
point sources of lmderia were found byrior field studies: sand (Shibata et al., 2004; Wright et al
2011; Shah et al., 2011), animals, particularly @dgight et al., 2009), human (Elmir et al., 2007 &
2009), andainfall runoff (Wright et al., 2011).
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Figure 1 Hobie Beach and computational mesh. NOAA Virginia Key Station is shown with a white cycle.
ADCP is illustrated with the white square. Tide and Wave Recorder (TWR) is indicated by the white triangle.
Left window shows the computational grid for overall model (black lines), and nested model (red lines).
Coastline is shown with green lines.

2.2 Model Setup and Implementation

2.2.1 Hydrodynamic model

Delft3D-FLOW employs implicit finite difference schemes to numencablve shallow water
equation in either two (2DH, depttveraged) or three dimensions (3D) (Lesser et al., 2004). Avape
offline nesting technique was applied in this study in order to refine grid resolution around Hobie Beach
where microbial contamimas originated from the beach may have significant impacts. The overall
model domain is horshaped with a length of about 150 km and widths e296m (Figure 1). It
contains entire Biscayne Bay and a narrow strip of continental shelf, allowing tide$ wespagating
along the shelf and into ¢hbay. The domain afested model centered at Virginia Key and has a grid
resolution of approximately 30 m. The depth for model input was constructed from two data sources.
Inside the bay, 30 m resolution U.S. estne bathymetry data for Biscayne Bay was utilized. The shelf
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depths were trianglmterpolated from National Geophysical Data Center (GEODAS) 3 arc second
(~90 m) bathymetry. The simulations neglected either salinity or temperature variations based on th
following considerations: (1) no major river discharges into the Biscayne Bay so that shlirety
baroclinic gradient is relatively small, and (2) the bay is so shallow (< 4 m) that thermal stratification is
insignificant.

Theoverallmodel has threepen boundaries: north, south, and seaward boundaries (Figure 1). The
northernflow boundary was prescribed as water level boundary with astronomic tides (combinations of
a total of 35 tidal constituents) oedutteamboondaty fr om NOA
is a Riemann radiation boundary, allowing southward propagating tidal waves to pass through freely.
The seaward or wemtn boundary is also a water level boundary, whose northmost and southmost
points are harmonic water level at Lake WoRier and Virginia Key stations and all intermediate
points are linearly interpolated from the above two. Since Virginia Key station is only nearkgilong
tidal station that can be uséar the southmost grid poirfiut is still approximately 70 km awayjo
account for this issue, boundary corrections on amplitudes and phases of the largest five harmonic
constituents (i.e., M2, S2, N2, K1, and O1) were conducted according to previous modelitsy effor
(Wang et al., 2003; Zhu, 20LWe also specified spally uniform but time varying wind conditions to
the model, based on the facts that model domain is relatively small compared to meteorological scale
and surface winds are statistically homogenous and coherent in south Florida (Peng et al., 1999).
Hourly wind measurements were obtained from National Data Buoy Center (NDBC) Fowey Rocks
station, which is located in the middle of model domain. Since anemometer at this station is 43.9 m
above the sea surface, wind speed was converted to a standaftdUn héght wind speed) by
multiplying a factor of 0.86 based on the logarithmiertical profile (Hsu, 1988).

2.2.2 Microbe transport-fate model
Thetransporifate of microbes is modeled by a deptreraged advectiediffusion equation:
@+“h—uc+m:- HE My hHe2. —eDyyh”Cu as-hakc (1)
Ht pX b X it &
where h is water depth (in m), ¢ is the concentration of mlcrobes (in CFeipecifically enterococci
and S. aureusin this paper), u and v are degiheraged velocities (in m/s),,Dand D, are the
turbulent diffusioncoefficients (in rf/s), S represents source influx ih microbial load (in CFU/Ats)
existing onthe beachfor instancedog fecesheach sedimenhuman shedding, and rainfall runoff. The
last term on the right hand side of Eq. (1) represents total decagfratierobes with kas a decay
coefficient (in §) for a particular process, such as solar inactivation, dark inactivation, or grazing
mortality. In this study, we only considered the predominant solar inactivation effect. A constant solar
related decayate of enterococci (k= 2.09x1.0* s* = 18.1day") was determined from typical literature
value of laboratory experiments (Sinton et al., 2002). The decay r&teapfreugks = 1.27x10* s* =
11.0 day') was obtained from literature (Fujioka and Wt 2006). The corresponding 90%-dié
time periods (§y) for enterococci an&. aureusare 3.1 and 5.0 hours, respectivétyshould be noted
that we only model fafield water quality assumingiicrobes are evenly distributédto the entire
volume ofsource grid.Therefore, the initial concentration value is not only dependent on the source
itself (i.e., source concentration and discharge rate), but also on the grid size and depth.

2.2.3 Quantification of source loads
As afirst attempt, we only tooknto accountidealfi wo r st caseo scenarios, i n
potential loads from four types of microbial sources were evaluated. The quantification of source loads
as model input was conducted by compiling literatures of prior field experiments at thirs Heac
loading rate, period, total load, and characteristics of four types epaiah sources for numerical
experiments are summarized in Table 1.

2.2.3.1 Dog fecal load

Hobie Beachis the only beach in Mianibade County that allows pets. Dogs were fibtm be the
most important animal fecal sources of enterococci to this beach (Wright et al., 2009; Wang et al.,
2010; Zhu et al., 2010). Considering an average of 5%&FU enterococci per large dog fecakat
(Wright et al., 2009), we assumed this t@mount of enterococci from one dog feces was released in
an hour with a constant loading rate. We also assumed that dogs do n§t abeeudo the water and
also noS. aureugxists in dog feces.
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Table 1. A summary of source loading in the model
. S. aureus
Enterococci | Total load Total load . .
Source rate Period Characteristics
rate (CFU/s) (CFU) (CFUJs) (CFU)
Dog 6 9 One hour, | One large dog feces released in one
feces 1.55-10 56010 0 0 low tide grid point the middle of the beach
5 10 One hour, | Whole shoreline sand source
Sand 23610 4.244.0 0 0 high tide represented by 50 grid points
Runoff 1.50%10° 4.32x1010 0 0 One h_our, Discharged through 8 spaced
low tide runnels
Human | 3.82x40° | 1.10x0° | 4.24x10% | 1.22x0% | ghours | COntinuous release from 10 grid
points in the middle of the beach

2.2.3.2 Sand enterococci load

Sandis a pervasive sourad fecal bacteria at Hobie Beach (Wright et al., 2009; Shah et al., 2011).
We considered a line source of enterococci along beach shoreline under a scenargistdntcand
vigorous wave breaking and sediment resuspansvhich continuously releagenterococci from top
sediment layers. The total ENT load was estimatechfl0 m wideand 1cm thick sediment layer
along the entire shorelingith a maximum level ©100 CFU/g dry sand (Wright et al., 2Q1Heng et
al., 2012 and was releadecontinuously and constantly for one hour at high tidete thatalthough
sand loadingate at one grid pointas only 1/7 to 1/6f dog fecal loading rate, the total load ohda
was one order of higher than that of dog febbesause of the pervasive distributmirsand In addition,
we assumed n8. aureusn the sand.

2.2.3.3 Rainfall-runoff loading

Microbesfrom upper dry beach face may enter watelumn through surfaceunoff via runnels
during rainfall eventsWe designed a scenario that eight spaced rumigtisbuted along the beach
The maximumoading rate was estimated from an average enterococci level of 15,000 CFU/100 mL in
the runoff (Wright et al., 2011) and & Inm/h rainfall rate during summer thunderstorms (Feng et al.,
2012), by applyinghe rational formula similar to Elmir (2006) and Feng et al. (20kte that he
runoff loading rateseemed very close to dog fecal loading,retdle runoff total load waalmost equal
to sand total loagTable 1).We assumed n8. aureusn the runoff. The runoff loading lasted for one
hour at low tide.

2.2.3.4 Human load

Bathersmay shed both fecal bacteria and skin pathogens directly to beach water or indirectly
through contact of sand (Elmir et al., 2007 & 2009). For our modeling study, human is a source of
enterococci and more importantly only primary sourceSofaureusin this study Previous studies
estimated 10to 16 CFU shed per person per-irin bathing periodPlano et al., 2011) and found
strong correlations betweeB. aureuslevels and bather loads (Enns et al., 2012). We applied an
estimated mean 6.1xf@FU S. aureugElmir et al., 2007) and 5.5XFOCFU enterococci per person
per 15 min exposure period (Enet al., 2007) to calculate respective loading rate from the bather, and
also used a maximum density of 0.156 bather per meter shoreline at summer weekends (Wang et al.,
2010). The bather loads were released from ten neighboring grid points for eightutbre hours,
typical busy beach timgom 10:00 am (low tide) to 18:00 pm (high tide).

2.3 Field experiments

To validatemodel hydrodynamics, data from a NOAA tidal station and prior field experimants
the study area were utilized. NOAA Virginia Keyasion (see Figure 1) provides lotgym water level
observations for this area. We comparetirenrmonth of January 201@cords with the simulation and
conduced harmonic analysis to compare predominantdd@stituentsThe other time series of water
level were measured by a bottemounted tide and wave recorder (RBR TW2850, Ottawa, ON,
Canada) every 32 s from 1 to 11 June 2010, just 190 m offshore Hobie (Beadfigure }L

The flow simulations were validated using measurements by a Nortek ADCP (dguautofile,
Annapolis, MD, USA) deployed in the nearby Beatt C3ee Figure )L This was part of the fieldwork
conducted for the first Naval Postgraduate Sctiodniversity of Miami joint course (MacMahan et
al., 2012). The ADCP was attached to a flogtcatamaran and deployed in the inlet channel to
measure theelocity profile It sampled at 1 Hz frequency from 10:18 to 17:05 (GMT), 19 January
2011. A total of 20 bins were preset and each bin represented a depth layer of 0.5 m. However, only the
first 10 bins were valid measuremnie because the channel is no dgdpan 6.0 m. Also, to eliminate
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internal noises associated with the ADCP, both north and east components were averaged every 6
minutes. Then, #nin-averaged velocities were clockwise rotate2ft6 obtain alongchannel and
crosschannel components.

3. Results
3.1 Observations and model validations

3.1.1 Tides

We first validated the simulated tides at Virginia Key station for entire month of January 2011 and
at Hobie Beach from 1 to 11 June BO(Figure 3. Modeled tidal elevations correlated well with
observation during thosao periods (R = 0.96 Slight mismatches between model and observation are
likely due to nortidal processes, such as aspberic pressure disturbanesdwind-induced oastal
setup and setdown. We further applie€Titles harmonic analysis (Pawlowicz et al., 2002) on the
monthlong time series. The amplitude and phase differences of dominant semidiurnal M2 tide between
model and observation were within 0.02 m and 59%i®. minutes). Overall, the flow model yielded
satigactory water level hindcasts the study area.
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Figure 2 Model-observation comparisons of tides at NOAA Virginia Key station in January 2011 (upper panel)
and at Hobie Beach 1 to 11 June 2010 (lower panel).

3.1.2 Current

The Eularian measurements of current at Beat inlet were shown in Figure-® andiB and
compared with model simulations at corresponding grid point (Fign@¥e The ADCP measured for a
period of nearly seven hours, covering haffat cycle from mid flood tide to mid ebb tide. Tidal
currents in the inlet channel wedeminated by alonghannel velocity coponent, the amplitude of
which was much larger than crostiorecounterpart. The water column svevellmixed from surface to
3.5m below and neabottom velocity wa significantly reduced due to the friction. One interesting and
importart feature observed by the ADCP svtne flow asymmetry, showing that ebb flows were not in
the exact opposite direction of flood flows but insteathted clockwise Figure 3C). The cross
chamel velocity contour illustrateghersistent negative values (pointing to the opposite direction of
northern channel bahkhroughout the survey (FiguBB). In general, the modgredicted flows in the
inlet channel agreed well with the ADCP measuremefigute 3C). Both model and observation
showed that lbod current velocities werenear the maximum during the iiait two hours with
magnitudes larger than 0.7 m/s. The flood flow graduatiyvetl down and reahedto the minimum
(~0.03 m/s) four hours after deployment. The occurrence of slack flow in the inlet chamyeel thasy
highest local tide (observed at 13:00 GMT) at the Virginia Key station by 75 minutes, which iddicate
thattidal elevation and curremterenot exactly 90°out of phase. The major differerfoetween model
and observation vgathe angle mismatch. Modgimulated currentezerealmostoriented in the channel
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direction, while ADCP-measured flood currents weedbout 20°counterclockuse rotaté and ebb
currents werelQ°clockwise rotated to the inlet directionNevertheless, model hindcast yielded
satisfactory current simulations.
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Figure 3 (A) ADCP-measured 6-min averaged along-channel velocity contour (color bar in m/s); (B) cross-
channel velocity contour; and (C) depth-averaged velocity vectors from the model and 6-min averaged ADCP
measurements.

3.2 Circulation patterns

The tide-induced waterirculations around the study area wst®wn in Figure 4or one tidal
cycle. The velocityield near the beach is fairly complicated due to thedtejf exchange through
multiple inlet channels and complex geometry of the island. For Hobie Beach, Be#ar tGe most
important pathwayor bay water exchange with ocean water because of itsityitimthe site. Shelf
water can also enter the bay througheo inlet channels, such as Norris Cut tisajust north of the
Virginia Key and those to the south of Key Biscayne. The flow velocities in the inlet channels are
several times to one order wfagnitude larger than those near the beach. Both low and high tides are
slack tides, whe beach water is nearsfagnantvith current velocityless than 0.1 m/s (FigureAland
-C). The other important feature the formation of eddies in the inlet chalnawed on top of flood tidal
shoal. Duing midtide flooding, currents flow mto the beach from both the east and north, and
converge in the middle part of the beach #rahto the offshore of th beach (Figure-B). Adjacent to
the beach, currents amgainly alongshore and northwestward. The maximum inflow re&th to 1.0
m/s in Bear CutWhen ebbing, bay waterflow toward the beach from southwest, and then diverge
around both corners of the beaéfiglire 4D). Circulation patterns may have important licgtions on
bacteria transport and dispersion. The effectiveness of hydrodynamics on pollutant mitigation largely
depends on the location gburceeffluent, tidal range and stage. The details will be analyzed and
discussed in next section.
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Figure 4 Snapshots of velocity field in one tidal cycle for different tidal stages: (A) low tide; (B) mid-tide
flooding; (C) high tide; and (D) mid-tide ebbing.

3.3 Scenario experiments

3.3.1 Dog feces

We evaluated the impact of one big dog fecal event occurrdeimiddle part of the beach. The
load was initially released at low tidal stage, two hours before the lowest tide, and continuous and
constant release was ceased after an hour. The enterococci level could reach to hundreds of CFU/100
mL minutes after irtial release; however, the area of impact was limited around thesegheint One
hour after initial release, impacted area extended hundreds of nmeterth alongshoreand offshore
directions but maximum level of enterococaias reduced to about 1@FU/100 mL(Figure 5A).
Three hours later, the plume area was furtbalarged while the enterococtévels continied
decreasing (Figure-B). Six hours after initial releas¢he plumewastransported by the flooding tdl
current further alongshore thieé northwest Neverthelessenterococcilevel at that moment became
minimal, no larger than 1 CFU/100 mL (FigureCh After one tidal cycle, enterococci no longer
existedin the water(Figure 5D). It seems that diffusion dominates initial release stafey; that,tidal
currentplays more important role in shaping the plume

Next, we simulated a scenario without sunlight inactivation by setting the decay coefficient zero
(Figure 5E and-F). Although the shae of pollutant plume had more or lesssiilar patterns atdentical
time, the levels of enterococuiere at least one order of magnitude high®ithout inactivation,
bacteria remain viable and culturable, resulting in much longer period and larger area of impact. Since
dog visitation only occurs ding daytime at this beaclinactivation case is more representative. It
should be noted here that we keep sunlight inactivation in all later simulations.
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Figure 5 Logio-transformed enterococci levels under the scenario of one dog fecal event; color bar is in the
unit of 10g10(CFU/100 mL). (A) 1 hour after initial release; (B) 3 hours after initial release; (C) 6 hours after
initial release; (D) 12 hours after initial release; (E) 6 hours after initial release without inactivation; and (F)
12 hours after initial release without inactivation

3.3.2 Sand

Sand loading simulation treating the whole shoreline sands as sources showed that enterococci
levels next to the waterline dramatically increasedear a hundre@FU/100 mL in an houfFigure 6
A), then ccreased td0 CFU/100 mLor lessthree hours late(Figure 6B). However, enterococci
could impact beyond the beach, showing the plume turned around botfokowsg the shoreline
The levels continued decreasing&«CFU/100mLor lessabout sixhourslater (Figure 6C). Twelve
hours later, the beach watiead very minimal enterococdeft (Figure 6D). Longshore variability is
another important phenomenon, showing higher concentrations at the southeastern half than northwest
half. This is mainly duect shallower water, milder slope and weaker water circulation at the
southeastern parPrevious studies indicated theand provides a protected environmémt fecal
bacteria, which may even regrow under favorable conditions (Yamahara et al., 2009;eRigfpt
2012). Therefore, ad source is likely to produce persistent patterns of ekkvaierobial levels
because certain physical processes are capable of relsadingentboundedmicrobes, suclas wave
inducedsedimentesuspension artidal washing(Feng et al., 2012; Ge et al., 2012)



