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a b s t r a c t

Pathogen contamination of drinking water lakes and reservoirs is a severe threat to human health
worldwide. A major source of pathogens in surface sources of drinking waters is from body-contact
recreation in the water body. However, dispersion pathways of human waterborne pathogens from
recreational beaches, where body-contact recreation is known to occur to drinking water intakes, and
the associated risk of pathogens entering the drinking water supply remain largely undocumented. A
high spatial resolution, three-dimensional hydrodynamic and particle tracking modeling approach has
been developed to analyze the risk and mechanisms presented by pathogen dispersion. The pathogen
model represents the processes of particle release, transport and survival. Here survival is a function of
both water temperature and cumulative exposure to ultraviolet (UV) radiation. Pathogen transport is
simulated using a novel and computationally efficient technique of tracking particle trajectories back-
wards, from a drinking water intake toward their source areas. The model has been applied to a large,
alpine lake e Lake Tahoe, CAeNV (USA). The dispersion model results reveal that for this particular lake
(1) the risk of human waterborne pathogens to enter drinking water intakes is low, but significant; (2)
this risk is strongly related to the depth of the thermocline in relation to the depth of the intake; (3) the
risk increases with the seasonal deepening of the surface mixed layer; and (4) the risk increases at night
when the surface mixed layer deepens through convective mixing and inactivation by UV radiation is
eliminated. While these risk factors will quantitatively vary in different lakes, these same mechanisms
will govern the process of transport of pathogens.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Pathogen contamination of aquatic ecosystems is a severe threat
to human health worldwide (Sherchand, 2012). Even in developed
countries, the risk of pathogen contamination is significant. The
protozoan parasites Cryptosporidium spp. and Giardia spp., or rather
their (oo)cysts, are widespread in lakes and reservoirs (Jellison
et al., 2002; Brookes et al., 2004a). In the US, the presence of
Cryptosporidium parvum is estimated to occur in 55% of surface
waters and 17% of drinking water supplies (Rose et al., 1991;
LeChevallier et al., 1991). The Center for Disease Control (CDC),
the U.S. Environmental Protection Agency (USEPA), and the Council
r), gschladow@ucdavis.edu
of State and Territorial Epidemiologists maintain a collaborative
surveillance system for collecting and reporting data about the
occurrences and causes of waterborne-disease outbreaks related to
drinking water and recreational waters (USEPA, 2002). The Beaches
Environmental Assessment of Coastal Health (BEACH) Act (USEPA,
2002; Wade et al., 2006) requires testing recreational beach wa-
ters for fecal coliforms (enterococci or Escherichia coli) on a weekly
basis. In Europe, the Directive 76/160/EEC governs the quality of
bathing waters specifying threshold values for microbiological and
physicochemical parameters (Council of the European
Communities, 1976). Parasites, however, are not monitored on a
regular basis. Although indicator organisms, such as enterococci
and E. coli, are used to monitor pathogens, they are not necessarily
indicative on the presence of parasites such as Cryptosporidium or
Giardia (Harwood et al., 2005; Abdelzaher et al., 2010 and refer-
ences therein).
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The Safe Drinking Water Act currently requires drinking water
treatment plants of surface water sources to have the technical
capacity to remove 99.9% of Giardia cysts (USEPA, 1989). Crypto-
sporidium poses a problem to water treatment as it is highly
resistant to conventional methods of disinfection, such as chlori-
nation (Betancourt and Rose, 2004; Standish-Lee and Loboschefsky,
2006; WHO, 2008). The small size and omnipresence of its oocysts
has caused many health outbreaks in drinking as well as recrea-
tional waters (Craun et al., 2005; Coupe et al., 2006). The most
severe outbreak due to the transmission of Cryptosporidium
through drinking water in Wisconsin in 1993 resulted in 403,000
infected persons (MacKenzie et al., 1994), including lethal cases
(Hoxie et al., 1997). The first recreational outbreak of gastrointes-
tinal illness associated with this pathogen (cryptosporidiosis) was
reported in 1988 in Los Angeles (CDC, 2000, 2001). Yoder et al.
(2004) reported 15 water-borne outbreaks in recreational waters
associated with Cryptosporidium between 2001 and 2002, in spite
of prior water treatment. Cryptosporidiosis inflicts morbidity in
healthy people and mortality in children, immune-suppressed in-
dividuals and the elderly (Masur et al., 2002; Farthing, 2006; WHO,
2008). Fortunately, a treatment for cryptosporidiosis has been
found (Farthing, 2000, Smith and Corcoran, 2004; Rossignol et al.,
2006 reported in King and Monis, 2007).

The major source of pathogens in surface sources of drinking
waters is human wastes (Gallaher et al., 1989; Rose et al., 2002;
Fayer, 2004). A fecal accident by an infected person is the most
common cause of recreational water outbreaks (Rose et al., 2002).
Empirical studies have demonstrated a positive relationship be-
tween bather density and the level of Cryptosporidium and Giardia
(Graczyk et al., 2007; Sunderland et al., 2007). Swimming and other
body-contact recreational activities have been identified by the
USEPA, California Department of Public Health (DPH) and other
public health professionals as a potential source of microbiological
contamination of recreational waters. The concentration of shed
pathogens in recreational water bodies is of high spatial and tem-
poral variability being greatest in zones associated with body-
contact recreation, such as water skiing, jet skiing and swimming,
and times of maximal recreational use (Anderson et al., 1998).
Anderson et al. (1998) showed that high loads of pathogens due to
body-contact recreation may reach drinking water intakes on a
regular basis and, thus, constitute a potential risk for disease out-
breaks through drinking water supplies. The approach used by
Anderson et al. (1998) and Stewart et al. (2002) was based on a
relatively simple finite segment model based on a coarse horizontal
resolution (500 m� 500m segments) and a two-layer vertical grid.
For the analysis of pathogens released in near-shore areas, such as
recreational beaches, however, a finer spatial resolution is neces-
sary to adequately resolve the complex coastal bathymetry and
circulation patterns.While sufficiently highmodel resolutions were
out of reach in the past due to hardware limitations, today they are
feasible. Further, Anderson et al. (1998) considered pathogens
inactivation due to temperature only. Laboratory and field studies
have shown that Cryptosporidium is highly sensitive to ambient UV
radiation (Rochelle et al., 2005; Connelly et al., 2007; King et al.,
2008).

Our goal is to assess the probability or risk of viable/infectious
human intestinal pathogens, focusing on Cryptosporidium as an
example, released at beach areas to enter a drinking water intake.
In contrast to previous studies on the risk assessment, the present
work is based on a time-varying, high spatial resolution, three-
dimensional (3D) hydrodynamic model. Model resolution in the
horizontal plane was 20 m � 20 m, and as small as 0.5 m in the
vertical. As well as predicting the transport and dispersion of par-
ticles (viz., pathogens) the model integrates the exposure to tem-
perature and UV radiation experienced by all the particles. Lake
Tahoe is used as a test case. It is a large, ultra-oligotrophic, sub-
alpine lakewell known for its clear, bluewater. In addition to its use
for recreation, Lake Tahoe serves as a source of unfiltered drinking
water.

The results are based on the particle transport and dispersion
model proposed by Hoyer et al. (2014), but extended for the case of
pathogen transport. A novel technique of back-tracking pathogens
trajectories is used which allows for studying non-point contami-
nation at a modest computational cost. This technique provides a
very direct way to represent the likely transport of pathogens to
water intakes from near-shore areas where body-contact recrea-
tion is occurring. Several key issues are addressed in this work.
First, we present the pathogen dispersion model. Next, we deter-
mine the sources of pathogens entering drinking awater intake and
the pathogens' pathways of migration. Based on these pathways,
we quantify the environmental stressors (i.e. temperature and
light) the pathogens are exposed to during their journey. Finally, we
evaluate the likelihood of survival of pathogens, and determine the
probability of pathogen withdrawal to identify potential periods of
drinking water contamination.

2. Methods

2.1. Approach

A 3D Lagrangian, individual-based particle model developed by
Hoyer et al. (2014) was modified to assess the risk of pathogens
entering the drinking water supply from intakes in a lake, hereafter
referred to as the pathogen model. These simulations are driven by
lake current and turbulence simulations conducted with a 3D hy-
drodynamic model. Unlike the conventional approach where
pathogens are tracked from a point of origin, the velocity fields are
inverted and the points of origin of individual pathogens are
calculated by back-tracking their individual trajectories from the
area of withdrawal.

This technique is computationally efficient. The non-point
source nature of pathogens released by body-contact recreation
would require a large number of simulations from different beach
areas, containing many potential points of origin. In contrast, the
knowledge of the point of concern (water intake) makes it possible
to consider only those (simulated) pathogens originating from
sources areas (recreational beaches) that reach the water intake. In
the following, the term ‘particles’ refers to all individual particles
simulated by the model, while ‘pathogens’ are those particles that
were predicted to origin from recreational beaches. The validation
of the hydrodynamic model has been previously described (Hoyer
et al., 2015). The simulation results permitted the establishment
of risk patterns, their temporal variations and the link existing
between risk and local lake circulation and stratification dynamics.
Although this study focuses on Cryptosporidium, the generic path-
ogen dispersion model may be applied to any other pathogen, such
as for example Giardia spp., as well as bacteria and viruses. Like-
wise, Lake Tahoe is taken here as a study case, while the model is
readily applicable to any water body.

2.2. Pathogen model

The pathogen model consists of a Release-module, a Transport-
module and a Survival-module. The modules run sequentially and
independently of each other. The model is driven by external
computations that simulate hydrodynamic conditions prevailing in
the lake. A Cartesian grid forms the domain for all simulations. A
detailed description of the original dispersion model and the links
between the different modules and external computations can be
found in Hoyer et al. (2014).
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The Releaseemodule (or R-module) simulates the process of
pathogen release into the water column by body-contact recrea-
tion. Pathogens may be released from skin surface during contact
with water (shedding) and through accidental fecal release (AFR).
The probability of pathogen release PR is given by the prevalence
rate RP, that is, the fraction of recreators infected by Cryptospo-
ridium. This approach predicts the upper limits of the risk of
pathogen release, given the underlying assumption (for simplicity)
that all particles released per infected recreator are infectious and
of the same hydrodynamic characteristics (surface charge and
settling velocity) as Cryptosporidium. Note that the recreator den-
sity is taken to above zero, CR > 0 ind m�2d�1, at all days during the
study period (even on cloudy days), but that the risk of pathogen
contamination becomes zero for RP ¼ 0. Pathogen release was
assumed to occur during the day by recreators and during night-
time from the sediments through resuspension (Wu et al., 2009;
Abdelzaher et al., 2010). The solution of the module consists of a
time series of number of pathogens released into the pelagic over a
given time period tl.

The Transport-module (or T-module) simulates the pathways of
released pathogens between beach areas and water intakes. Time
varying 3D velocity fields and vertical diffusivity profiles from the
external hydrodynamic computations are the drivers of these
simulations. The simulations of the T-module are carried out using
a Lagrangian model. In this model, particles are free to move
independently of the model grid. However, the underlying hydro-
dynamic information (i.e. 3D velocity field, vertical eddy diffusivity,
and temperature) is provided as input to the model based on the
Cartesian grid and then interpolated to the particle position. For a
detailed description of the 3D time-varying particle tracking model
see Rueda et al. (2008). Pathogens are treated as free particles in
accordance with their strongly negative surface charge (at neutral
pH) and their resistance to form aggregates with natural soil par-
ticles (Ongerth and Pecoraro, 1996; Dai and Boll, 2003; Dai et al.,
2004) or organic particles (Brookes et al., 2004b). Particles are
back-tracked from the intake to their points of origin. This back-
dispersion method comprises calculating the particle displace-
ment at each time step from (a) the inverted 3D velocity field and
(b) a random component representing the effect of horizontal and
vertical diffusion (Han et al., 2005). Transport simulations start
everyDt0 with the release of N0 particles, from the source cell (i0, j0)
at time t0, tracked during a period of DT. Pathogens infectivity is
sensitive to UV solar radiation (Betancourt and Rose, 2004, and
references therein). The most energetic and damaging part of the
UV spectrum, UV-B radiation (290e315 nm), is approximately 1% of
the global radiation (Grant et al., 1997). The UV-B radiation reaching
a given individual l at time t is calculated from its vertical position z
(l, t), below the surface, and from the incident short wave radiation
reaching the free surface I0(t) (W m�2), as follows,

Iðl; tÞ ¼ 0:01$I0ðtÞ$exp½ � kUV ðtÞ$zðl; tÞ� (1)

Here kUV(t) is the constant (in time and space) light attenuation.
The light dose experienced by the individual l, as it travels, ID(l, t)
(Jm�2), is calculated as follows

IDðl; tÞ ¼
Xt
t0

Iðl; tÞ$DtT (2)

Here DtT is the time step of the transport module. ID(l, t) is a
cumulative variable, and provides a measure of the energy that a
given individual may have received, from time t0 when it was at the
intake to the time t it reaches a source beach site (i,j), ts (t ¼ ts). The
solution of each of these model runs consists of the temporally
varying position of the N0 particles during time interval DT and the
history of environmental conditions (temperature and solar radi-
ation) that acted on each individual during its journey.

The Survival-module (or S-module) accounts for the survival/
inactivation of pathogens during their transport subject to the
environmental conditions recorded in the T-module. Particles
withdrawn at the intake are considered to be pathogens released by
recreators if (a) they originate from a swimming beach and (b) if the
environmental conditions endured during their journey do not
affect their survival (infectivity). Therefore, the probability PC of a
given intake to be contaminated by pathogens released at any
beach source B at an instant of time t is expressed as the product of
the probability of pathogen release PR, the probability of pathogen
transport from beach areas toward the intake PT and the probability
of survival PS

PC ¼ PR � PT � PS (3)

The probability of transport from beach origin toward the
intake, PT, is the fraction of withdrawn particles that originate from
any of beach source areas identified by substrate type (sand) and
water column depth H. Here H must be lower than or equal to a
critical depth Hcr (H� Hcr). The probability that a pathogen remains
viable or infectious, PS, in the presence of water temperatures and
solar radiation endured is expressed as

PS ¼ Pq � PI (4)

The probabilities Pq and PI correspond to temperature and light,
respectively. The probability of survival due to water temperature,
Pq, is calculated from the temperature inactivation rate proposed by
Walker and Stedinger (1999).

Pq ¼ 1�
�
10�2:68$100:058q

�
(5)

The probability Pq is evaluated for the mean temperature q over
the time it takes for a given particle to travel from the beach area to
the intake. Pathogen inactivation due to solar radiation is defined in
terms of infectivity. A given pathogen is considered inactivated
when it receives a light dose sufficiently high to inhibit cell division
and, hence, infectivity e though it may still be viable (Monis et al.,
2014). For simplicity, the light dose necessary to reduce pathogen
infectivity to 0.01% (4-log inactivation), ID99, is taken as a critical
value and all individuals that receive this dose are deemed to be
inactivated. This approach may overestimate the number of infec-
tious pathogens, compared to a probability density function, and
may be considered to represent the worst case scenario. The so-
lution of the S-module is a time series of the probability of path-
ogens to be withdrawn at the intake, calculated every Dt0 seconds.
Here, the pulses of withdrawn pathogens at time t represent the
fraction of infectious pathogen originating from recreational bea-
ches. An uncertainty analysis based on Monte Carlo simulations
was carried out for one sample day. For the prevalence rate RP and
the light inactivation dose ID99, a total of 105 random values was
drawn out of the respective ranges 0e0.05 (normal distribution)
and 0.7 � 103e3 � 103Jm�2 (log-normal distribution, Table 1). The
pathogen contamination PC was evaluated for each of the param-
eter sets and the 90%-confidence interval was calculated.

2.3. Application to Cryptosporidium in Lake Tahoe

The pathogen dispersion model was applied to Cryptosporidium
in Lake Tahoe during a 2 month summer period, from July 1 (day
183) to August 27 (day 240), 2008 (the study period). The location
of the drinking water intake and known beach areas that may be
potential sources of pathogens to the intake are indicated in Fig. 1b.
In spite of reports on different infection rates between children and



Table 1
Model parameters.

Parameter Symbol Units Value/range Reference

Prevalence rate RP e 0e0.05 (m ¼ 0.025, s ¼ 0.01) Anderson et al. (1998), Gerba (2000)
Settling rate ws ms�1 10�7 Medema et al. (1998), Dai and Boll (2006)
Light attenuation coefficient kUV m�1 0.15 Rose et al. (2009)
Inactivation dose ID99 Jm�2 0.7 � 103e3 � 103 (m ¼ 103, s ¼ 100.4) Craik et al. (2001), Morita et al. (2002), Hijnen et al. (2006)
Critical depth Hcr m 2 e

Fig. 1. Lake Tahoe: (a) location, bathymetry (at 100 m intervals) and location of meteorological stations (circles), initial temperature profile (triangle), and (b) area of interest:
location of water intake (star), beach areas (shaded gray) and locations of simulated velocity output (triangles).
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adults (see Gerba, 2000 and references therein), daily age-
structured observations of bathers are difficult to obtain and an
average value was utilized. Here two values for the prevalence rate
RP were evaluated, a mean of 2.5% and maximum of 5% (Anderson
et al., 1998; Gerba, 2002). The mean pathogen inactivation dose
ID99 was 103 Jm�2, one order of magnitude higher than values
found for UV-C radiation (e.g. Craik et al., 2001; Morita et al., 2002;
Hijnen et al., 2006), but in accordance with empirical studies on
Cryptosporidium inactivation (Rochelle et al., 2005; Connelly et al.,
2007; King et al., 2008). In order to evaluate the maximal risk of
contamination, a maximum ID99 value of 5 � 103 Jm�2 was
considered together with the maximal prevalence rate (RP ¼ 0.05).
The light attenuation coefficient of water kUV was 0.15 m�1 at all
time (Rose et al., 2009).

The intakewas taken to be at awater depth of 15.85 m and 1.8 m
above the lake bed. The intake pumping rate was considered
continuous at a value of 18 L s�1. Particle releases commenced five
days after the beginning of the hydrodynamic simulations, at day
188, to allow the hydrodynamic information to depart from the
initial conditions (model spin up). In the T-module, a normal-
distributed particle cloud was initialized at the intake on an hour-
ly basis (Dt0¼ 1 h), centered at the intakewith a standard deviation
of sxy ¼ 40 m (two horizontal grid cells) and sz ¼ 0.2 m in the
horizontal and vertical, respectively. The simulated hydrodynamic
information (3D velocity field and vertical diffusivity) and tem-
perature was given to the T-module every 3600s (Dth-output ¼ 1 h)
and interpolated to DtT. Solar radiation data at 10 min intervals was
passed to the T-module backward in time to estimate UV exposure
and the settling velocity ws ¼ 10�7 m s�1 (Yates et al., 1997;
Medema et al., 1998; Dai and Boll, 2006) was inverted to become
a buoyancy velocity. The number N0 of particles released in each T-
simulation was set to 103, to guarantee feasible computational
costs. The time stepDtTwas 10s, to satisfy the convergence criterion
for particle tracking simulations (Ross and Sharples, 2004) and
simulations were run for a time period T ¼ 1 d.

2.4. Hydrodynamic simulations

The hydrodynamic simulations of lake currents and mixing
variables were carried out using a parallel version of the semi-
implicit 3D hydrodynamic model of Smith (2006) (Acosta et al.,
2015), and based on the numerical solution of the 3D form of the
shallow water equation. The high-resolution hydrodynamic simu-
lations were carried out in a two step nested procedure: In the first
step, the whole lake domainwas runwith low spatial resolution, on
a 100 m grid in both the EW and NS directions. This model run
produced the boundary conditions for the high resolution simula-
tion. In the second step, these boundary conditions were used to



Fig. 3. Observed wind speed and direction at St1 (see Fig. 1a, 2).
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run a reduced domain of the lake (Fig.1b) on a 20m horizontal grid.
The vertical resolutionwas variable, ranging from Dz¼ 0.5 m at the
surface to Dz ¼ 10 m near the bottom (i.e. at a depth of 500 m), but
maintained the same for both horizontal resolutions. The model
was forced using surface heat and momentum fluxes derived from
local atmospheric variables (short and long wave radiation, air
temperature, relative humidity, and wind speed and direction)
observed at 10 locations around the lake (Fig. 1a). The interpolation
method proposed by Barnes (1964) was applied to construct the
spatially variable wind fields used to force the model. The ba-
thymetry was based on Gardner et al. (1998). The time step of the
hydrodynamic model was 50s and 10s for the 100 m and 20 m
simulations, respectively. The horizontal eddy diffusivity Kh was
estimated based on the horizontal grid resolution and the time
step, following Castanedo and Medina (2002), and set to 1 m2 s�1

(100 m grid) and 0.01 m2 s�1 (20 m). The initial temperature profile
setup a stable stratification obtained from thermistor chain records
(T1, Fig. 1a).

3. Results and discussion

3.1. Pathogen sources

A very small percentage (0.02%) of the water withdrawn during
the study period was shown to originate from the shallow near-
shore beach areas. Withdrawn water originated mainly (99.98%)
from a depth below that associated with the shallow beach areas.
There were days when 100% of the withdrawal originated from
deeper waters, thus, assumed to be free from pathogens. In
contrast, in extreme cases, up to 11% of the daily water volume was
predicted to come from recreational beaches. Of the pathogens that
reached the intake 81% originated from the beaches south of the
intake and 19% from beaches north of the intake (Fig. 2). These
pathogens were transported by the currents in the coastal bound-
ary layer that is part of a large scale cyclonic (counter-clockwise)
gyre at the southern end of the lake (Hoyer et al., 2015).

The near-shore circulation is driven mainly by the local winds
acting on the lake surface. Moderate SE and strong SW winds at
Timber Cove (Fig. 3) induce persistent and strong northward cur-
rents along the south-eastern shore that transport pathogens in the
coastal boundary layer from the beach areas towards the intake
Fig. 2. Distribution of pathogen sources over the study period (dots). The dots
correspond to where the back-tracked particles first encountered a beach area. Star
marks intake location. Arrows mark pathways of dispersion. Circle marks meteoro-
logical station. Depth contours (gray) show 2, 9, and 16 m isobaths for orientation.
(Fig. 4a, b and c). High surface currents (>0.1 m s�1) occurred nearly
on a daily basis. Cross-shore currents at the intake were weaker
than the alongshore currents, typical for flow in coastal boundary
layers (Largier, 2003; Rao and Schwab, 2007; Nickols et al., 2012).
The contrast between along-shore and cross-shore currents in-
tensity was predicted also at S2 (Fig. 4b) and at S1 (Fig. 4c). Daily
alongshore currents exceeded 0.2 m s�1, while across-shore cur-
rents where generally less than 0.05 m s�1. Pathogens originating
north of the intake were most likely to be transported to the south
during the morning, when winds blew from the NW (onshore
winds due to land warming). These winds induced weak to mod-
erate along-shore currents towards the intake (Fig. 4a).

There were threemain transportation pathways from the source
areas to the intake (Fig. 2): (i) southward along the shoreline of the
bay north of the intake, (ii) northward along the south-eastern
shore following the 2 m contour, and (iii) northward, from the
southern shore across the open water. Transport time from a beach
to the intake varied from 1.7 to 24 h depending on the point of
origin and the local current velocities. The shortest transport times
were observed for pathogens released at the south-eastern beach
area (1.7e22.8 h) given its proximity to the intake and the elevated
currents generated in the late evening (Fig. 4b). Intermediate
transport times were also observed for pathogens originating from
beaches north of the intake (6.4e16.9 h), mainly due to its prox-
imity as southward currents were weak (<0.05 m s�1, Fig. 4a).
Pathogens released at the southern beach area had the highest
range of transport times (2.2e24 h).

3.2. Pathogen withdrawal

Withdrawal of pathogens increased overall during the study
period and varied on a daily basis, being highest at night and in the
morning (0300e1200). Pulses of pathogens were predicted to enter
the intake on a regular basis. We discerned three phases during the
study period that varied in the amount and frequency of pathogens
arriving at the intake. First the effect of mean values of prevalence
rate RP (¼0.025) and inactivation dose ID99 (¼103 Jm�2) on the
probability of pathogen contamination was evaluated (Fig. 4d).



Fig. 4. Time series of current velocities, pathogen withdrawal and surface mixed layer depth. Simulated velocity currents at (a) the intake in the NS direction at the surface (black)
and 16 m depth (gray), (b) S2 and (c) S1 in the EW (black) and NS (gray) direction at the surface. North and East are shown as positive. Horizontal line marks zero for reference. (d)
Probability of pathogens reaching the water intake for mean values of RP (¼0.025) and ID99 (¼103Jm�2), PRT1 (all pathogens) and PC1 (viable pathogens); and for maximal values of RP
(¼0.05) and ID99 (¼3 � 103Jm�2), PC2 (viable pathogens). Note that PC2 is placed at daily noon, independently of hour of daily maximum. (e) Probability of pathogens contamination
attributed to direct recreator release PC1A (circles) and attributed to resuspension PC1B (þ) for mean values RP and ID99. (f) Daily time period of pathogen contamination (hours) for
mean RP and ID99, considering all pathogens (tT1) and viable pathogens (tS1); and for maximal RP and ID99, considering viable pathogens (tS2). (g) Depth of diurnal surface mixed layer
(thick black line) calculated from simulated temperature and upper (16.8 �C) and lower (15.6 �C) isotherms of thermocline (thin lines). Horizontal gray line marks depth of intake
(z ¼ 15.85 m) and vertical gray bars mark midnight for reference.
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During phase 1, from day 188 to day 198, viable pathogens reached
the intake episodically with a probability PC � O(10�4) during these
episodes (Fig. 4d). Fromday 199 to day 205 (phase 2), withdrawal of
pathogens occurred almost on a daily basis with a probability PC of
up to O(10�3) during episodes. After day 205 until day 240, (phase
3) pathogens were withdrawn regularly and at significantly higher
amounts compared to phases 1 and 2. PC reached daily maxima of
O(10�1) during this phase. For maximal values of RP and ID99 (0.05
and 3 � 103 Jm�2, respectively), the daily maxima of pathogen
contamination increased and were 2-fold to 15-fold of the daily
maxima predicted for the mean values (RP ¼ 0.025 and
ID99 ¼ 103 Jm�2). Note that for minimal values (RP ¼ 0 and
ID99 ¼ 0.7 � 103 Jm�2), the probability of pathogen contamination
PC become zero (PC ¼ 0) given that the probability of pathogen
release PR is equal to zero.

The probability of water contamination attributed to pathogens
released by recreators PC1A (0800e2000) ranged from O(10�5) to
O(10�3), while contamination by pathogen release attributed to
resuspension PC1B (2000e0800) was two orders of magnitude
higher, O(10�1) (Fig. 4e). Monte Carlo simulations revealed that the
90%-confidence interval for PC, P90, was zero for PC ¼ 0
(0100e0500) and narrow from 0600 to 0900 when the median of
the pathogen contamination PC50 was low (PC50 < 1.5 � 10�3), with
an average range of 0.4 � 10�3 to 1.8 � 10�3 (Fig. 5). The confidence
interval P90 increased during the morning hours (1000e1200),
when PC50 was maximal, with a maximal range at 1200
(P90 ¼ [3 � 10�3; 1.7 � 10�2]). In spite of low PC50 during the af-
ternoon, at times the range for P90 was also high (e.g. 1400, P90¼ [0;
1.0 � 10�2]).

Daily time periods of pathogen withdrawal, for RP ¼ 0.025 and
ID99¼ 103Jm�2, ranged from 0 to 19 h and 0e14.5 h for total amount
of pathogens TT1 and active pathogens TS1, respectively (Fig. 4e). For



Fig. 5. Probability of pathogen contamination during day 205: 5th percentile (þ),
median (vertical bars), and 95th percentile (circles).

Fig. 6. Predicted vertical eddy diffusivity profiles at day 209 15 h (thick black), 18 h
(thin black), 21 h (thick gray) and day 210 0 h (thin gray). Note the logarithmic scale.
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maximal values of RP and ID99 (0.05 and 3 � 103 Jm�2, respectively),
the daily periods of withdrawal of viable pathogens TS2 were higher
than for the values observed for mean values TS1. However, TS2 was
equal to TT1 given that at least some of the pathogens that reached
the intake remained viable at each instance of time DtR. Withdrawal
of pathogens occurredmainly between 0300 and 1200, with highest
values at 1000. Between 0100 and 1000, almost all pathogens that
reached the intake were active (or infectious). The highest numbers
of inactivated pathogens were withdrawn between 1200 and 1400.
The temporal variability of withdrawn pathogens during the day
suggests that the pattern of pathogen withdrawal is controlled by
the temporal dynamics of vertical dispersion associated with lake
motions. The differences between active and inactivated pathogens
that reach the intake indicates that indicates that these pathogens
are highly sensitive to environmental conditions (temperature or
light) endured during their journey toward the intake.

3.3. Pathogen vertical dispersion

The vertical dispersion of pathogens was tightly linked to the
temporal dynamics of the depth of the surface mixed layer (SML),
over which they are dispersed constantly and uniformly. The
thermocline depth of Lake Tahoe ranged from 10 to 20m during the
study period (Fig. 4g) and the stability of the water column was
high. The Wedderburn number, W, and the Lake number, LN,
(Stevens and Imberger, 1996), used to parameterize the balance
between stabilizing thermal stability and destabilizing wind forc-
ing, were both well above unity at all times. Assuming a two-layer
stratification with an upper mixed layer of thickness H, the
displacement of the interface, Dh, driven by wind forcing can be
estimated as Dh ¼ 0.5H/W (Shintani et al., 2010). Interface
displacement was of order 8 m, suggesting that the intake at the
16 m isobaths was at times within the SML.

The depth of the diurnal SML ranged between the near surface
and the top of the metalimnion due to diurnal temperature varia-
tions (Fig. 4g). The SML depth was calculated based on density
differences, derived from the simulated temperatures time series at
the location of the intake. A threshold value for the base of the SML
was assumed to be a density gradient of 0.02 kg m�4 (Reynolds,
1984). The depth, at which the density difference ds between the
density sz and the surface density s0 yielded a linear gradient equal
to 0.02 kg m�4, was taken to be the depth of the SML. The three
phases identified earlier can be related to the maximal depth of the
diurnal SML during night time cooling: (i) at the beginning the
study period, from day 188 to day 198 (phase 1), the SML was
relatively shallow and deepened to a maximal depth of 10 m
(Fig. 4g). During phase 2, the maximal depth of the SML during the
night increased progressively from 10 m to ~16 m from day 199 to
day 205, respectively. After day 205 until day 240 (phase 3), the
depth of the SML exceeded 16 m on a daily basis. Consequently, the
intake (z ¼ 15.85 m) was located at or below the depth of the SML
during 80% of the time during this phase. The deepening of the SML
below the intake depth exposes the intake to surface (epilimnetic)
waters, which are typically of lower water quality and may carry
potential contaminants, such as human waterborne pathogens.

The vertical excursions of pathogens from the shallow beach
areas to the intake depend on the vertical mixing intensities.
Cryptosporidium oocysts with a settling velocity ws ¼ 10�7 ms�1

(Dai and Boll, 2006) are practically neutrally buoyant in turbulent
environments. Vertical eddy diffusivities Kz at the intake were
estimated to be of O(10�6) m2 s�1 to O(10�2)m2 s�1(Fig. 6). With a
diurnal SML depth H of O(10)m and a minimal Kz of O(10�6) m2 s�1,
as predicted for Lake Tahoe, the vertical eddy velocity vz (¼Kz/H) is
10�7 m s�1 and, thus, of the same order of magnitude as the settling
velocityws. Even for a settling velocity of O(10�6) m s�1, as reported
for Giardia lambia cysts (Dai and Boll, 2006), turbulence intensities
(indicated by Kz) in the SML of Lake Tahoe can keep these patho-
gens in suspension over an extended period of time.

The back-trajectories of those particles originating from near-
shore areas <2 m depth and withdrawn at the intake revealed
transport patterns with respect to the vertical particle position
(VPP): (i) the VPP changes frequently between the surface and the
bottom in the shallow near-shore beach regions and (ii) the VPP
increases progressively until it reaches the depth of the intake
(Fig. 7). Note that the mean vertical pathogen excursion shown in
Fig. 7 does not reveal the frequent changes in the VPP. In general,
variations of the VPP were restricted to the SML layer and spatially
separated from the strongly stratified metalimnion where turbu-
lent is greatly reduced. Consequently, the deepening of the SML
caused the pathogens to be transported to greater depth and
eventually to the depth of the intake initially located below the SML
(Fig. 4g). Deepening of the SML occurred in response to enhanced
vertical mixing induced by convective cooling and wind shear on a
daily basis, thus, increasing the depth to which pathogens were
dispersed. The vertical position of a given particle within the water
column, in turn, determines the pathogen's survival and inactiva-
tion due to temperature and light.

3.4. Pathogen inactivation

The oocysts of Cryptosporidium are highly sensitive to solar ra-
diation resulting in a high light inactivation in very clear waters and



Fig. 7. Mean vertical pathogen excursion.
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high UV flux, typical at Lake Tahoe. About 61% of those individuals
that originated from shallow beach areas were inactivated due to
solar radiation, while temperature inactivation occurred for less
than 1% of individuals. The effect of radiation on the pathogen
infectivity became evident in difference between the number of
active (infectious) and inactive pathogens withdrawn during the
morning hours (Fig. 4d). During the night, 95% of the pathogens
withdrawn were infectious, as they traveled in absence of solar
radiation during a large part of their trajectory.

Given incident short wave radiation values between 1 and
103 W m�2 observed for Lake Tahoe, a light attenuation coefficient
kUV of 0.15 m�1 and a 4-log inactivation dose ID99 of 103 Jm�2, the
time needed to inactivate 99.99% of pathogens ranges from O(1)
min-O(1)d at 0.5 m depth (Fig. 8a). At 16 m depth, in contrast,
inactivation time scale are one order of magnitude higher, ranging
from O(10)min-O(10)d. The different inactivation time scale be-
tween 0.5 m and 16 m depth explains how pathogens could reach
the intake during the early morning hours without being inacti-
vated. Once the pathogens have reached a depth were UVR is
significantly attenuated, they may continue traveling in spite of the
increasing solar radiation reaching the free surface. The predicted
time scales are in accordancewith Connelly et al. (2007) who found
that Cryptosporidium is inactivated by >99.99% during 10 h of light
exposure during a mid-summer day at temperatures comparable to
those found at Lake Tahoe (10�e20 �C). The predicted scales indi-
cate that pathogens released in shallow water, where they are
exposed to high solar radiation intensities, are inactivated within
<O(1)d. The inactivation of pathogens is likely to occur within short
periods of time as the hours of maximal bathing activity coincide
with hours of maximal solar radiation (late morning until early
evening). Consequently, the light dose received due to exposure to
UVR would have to be low in order for pathogens to be infective
when being withdrawn at the intake. Low light (UVR) doses can
result from (i) short transport time scales due to short transport
distance or high current velocities, and (ii) transport at times or
depths of low light intensity.

Solar radiation is the main agent for pathogen inactivation with
Fig. 8. Probability of Cryptosporidium inactivation. (a) Time scale for inactivation due to solar
mark 1 h, 1 d, and 1 week for reference. (b) Probability of inactivation due to water tempe
rates exceeding those of temperature inactivation or losses due to
settling, in agreement with Hipsey et al. (2004). Daily losses due to
temperature inactivation were of O(1)% (Fig. 8b) and losses due to
settling were negligible. The importance of solar radiation for
pathogen inactivation found is in contrast to other studies that did
not consider the effect of solar radiation on pathogen infectivity
(Anderson et al., 1998; Stewart et al., 2002) or those that considered
settling to significantly reduce oocyst concentrations in the water
column (Medema et al., 1998; Hawkins et al., 2000). Although
alpine Lake Tahoe is characterized by high radiation intensities and
high water clarity (i.e. low light attenuation with depth), a similar
importance of solar inactivation for pathogen inactivation is ex-
pected to be found for other lakes or reservoirs (Hipsey et al., 2004).
4. Conclusions

� The risk of human water-borne pathogen originating from rec-
reational beaches to enter drinking water intakes was evaluated
using a novel and computationally efficient back-tracking
technique. This technique allows to back-track individual
pathogens from the water intake of concern towards their
points of origin and evaluate their fate (inactivation) due to the
environmental conditions (temperature and solar radiation)
endured during their journeys.

� The risk of pathogens entering drinking water intakes is low
(0.02%), but is not totally absent. The risk of pathogens entering
water intakes is tightly linked to the stability of the water col-
umn, in particular, to the depth of the surface mixed layer.
Fluctuation of the thermocline and the diurnal mixed layer, due
to seasonal SML deepening and convective mixing at night, have
been shown to expose the drinking water intake to surface
water potentially containing human water-borne pathogens.
Thus, the vertical position of the intake in relationship to the
expected depth of the thermocline, its seasonal and daily vari-
ations, influences the risk of viable pathogens being withdrawn.
An obvious outcome of this observation is that to absolutely
minimize the risk of human pathogens from body-contact rec-
reation being entrained, drinking water intakes should be
located at a depth below the oscillation maximum of the sum-
mer SML depth. Such considerations would also need to take
into account likely lake levels in the face of extreme drought
events, during which the intake is closer to the water surface.

� Knowledge about daily variation of risk of pathogenwithdrawal
may help to schedule the times of water withdrawal. Thus,
water companies could alternate between water withdrawal,
during times of near-zero risk, and no withdrawal during times
of elevated risk. Special care should be taken at the weekends
and holidays when beach visitor density increases and hours of
radiation at 0.5 m (thick black) and 16 m (thin black) depth. Gray horizontal lines in (a)
rature following the inactivation rate proposed by Walker and Stedinger (1999).
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beach activity may be extended. Also periods of strong wind
forcing and, thus, strong current velocities may contain a po-
tential risk of pathogens entering water intakes as transport
times and exposure times to solar radiation decrease.

� The high sensitivity of pathogens, in particular of Cryptospo-
ridium, to solar radiation is beneficial for the purpose of water
disinfection and stresses the importance of water clarity. In clear
lakes and reservoirs, solar radiation acts as a mechanism of
natural water disinfection. Therefore, water clarity helps to
improve water quality and, thus, its maintenance should be of
high priority in lake and reservoir management, especially in
drinking water sources.
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