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The presence of bacteria of intestinal origin indicates
potential fecal contamination in the marine environment. Its
magnitude depends on advection and dispersion, due to currents
and other factors that may result in the decay or increase of its
population.

In numerical modeling studies of bacteria transport, the
decay is usually represented by the parameter T , the time it
takes to reduce the bacteria population by 90% of its original
amount. This is a parameter which is usually measured in
studies of submarine outfall plume dispersion. These studies,
however, are generally carried out during daylight, with intense
solar radiation and sampling close to the surface and

1992; ., 1978). Owing to the mechanism
of photo-decay, discussed below, the T values adopted in
transport models are quite conservative, and represent an
accelerated decay rate throughout the day.

The present paper introduces and discusses a technique for
bacterial die-off modeling that is a modification of existing
models, allowing them to be used for submerged plumes. The
decay model is coupled with a near-field model that supplies
initial characteristics of the plume geometry.

It is well known that once it has left the intestines of humans
or other warm-blooded animals, the intestinal bacteria
population reaches a more hostile environment and starts to die
off. Many factors affect this decay rate, including physical
factors such as sunlight induced photo-oxidation, sea
temperature, flocculation, adsorption, coagulation and
sedimentation; physical/chemical factors such as osmotic-
induced effects caused by the abrupt variation in salinity,
chemical toxicity, pH and potential redox; and
biological/biochemical factors such as bacteriophages, nutrient
levels, and the presence of organic substances such as fecal
matter and algae and 1978;

., 1989; ., 1995;
., 2000; ., 1995; .,

1981; and 1981;
and 1981; 1978; ., 1977;

and 1972, 1968).
Resuspension of previously settled organisms in the sediment

may enable the population of intestinal bacteria to increase in
the water column. An increase in bacterial population due to
reproduction in the water body has also been observed

and 1987).
Photo-oxidation is the most important agent causing the

disappearance of bacteria. and (1978)
considered the following mechanism of damage induced by
solar radiation. The first stage is light absorption by endogenous
or exogenous photosensitizers. and their consequent electronic
excitation. The excited sensitizer can then: a) simply transfer
the acquired energy to a heat consumer by electron exchange
and return to the initial state of excitation; b) react directly with
one definitive component of the cell and consequently damage
it; c) combine with O forming superoxides (O ), organic
hydrogen peroxides (H O ) or peroxides (R-HO ); d) produce
reactive forms of O that react with and damage some
component of the cell; or e) decompose enzymatically into
inert products. Some composites usually present in
microorganisms can act like endogenous sensitizers, i.e.
porphyrins, citocromes, aromatic amino acids, DNA, flavines,
and chlorophyll. Algal pigments and humic acids, which
dissolve easily in seawater, are the main photosensitizers.

and (1978) proposed a bacterial
decay model that is sunlight dependant. Assuming the bacterial
decay rate in aquatic environments is directly proportional to
the light intensity, which decreases exponentially as the depth
increases, the bacterial decay rate is given by:
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Where = the coefficient of proportionality that measures the
sensitivity of a specific organism to light (cm /cal); = the
downwelling light intensity at the sea surface (cal/(cm .hour));
= vertical light attenuation coefficient in seawater (m ); =
depth (m).

Assuming the plume is completely mixed across its entire
thickness, and (1978) present a
formulation for the average decay rate between the surface and
depth :
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The bacterial decay models of and (1978) and (1978) were adapted to account for
the geometric characteristic of ocean outfall plumes estimated from a near-field model. The model was applied for
the Ipanema ocean outfall plume through the year 1997. The results indicate that T varies from 0.48 to 60.30 hours,
with an average value of 26.39 . The first mode of distribution lay in the 0 to 2 hour interval and the second in the 36
to 38 hour interval, characteristics of daylight and nighttime periods respectively. The model can estimate the
bacterial die-off of submerged plumes that are trapped by density stratification, since the incoming sunlight
radiation on the sea-surface, coefficient of vertical light extinction, currents, density stratification (salinity and
temperature) and the effluent discharge is monitored simultaneously.
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kWhere (hour ) is the average bacterial decay rate within a
plume for which the lower limit is meters in depth.

In a stratified water column, the plume is trapped at some
depth below the surface, and there is less light available in the
environment, therefore the bacterial decay rate is lower. To
model this condition satisfactorily, it is considered that
Equation 1 is averaged between the top and the bottom of the
plume. Figure 1 shows this condition in diagram form. Thus,

Solving the integral above, we obtain:

Substituting

Equation (4) becomes

Equation 6 also assumes that the plume is completely
vertically mixed. This is a rough simplification of the problem,
because the averaged vertical sewage concentration inside the
plume actually varies approximately as a normal distribution.

The thickness and the top of the plume can be evaluated from
near-field models. The sunlight intensity at the sea surface can
be monitored through photo-radiometers or estimated from
models that consider the effects of latitude, time of the year,
hour of the day, cloud cover, and suspended particulates.

The vertical light attenuation coefficient in the seawater is
difficult to evaluate precisely. It varies significantly with the
density of organisms and suspended and dissolved materials in
the water column. Even though it is easy to measure with a
photo-radiometer or Secchi disc, long-term monitoring of light
attenuation is impractical. In order to obtain a rough estimate of
the light extinction coefficient variation for a particular region,
basic statistics for Secchi depth can be used. These parameters
are routinely obtained in oceanographic surveys for primary
productivity studies.

To use equation 6, it is necessary to know the vertical light
attenuation coefficient inside the sewage plume.
observations of the sewage field from its optical properties are
relatively recent. (1993) tracked the sewage field of the

Los Angeles outfall, California, using information from the
light attenuation coefficients at a wavelength of 660 nm,
salinity, temperature, and chlorophyll fluorescence.
(1997) and . (1997) used similar techniques to
detect the the sewage field of the Sand Island outfall, Hawaii. In
these works, however, the main objective was to detect the
sewage field. The method allowed contrasting the optical
characteristics of sediment particles, phytoplankton, and the
plume itself. Further development in this area is still necessary,
to relate the optical characteristics to the dilution of the sewage
field.

and (1978) present proportionality
coefficients, , for various organisms. These coefficients give
the sensitivity to photo-oxidation. Table 1 shows some of the
compilations obtained by these authors. It can be seen that the
coefficients vary significantly between the different studies and
different organisms. The experiments of and

(1969) and and (1975) generated
similar coefficients for coliforms. According to the authors, it
can be concluded that a representative value for this group is
0.150 cm /cal. Although less representative, the experiments
for produced less variable coefficients. An
average value for this group would be 0.355 cm /cal. The Fecal
Streptococcus group showed lower and more variable values,
suggesting that luminosity is a less important agent in the
disappearance of these organisms. Studies by and

(1969) had a greater number of samplings resulting
in an average of 0.091 cm /cal .

During the nighttime, the bacterial decay rate is greatly
reduced due to the absence of light. Factors such as salinity,
temperature, predation, and decantation, take on greater
significance in the disappearance of the organisms.
(1978) presents a formulation in which the coliform bacteria
decay rate depends on the percentage of seawater in the sample,
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Where: = top plume depth; = plume thickness; = light
intensity at (cal/(cm .hour)), and = vertical light
attenuation coefficient within the plume (m ).
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Figure 1. Sketch of the modeling of bacterial decay which is
averaged over the thickness of the plume, , for an incoming
luminosity that reaches the depth of the plume top, .Ze
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Organism Study tk

(cm2/cal)
Source

Coliform

Group

Escherichia

Coli

Fecal

Streptococcus

14 field studies
Average
Percentile 5
Percentile 95

24 field studies
Average
Percentile 5
Percentile 95

61 laboratory
studies
Average
Percentil 5
Percentil 95
4 field studies
Average
Minimum
Maximum

4 laboratory
studies
3 laboratory
studies
Minimum
Maximum

3 field studies

1 field study

12 field studies
Average
Percentile 5
Percentile 95

0.481
0.163
1.250

0.168
0.068
0.352

0.136
0.062
0.244

0.362
0.321
0.385

0.354

0.048
0.123

0.000

0.007

0.091
0.004
0.184

Gameson &
Gould (1975)

Foxworthy &
Kneeling
(1969)

Gameson &
Gould (1975)

Gameson &
Gould (1975)

Gameson &
Gould (1975)

Gameson &
Gould (1975)

Gameson &
Gould (1975)

Gameson &
Gould (1975)

Foxworthy &
Kneeling
(1969)
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temperature, and luminosity. According to author, the bacterial
die-off rate is given by:

The salinity is shown in relation to a salinity standard (i.e. if
= 34.5 PSU and the salinity standard is 35.0 PSU, then

= 98.57%); the temperature, , is given in Celsius;
and the incident radiation at the surface, , is given in cal/(cm
hour).

It is observed that the luminosity term is similar to the model
considered by and (1978). However, it
does not incorporate the parameter for sensitivity to photo
decay, so there is no distinction between the bacterial types. In
fact, this term is not dimensionally correct, and to make it so, it
would be necessary to introduce the term. Regardless of this
fact, the model produced consistent results when compared
with experiments 1978, Figure 6).

The proposal of this study is to connect the temperature and
salinity terms of Equation (7) to the luminosity term of Equation
(6), in order to predict bacterial decay. The salinity and
temperature of the water also can be averaged over the vertical
dimension of the plume, or, assuming the Gaussian nature of the
plume concentration variation, it can be interpolated for the
maximum concentration depth that is supplied by the near-field
model. The model is summarized as:

In order to calculate the bacterial decay from Equation (8), it
is necessary to know the plume thickness, the depth of its top
and the location of its maximum concentration. To provide this
information, a near-field model was used, NRFIELD

1999).
During 1997, an acoustic Doppler current profiler (ADCP),

model RDI Sentinel® 300-kHz broadband was installed at a
depth of 28 meters (23°00'59.2” S; 043°13'19.6” W), close to
the Ipanema Beach Outfall diffuser (Figure 2). It was
programmed to gather current information at intervals of 2.5

meters, between 1.0 and 21.0 meters in depth, at average
intervals of 5 minutes every half hour. Simultaneously, sea
temperature profiles were measured using a thermistor string,
model Aanderaa Tr-7®, also every half hour, between 7.7 and
27.7 meters, with a 2.0 meter spacing between the sensors.

Hourly discharge information, to be used on the near-field
model, was obtained from the pumping control of the Water and
Sewage Company of Rio de Janeiro, which operates the outfall.

For each hour during 1997, the near-field model read the
above oceanographic data and generated output plume
parameters. The sea temperature at the depth of maximum
concentration was obtained. A constant seawater percentage of
100 % was assumed.

As it was not possible to know the vertical light extinction
coefficient for all daylight hours during 1997, basic Secchi
depth statistics were obtained from all the records available for
the Rio de Janeiro Coast. Information taken close to the diffuser
area, described in (1990), and information gathered by
the Brazilian Navy, was used. Only information obtained
between 10:00 am and 2:00 pm was used in the processing, to
avoid solar inclination periods that favor solar radiation
reflection. The light extinction coefficient was calculated by:

(1996) and (1997) present the results for
turbidity measured close to the diffusers during sewage field
detection campaigns, in summer and winter conditions. The
profiles generally show an increase in turbidity close to the
bottom, but do not show any significant changes within the
plume. It is probably that the sensor did not have sufficient
resolution to show this. It also indicates that the sewage field
does not present elevated levels of turbidity, compared to the
natural levels. It was assumed, therefore, that the vertical
attenuation coefficient of light within the plume is equal to that
outside it ( ).

The incident solar radiation on the surface of the water was
modeled following the procedures of BROCK (1981). His
model considers the sunlight availability as a result of the time
of year, hour and duration of the day, Earth declination, latitude,
zenithal and hourly angles.
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Figure 2 . Map of the Ipanema Beach outfall showing the current
and temperature measurement points.

Figure 3. Distribution of Secchi depth on the Rio de Janeiro
coast. Values ranging from 3 to 17 meters were found with a
well defined mode at 9 meters depth.



RESULTS AND DISCUSSIONS

The light extinction in seawater varied significantly in the
region of the diffuser (Figure 3). The Secchi depths varied from
3 to 17 meters with a well defined mode at a depth of 9 meters.
This pattern reflects the intermittent influence of the darkest
waters of the Guanabara Bay, waters which, depending on the
preferential direction of current, can reach the diffuser region.

These values, which seem to be significant for the Rio de
Janeiro coast, could be conservatively adopted for this study of
bacterial decay. However, another methodology was adopted.
It is not possible to realistically recover the Secchi depth for all
the daylight hours of 1997, so, knowing the histogram of this
property, a probability density function was fitted to the data
and an artificial time series of pdf-distributed random Secchi
depths was generated. This procedure does not reproduce the
actual Secchi depths, but it incorporates the statistical
variability of this variable in the T time series.

The 500 Secchi depths observed were close approximations
of the normal function (Figure 4), especially the values between
4 and 13 meters. The extreme values, totaling about 30% of the
measured depths, were not so closely approximated, but of all
the functions tested, this was the one which generated the
highest agreement for this interval. The histogram in Figure 4
shows a slight negative asymmetry. It is possible that, having
more measured information, other shape functions such as
Rayleigh, Log-normal, Weibul, or Gamma, which are
characteristic of anti-symmetrical distributions, may be more
representative.

Figure 5 shows the coliform group die-off rate, calculated
from equation 8, using the representative of this group
(= 0.150 cal/cm ). The information is presented in the form of
T time series at the diffuser for the year 1997. The following
equation relates T to the bacterial decay rate:

T varies from 0.48 to 60.30 hours with an average of 26.39
hours. Figure 6 shows that just over 17% of the calculated T
values were between 0 and 2 hours. These values were
associated with the periods of maximum daily insolation,
during periods when the homogeneous water column allowed
the plume to emerge. Asecond peak appears between 36 and 38
hours (8.4 %), characteristic of the nocturnal periods.

The near-field modeling showed that when the water column

is stratified the plume remains submerged at an average depth of
10.5 meters. For a Secchi depth of 10 meters, the incident solar
radiation at the top of the plume is reduced to about 15 % of the
total amount that arrives at the surface. As the submerged
plume has an average thickness of about 14 meters, the T
calculated for this situation would be just over 3 hours at the
sunlight peak. If a plume with the same thickness surfaced, its

T would be 30 minutes, or six times shorter. This example
illustrates the importance of considering the geometric
characteristics of the plume, especially submergence and
thickness, in the bacterial decay rate estimates.

The effect of water temperature is seen in the nocturnal
period, when there is no bacterial die-off due to sunlight
radiation. The upper limit of the T curves in Figure 6 reflects
the effect of this parameter. Depending on the thermocline
vertical dynamics and horizontal advection (which push the
temperature variation over bacterial lifetime scales), it can
cause significant variation of T , of up to 20 hours, as observed
at the beginning of March. In this case, warm water (> 20 C)
was advected close to the diffuser, while the simultaneous
descent of the thermocline, to depths below those of the
diffuser, promoted a sudden increase in bacterial decay rates.

The position of the thermocline is an important factor in
bacterial die-off, especially during the summer and the
beginning of fall, when it is more evident. With a reduction in
luminosity, the water becomes significantly colder than at the
surface. This occurs because the thermocline marks the limit
between the warm Costal Water (CW) and the portion of the
South Atlantic Central Water (SACW), where temperatures are
below 20 C. These two factors combine to reduce bacterial
decay, hence increasing the T .
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Figure 5. T estimative for coliform group in the area close to
the Ipanema Ocean Outfall during 1997. The estimates assumed
conservative salinity (S = 35 PSU), measured temperature in the
depth of maximum concentration, estimated solar radiation, and
estimated plume top position and thickness.
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Figure 4.Adjustment of Secchi depths to a normal function. The
values between 4 and 13 meters are closely approximated.
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Figure 6. Distribution of T for coliform group near the Ipanema
outfall plume during 1997. There are two main peaks, one
between 0 and 4 hours, correspondent to the maximum of
sunlight radiation, and a smaller one between 36 and 38 hours,
corresponding to the nocturnal period.
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