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Abstract: The initial dilution generated by the final disposal of untreated wastewater through a
submarine outfall in Santa Marta was examined with a near-field dilution model. Northward and
eastward seawater velocity, salinity, and temperature profiles from a 3D hydrodynamic model were
used to provide the oceanic conditions to calculate the dilution. At the wastewater discharge site,
the upwelling phenomenon occurs two times a year, the major from December to March and the
minor in July, eliminating the stratification condition of seawater. The results of the dilution model
showed that in these periods the plume reaches the water surface achieving dilutions greater than
100. In addition, the external wave effect on the initial dilution of submarine outfall discharge in
Santa Marta was determined. Surface waves increase dilution during the dry period of the year
when trade winds increase the surge and start the upwelling phenomenon. The Dilution with/with-
out waves factor is up to 1.90 for the center of the plume on the water column.
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1. Introduction

The main advantage of submarine outfalls compared to other alternatives for final
sewage disposal is their low cost, making them a very common option in coastal cities
[1,2]. The discharge of wastewater through submarine outfalls generates pollution in the
marine environment, resulting in greater scientific interest [3-6]. Due to the momentum
and difference in densities between the seawater and wastewater discharge, the plume
rises to the surface and is diluted by entrains surrounding seawater, this process is known
as near-field dilution or initial dilution [7]. The buoyant plume reduces its density as as-
cending trough the seawater [8]. Discharge conditions, diffuser lengths, ocean currents,
and stratification have a marked influence on near-field dilution [8,9]. When stratification
occurs, the plume can become trapped below the surface of the water since its density
equals seawater. [7]. Submarine outfall is built to achieve the maximum dilution possible
to generate lesser effects on marine ecosystems. The impacts on marine ecosystems can be
significantly reduced if a submarine outfall with a high initial dilution is used for
wastewater discharge [10,11].

To study the effects of submarine outfalls and its dilution process, two regions have
been established —near and far field. Near-field is dominated by the conditions of the
wastewater discharge through the diffusers of the submarine outfall, while far-field is hy-
drodynamics marine-dominated. Several authors have considered a third zone due a tran-
sitional field between both [12]. Using laboratory experiments, near-field dilution process
has been extensively studied [13-15]. Early investigations were based exclusively on the
difference in densities, considering the discharge as a buoyant jet that decreases in density
as it ascends in the seawater colum [16]. From the study carried out by Chin [17] other
processes such as the inclusion of wave effects have been considered [18-25].
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Waves can affect the dilution of the effluent discharge of submarine outfalls [23,24].
During stratification events where a well-developed thermocline is achieved, the buoyant
plume remains immersed. However, as waves pass, the buoyant plume could reach the
surface [23]. Such a phenomenon has been studied by several researchers [19,23,25]. De-
tailed information about these developments and findings, as well as other researchers,
can be consulted in [23,24]. There is a need to increase the knowledge of the effects of
waves in the dilution of the discharge of submarine outfalls, a lack of knowledge about
the effects of wave periods and wave heights of the buoyant jet plume has been reported
by Xu [26]. Research performed by several authors has confirmed that it is necessary to
take into consideration the effects of surface waves on the dilution of wastewater dis-
charge into sea environments [23,26-30].

A complete discussion of the dilution process under marine wave based on review
of the literature was carried out by Anghan [11], recommending increasing the computa-
tional efforts in the new studies to determine the effects of waves on the dilution of buoy-
ant jets.

The aim of the present study was the modeling of the near-field dilution of the pol-
lutant generated by the untreated wastewater discharge of the Santa Marta’s submarine
outfall considering coastal waves. The formulations of Chin [29] and Hwung [25] validates
by Niu [24] were incorporated into this analysis to determine the effect of the waves on
the dilution of the discharge of wastewater from Santa Marta’s submarine outfall, and the
results are presented in this paper.

1.1 Effects of External Waves.

The rate of dilution of jet discharge affected by wave motion is a function of the pa-
rameters controlling the buoyancy and propagation of surface waves. Some of the varia-
bles characterizing the kinematic and dynamic behavior of a buoyant jet are: Flow mo-
mentum, M = QV_0; buoyancy, B = Qg,, (effective gravity, g, = gApo/p,); volumetric
flow, Q = m/4D?V,; discharge depth, H. Out of these, Ap, corresponds to the initial dif-
ference of density between the discharge and receiving flow, while p, represents the ini-
tial density of the effluent. The group of parameters describing the motion of surface
waves consists of: Depth in the water column, h; wave width a; period, T; gravity, g.
Moreover, there are two additional variables that spatially relate the buoyant plume with
surface waves: Discharge angle with respect to the horizontal plane (8;) and discharge
angle with respect to the wave propagation direction (6,). With these control parameters,
the dilution S of a buoyant jet immersed in a non-stratified environment is described by
Equation (1) [29]:

S=f(M’BIQlthJalT)glellez)/ (1)

According to Chin [19], predominant mechanisms with an influence on the effluent
dilution of submarine outfalls can be easily characterized through the dimensional for-
mulation of variables in terms of length scale. Fischer et al. [29] introduced length scale
concepts, referenced by the following equations:
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Zy = 4)

Where: L,, is the length scale from which buoyancy is dominated by the discharge flow;
Z,, is the length scale to measure the distance required so that the jet momentum can be
affected by waves; L, is the length scale of the discharge; A is the cross-section area of
diffuser nozzles; U, is the horizontal velocity of the wave. For small wave widths,
Unnax is defined by Equation (5).
_ _agk 2m | 2w

Umax = scosnkr’ © T T L ®)
Where o and k are the angular frequency and wave number, respectively.
From laboratory experiments, Chin [19] established a final equation that relates the effect
of dilution (S) given the presence of surface waves (Equation 6 ):

Swithwaves =1+C i (6)

s
Swithout waves Zm

Where C; is an empirical coefficient. Chin [19] assigned it a value of 6.15 for L,/Z,, val-
ues between 0.03 and 0.15, while Hwung et al. [25] gave a value of 4.21 when flow follows
the direction of wave motion, a value of 4.16 for the direction contrary to the wave motion,
and a value of 5.55 for orthogonal discharges. Hwang et al. [31] suggested values in the
range of 1.4-8.66, while Chyan et al. [3], by studying the discharge with angles of inclina-
tion between 0 and 180 degrees with respect to the horizontal plane and in the presence
of waves, found values between 2.9 and 14.5 when L,/Z,, showed a variation between
0.01 and 0.03 [24].

Niu [24] introduced a new formulation validated with the experimental data of Chin
[19] and Hwung et al. [31]. In this new expression, effects in deep waters (when H/L,, >
9.03) are differentiated from shallow water, and the densimetric Froude number (F.) is
included. In the case of deep waters, the expression is shown in Equation (7). Figure 1
shows the degree of agreement between the results of the equation proposed by Niu [24]
(Equation 7) and the experimental results of Chin [19] and Hwung et al. [31].

S with waves

L
=1+ (0.4574Fr°-8818)z—" (7)

Swithout waves m
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Figure 1. Validation of the equation of Niu [24] to quantify the effects of surface waves on wastewater
discharge dilution (Fr=2.658).

2. Materials and Methods
2.1 Study Area.

Santa Marta’s submarine outfall is located at the coordinates 11.23 north latitude, —
74.22 east longitude in the Caribbean Sea (Figure 2). This wastewater disposal system con-
sists of a pipeline with a 1 -meter diameter and a 442 m longitude, with 32 diffusers (8
inches diameter) located at regular intervals throughout the last 100 meters. Through this
system, an average of 1 m%'s wastewater is discharged. Santa Marta is in the Intertropical
Convergence Zone (ITCZ), for this reason its weather is strongly influenced by the north
trade winds [33,34]. In the dry period (December-April), local upwelling phenomenon
occurs, the water temperatures decrease until 20 °C and increases the salinity up to 38 UPS
[35]. From May to November upwelling disappears, the water temperature increases up
t0 29°C, and salinity has values near to 34 UPS [35]. Seasonal upwelling changes the phys-
icochemical variables in the water column, according to Arroyave et al. [34].
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Figure 2. Location of the submarine outfall at Santa Marta Bay, point marked as CTD1 correspond
to measurement station. (CTD = Conductivity-Temperature-Depth).

2.2 Near Field Dilution Model.

The PLUME3 model formulated by Tate [23] was used; its source code was rewritten
in MATLAB (2020a MathWorks, USA) and coupled to a 3D hydrodynamic model for ac-
cepting sea current fields, temperature, and salinity in the water column. The use of this
model allows to determine the trajectory, thickness, level of entrapment, and dilution of
the plume caused by the wastewater discharge of Santa Marta submarine outfall. The
PLUME3 model has been calibrate and validated for several conditions, including field
and laboratory experimentation by Tate [23], and recently it has been used in other stud-
ies, with a new updated version under the name of PLOOMS [36]. The results of the
PLUME3 model show the trajectory, extension, and the shape of the plume, as well as its
level of entrapment or its arrival at the surface, it solves the equations for the mass and
momentum conservation in a Lagrangian scheme including conservation of the buoyancy
to estimate the initial dilution [36-38]. Two versions of the PLUME3 model were rewritten
in MATLAB to consider dilution with and without wave.

2.3 Hydrodynamic Model.

The RMA10 model, which Predicts density, temperature, and velocity fields for var-
ious depths of the water column has been used, it solves the Reynolds form of the equation
of state, together with the equations of conservation of mass and advection-diffusion us-
ing the finite-elements method [39-42]. Bottom friction, Coriolis effects, and wind-induced
stress on water surface have also been included in the model. Details of the calibration
and validation process of the RMA model can be consulted in Garcia et al, [40-42]. With
previous work carried out by Garcia et al. [39-42], the model was considered calibrate in
order to determinate the variable needs to find the initial dilution on the near field of Santa
Marta submarine outfall.

To validate RMA10 model for a long period, measurements of temperature and sa-
linity at different depths were carried out on the proximity of the diffusers of Santa
Marta’s submarine outfall. The measurement station is shown in Figure 2 (CTD1). Twelve
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measurements campaigns from January to December were carried out, one in the middle
of each month. A SonTek CastAway-CTD was used to measurements of temperature (Ac-
curacy 0.05°C) and salinity (Accuracy 0.1 PSU). The model results were compared to the
temperature and salinity profiles at the exact horas of the measurement in order to deter-
minate the model exactitude, and were assessed with normalized mean absolute error
(NMAE) as defined by Equation (8) [16,43]:

i=olP; — 04

NMAE ===t "4 8)
nx0

Where P; is the simulated variable, 0; is the observed variable, O is the average ob-
served value, and n is the number of observations. A value of zero indicates a perfect
agreement between the predicted and measured data when the NMAE is evaluated
[16,43].

Equations (9) and (10) were used for determining the height of waves (H) and time
(T) as a function of wind velocity (Uy,inq), depth of water column (h,,4¢e,-), Fecth (F), and
gravity acceleration (g) [44].

gH h 0.00565(L19—F2)1/2
> = 0.283tanh 0.530(%)3/4] tanh wind )
wind wind ktanh [0 530(L water water)3/4]}
wmd
o7 h 0.0379(U9F )13
= 7.54tanh 0.833(%)3/8] tanh L (10)
Uwind wind

|can [0.833(gh‘”“f")3/8] J

wmd

Wind fields on the water surface, used for simulating wave height and period, were gen-
erated using the NCEP/NCAR reanalysis from http://www.cdc.noaa.gov/cdc/data. Since
wind fields from NCEP/NCAR underestimate the intensity of winds, following the expe-
rience of other researchers [45], these intensities were increased by one factor according
to Garcia et al. [40].

For analyzing the behavior of the submarine outfall discharge, quantifying the wave
effect, a year period (2021) was simulated. Two runs were performed; the first one for a
scenario without waves and the second for one that included surface waves. Wave effects
were quantified according to Niu [24].

3. Results

3.1. Validation RMA10 hydrodinamic model

The temperature profiles simulated by the RMA10 model showed a good approximation with
the data of the temperature measurements with CDT. A graphic comparison of both profiles, both
the simulated and measured ones, are shown in Figure 3 for each month of the year, which made it
possible to determine that the model captures the temperature conditions to an acceptable degree
at the point where the diffusers are located. The dashed blue line corresponds to the model result
on the exact date and time of the temperature measurement made with the CTD, while the remain-
ing data from the model results are shaded for the corresponding month. The temperature varies
between 23 and 28 °C according to the results of the model.
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Figure 3. Comparison of the measured (red line) and simulated (dashed blue line) temperature
profiles and model results for each month (shaded area).

The density values were in the range of 35.07-36.74 UPS according to the RMA10 model re-
sults. The comparison between these data and the results of the monthly measurement campaigns
shows a good agreement for the profiles in water column (Figure 4). Consequently, the model re-
sults can be used to predict thermohaline conditions in Santa Marta Bay. Correct validation of the
model for temperature and salinity is confirmed by NMAE due to values very close to zero found
in its application when evaluating the error between the model results and the field measurements.
Table 1 shows the NMAE estimation, comparing the results of the RMA10 model and field meas-
urements.

Table 1. NMAE estimation, comparing results of the RMA10 model and field measurements.

Jan. Feb. Mar. Apr. May. | Jun. Jul. Aug. | Sep. Oct. Nov. | Dec.

Temperature 0.0033 | 0.0202 | 0.0233 | 0.0134 | 0.0214 | 0.0191 | 0.0114 | 0.0041 | 0.0331 | 0.0051 | 0.0032 | 0.0001

Salinity 0.001 | 0.001 | 0.001 | 0.001 | 0.004 | 0.003 | 0.002 | 0.001 | 0.0007 | 0.0048 | 0.0037 | 0.0045
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Figure 4. Comparison of measured (red line) and simulated (dashed blue line) salinity profiles and,
model results for each month (shaded area).

3.1. Wave Effects on the Initial Dilution of Santa Marta’s Submarine Outfall

The initial dilution model results (PLUME3-) showed the extension, elevation and dilution as
the plume rises from the diffusers of the submarine outfall to surface or trapping depth. The dis-
charge of the last diffuser is shown in Figure 5, illustrating one day of each month of the year at 12
GMT. Figure 6 shows the elevation of the plume formed by the 32 diffusers of the submarine outfall,
marking the total extension of the near-field, color scale shows the dilution achieved by the plume
as ascending trough the seawater. A merge process between the plumes diffusers was considered.
Between December and March, as in July, the plumes reached the surface. The remaining months
(April-June, August-November), the plume was trapped at the middle depth of the water column.
The height reached by plume of the Santa Marta’s submarine outfall for each day of the year is
shown in Figure 7.

The initial dilution achieved in the near-field of Santa Marta’s submarine outfall reached val-
ues of 130. When the plume remained trapped at the middle depth of the water column, the lowest
values were obtained, while when it reached the surface, the maximum values were reached. The
effects of surface waves on the dilution of the wastewater discharge from Santa Marta’s submarine
outfall are shown in Figure 8. The waves increased the initial near-field dilution of the Santa Marta’s
submarine outfall when the plume of the wastewater reached the surface (December-March, June)
with the S \ith waves/ Swithout waves factor reaching 1.9. The dilution achieved by the initial moment
of discharge of wastewater through the diffusers of the submarine outfall increased by 90%.
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Figure 5. Trajectory of the plume formed by the discharge of the last diffuser of the Santa Marta
submarine outfall, center plume (red line), plume extension (dashed blue line).
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Figure 6. Plume merge from the 32 diffusers of Santa Marta’s submarine outfall, color bar shows the
dilution level.


https://doi.org/10.20944/preprints202301.0428.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 January 2023 d0i:10.20944/preprints202301.0428.v1

45

N
(=}
T

>
o
T

)
o

Rise Heigth (m)

[
Jl
T
——
1

10 | | | | | | | | |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Year 2021

Figure 7. Rise height of Santa Marta’s submarine outfall discharge

250 T

200

Dilution
3
P ———
|

1l |
100 J If.‘ \l ] -' | . i 1?
i 1

50

0 1 1 1 1 1 1 1 1 1 1
Jan Feb Mar Apr May Jun Jul Aug Sep Oect Nov Dec

Year 2021

Figure 8. Santa Marta’s submarine outfall dilution and wave effects.

4. Discussion

In this study, the effects of waves on the dilution of the plume were included, according to
Tate [23] and Niu [24]. To simulate the behavior of the initial dilution in the discharge of Santa
Marta’s submarine outfall, the near-field model PLUME3 coupled with the RMA10 3D hydrody-
namic model was used. The RMA10 model provided the temperature, salinity, and velocity condi-
tions to allow the near-field model to predict the extent, elevation, trajectory, and shape of the buoy-
ant plume generated by the discharge from the submarine outfall diffusers. Temperature and
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salinity profiles are important to quantify the density stratification in the water column, which af-
fects the plume submergence depth [46]. The density of the water column was calculated using the
salinity and temperature data. These parameters were supplied from the results of the RMA10 hy-
drodynamic model runs. The calibration of the RMA10 3D hydrodynamic model was previously
reported by Garcia et al. [40-42], for which they were considered calibrated to simulate the hydro-
dynamic conditions in the bay of Santa Marta.

An additional validation process was developed to determine the reliability of the model re-
sults over long periods of time. Field measurements with CTD to obtain the temperature and salinity
profiles were developed, with 12 campaigns, one for each month of the year in 2021, at the point
where the discharge of the submarine outfall is located. The results of the model presented a good
approximation of the conditions measured in the field, so the model was considered validated and
sufficiently reliable to simulate the thermohaline conditions of the bay of Santa Marta.

The coastal zone of Santa Marta presents the upwelling phenomenon in two periods of the
year, a major from December to March and minor from July. The results of the RMA10 model clearly
show the presence of these conditions, with distinguishable changes in the temperature and salinity
profiles in the water column.

The periods of major and minor upwelling simulated by the RMA10 model coincides per-
fectly with reports of previous studies in the area [34,35]. The test statistic to determine the magni-
tude of the error in the comparison of the results of the model and the field measurements confirmed
the validation of the model by obtaining low values in the application of this parameter (NMAE
<0.04). This is based on a sparse data scenario, as only one CDT profile per month was available. In
the future, it is necessary to improve the availability of temperature and salinity data to increase the
reliability of the hydrodynamic model.

The effects of waves on dilution have been reported by several authors; however, there are
very few reports of effects on plume elevation [24]. For Santa Marta’s submarine outfall, these effects
are important when the plume has already reached the surface. No effect on plume elevation was
found: When the plume reaches neutral buoyancy levels at medium depths of the water column,
the waves do not have a significant effect, on either the dilution, or the rise of the same, generated
by the turbulence of the external waves.

The total dilution achieved by the discharge from a submarine outfall is the sum of the near-
field, far-field, and the transition zone. The incorporation of the effects of the waves on the dilution
in the near-field contributes to improving the determination of the total dilution in the dilution zone
of submarine outfalls.

5. Conclusions

The initial dilution of the discharge of submarine outfall has been widely used to
measure the assimilation of wastewater disposal in marine environments; by definition,
this is the dimensionless relationship between the concentration of the effluent and the
seawater at the time of discharge and occurs due to the entrains of seawater into the buoy-
ant plume of wastewater discharge and reducing its density. In this study, the dilution
levels achieved in the near field of Santa Marta’s submarine outfall were determined —
that is, discharge that occurs through a 1 m diameter pipe, with a length of 442 m and
located at 56 meters at its deepest point, where the residual water is disposed of in the
marine environment by a system of 32 diffusers of 8 inches in diameter each.

During the period between December and March (year 2021), coinciding with the dry
period, with the arrival of trade winds, and the occurrence of major upwelling, maximum
dilutions of 1:130 were obtained when the plume appeared on the surface in near-field.
The marine water then reached the lowest temperature of the year with uniform density
profiles and minimum variation between the bottom and surface. No stratification epi-
sodes occurred. The S itk waves/ Swithout waves factor was up to 1.90 for the center of the
plume on the water column. The plume also reached the surface in a shorter period of
time in July, when dilutions up to 1:260 were reached.
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The effects of surface waves during other periods of time of the year were not signif-
icant; the S yith waves/ Swithout waves factor, which quantifies this effect, ranged between 1.08
and 1.0. The minimum dilution is 1:22; this value was obtained when the plume just
reached 18 meters caused by the stratification seen during the rainy periods (April-July
and August-December). These periods coincide with water column temperatures reach-
ing 30 °C, low magnitude winds, and waves that do not reach a height of 30 cm.
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