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Portada: Amanece sobre el tanque Aguilerefio en el rio
Aguanaval, en Viesca, Coahuila, México.

Elagua se ha convertido en un recurso escaso y es primordial
para la produccién de alimentos. Por esto, la generacién de
nuevos métodos para la administraciéon y cuidado del vital
recurso es cada dia mds necesaria. En el articulo “Monitoreo de
humedad en suelo a través de red inalambrica de sensores” de
Maria Flores-Medina, Francisco Flores-Garcia, Victor Velasco-
Martinez y Guillermo Gonzélez-Cervantes se presenta un
sistema que facilita el monitoreo continuo de la humedad del
suelo basado en una nueva tecnologia de comunicacién: Red
Inaldmbrica de Sensores (RIS), tecnologia emergente que se ha
estado utilizando en el &mbito agricola en los tltimos afios (pp.
75-88).

Foto: Francisco Valdés Perezgasga (Premio Nacional a la
Conservacion de la Naturaleza 2015).
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k-¢ Flow Modeling of Osmosis

e Cristiana Laranjeira ® Luis Sanches-Fernandes ® Amadeu Borges ®
* Nuno Cristelo™ e
University of Trds-os-Montes e Alto Douro, Portugal

Corresponding author

Abstract

Laranjeira, C., Sanches-Fernandes, L., Borges, A., & Cristelo,
N. k-& Flow Modeling of Osmosis (September-October, 2015).
Water Technology and Sciences (in Spanish), 6(5), 5-16.

Several measures have been taken to satisfy global water
consumption needs. Desalination has been proven to be a
viable solution and has therefore been increasingly used
over the past two decades. This research is aimed at making
a contribution through the use of numerical modeling
to predict the behavior of laminar flow in desalination
systems with an incompressible fluid (sea water). The
study considered two scenarios— with and without a
pressure-driven membrane, the latter enabling the study
of the effects of gravity. The theoretical description of flow
is based on mass, momentum and energy conservation
equations. Computational fluid dynamics techniques were
used to simulate flow according to different scenarios using
ANSYS 12.1 software. The results show that the membrane
significantly influences the flow process, with a significant
impact in section x = 0.240 m when beginning to develop in
the lower part of the cross-section.

Membrane;

Keywords: Desalination;

ANSYS 12.1.

CFD modeling;

Introduccion

Desalination is a process used to remove salt
and other minerals and/or chemicals from sea
and brackish water, turning it into potable water
ready for human consumption (Marcovecchio,
Mussati, Aguirre, & Scena, 2005; Akgul, Cak-
makci, Kayaalp, & Koyuncu, 2008; Charcosset,
2009; Ettouney & El-Dessouky, 2001; Greenlee,
Lawler, Freeman, Marrot, & Moulin, 2009; Kha-

Resumen

Laranjeira, C., Sanches-Fernandes, L., Borges, A., & Cristelo, N. k-¢
flujo modelado de 6smosis (septiembre-octubre, 2015). Tecnologia y
Ciencias del Agua, 6(5), 5-16.

Con el fin de satisfacer las necesidades de agua de consumo a
escala global se han tomado varias medidas. La desalinizacion ha
demostrado ser una solucién viable, y por lo tanto es una de las
utilizadas cada vez mds en las dos tiltimas décadas. Este trabajo
de investigacién pretende ser una contribucién que emplea la
modelizacion numérica para predecir el comportamiento de flujo
laminar de un fluido incompresible (agua de mar) en los sistemas
de desalinizacion. Dos escenarios diferentes se consideran: con y
sin una membrana impulsada por presion. La viltima ha permitido
estudiar los efectos de la gravedad. La descripcion tedrica del flujo
se basa en las ecuaciones de conservacién de masa, momento y
energia. Se utilizaron técnicas de dindmica de fluidos computacional
para simular el flujo en diferentes escenarios, utilizando el software
ANSYS 12.1. Los resultados mostraron que la membrana tiene una
influencia muy importante en el proceso de flujo, con un impacto
importante de la seccién x = 0.240 m, cuando se empieza a desarrollar

hacia la zona inferior de la seccién transversal.

Palabras clave: desalinizacion, membrana, modelado CFD,
ANSYS 12.1.

Received: 17/10/2011
Accepted: 01/05/2015

waji, Kutubkanah, & Wie, 2008). Karagiannis
and Soldatos (2008) have classified desalination
methods in two larger groups: thermic methods
(phase-change processes) and membrane meth-
ods (without phase-change). Fletcher and Wiley
(2004) worked towards the development of a
Computational Fluids Dynamic (CFD) model in
order to accurately characterise the flow rate in
the feed and permeable channels in membrane
pressure-induced processes. The referred au-
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thors state that the flow rate in both channels is
governed by the mass, momentum and mass of
the solute fraction equations. These equations
are presented in a cartesian coordinate system,
considering that density, viscosity and diffuse-
ness are a function of the solute fraction, and are
similar to the ones used in previous work (Wiley
& Fletcher, 2002, 2003; Alexiadis, Bao, Fletcher,
Wiley, Clements, 2006), with the following
modifications: to characterise the viscosity a set
of related constants are included; gravitational
forces are also included; mass is used instead
of concentration, as in the formulation of the
compressible flow, which guarantees mass con-
servation of the solute. For the flow conditions
considered, the density is only a function of the
solute mass fraction, since the flow is regarded
as isothermal and the dependency of the density
pressure is extremely small, thus negligible. In
this case, the density effects are included in
every term of the equations of conservation,
and thus the model is more general, ensuring
strict mass conservation for all constitutive
valid models (Fletcher & Wiley, 2004; Alexiadis
et al., 2006; Wiley & Fletcher, 2002; Pa, Moham-
madi, Hosseinalipour, & Allahdini, 2008). In this
work, the filtration process was implemented
by applying a pressure difference between the
permeable and feed channels. The pressure dif-
ference is used to determine the flow through
the membrane, but the fact that the pressure
is tens of bars higher in the feed channel has
no effect on the hydrodynamics. Therefore, the
reference pressure at the outlet of the two chan-
nels is zero (p = 0) for computational purposes
(only the pressure gradients are shown in the
equations). This is a computational pattern to
avoid loss of rounding error precision. Wardeh
and Morvan (2008), using the same equations
and channel geometry, made CFD simula-
tions of flow and concentration polarisation in
spacer-filled channels for water desalination. To
model the selective transfer from the feeding to
the permeable channel through the membrane
surface they used finite element code ANSYS-
CFX, and were able to show that a feed channel
with spacer filaments reduces concentration

« ISSN 2007-2422

polarisation on the membrane surface and
therefore fouling.

Mathematical model

Governing equations of fluid flow (mass, mo-
mentum and energy equations) can be altered
by factors like fluid condition (compressible or
uncompressible), 2D or 3D flow, and others.

Flow equations

The following are the equations of continuity
in two dimensions (1), momentum (2), and
two dimensional, laminar and uncompressible
flow on a regular cross-section channel with a
membrane separating the feed and permeable
channels (3). Equation (4) represents salt mass
variation on flow. Note that the symbol glossary
can be found at the end of the paper:

dpu 9 _, 1)
ox  dy
apu2+apuv
x ay
=_8_P+2i(ua_”)+ﬁ[u(5_”+a_vﬂ
ox dx\ ox/) oJx| \dy ox
29 ou dv
- —lu|—=+=]|- ()
3ax[“(ax ayﬂ P:
apuv+ap02
ox ay
=_6_P+2i(ua_v)+i[u(a_u+a_v”
dy ody\ ody) dy| \dy ox
29 du Jv
_2 0|9, 9T 3
s o

dapum , N dapom,,
ox ay

(4)
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In equations (1), (2), (3) and (4) x and y
are horizontal and vertical space coordinates,
respectively; p is the density; u is the dynamic
viscosity; g is the gravitational acceleration; D is
the diffuseness, and m, the salt mass percentage.

Boundary conditions

Boundary conditions are applied to the walls,
membrane, and initial and final cross-section of
the channels. Velocity through the membrane is
defined using continuity equation (5):

Q.-0,

The flow rate in the system is divided in the
flow that remains in the feed channel (Qw) and
the flow that reaches the permeable channel
through the membrane (Qp). Therefore, the infil-
tration velocity through the membrane (vw) was
obtained considering that the permeable flow
equals the flow that goes through the membrane
area (Awm) (6):

U = 4 P (6)

Exiting pressure on the feed channel is
defined as being the same as in the case of non-
existence of the membrane (7):

p=0 (7)

Hence, the exiting pressure on the perme-
able channel, when considering the existence of
the membrane, equals the difference between
the feed and permeable channels’ pressure,
obtained using Bernoulli’s equation (8), which
relates pressure with velocity u and head H at
any point on the flow line considered:

2
+ 24 (8)
28

H=

< |3

The boundary condition at the start of the
channel completely defines the velocity profile
and the salt mass percentage in the water (9):

u—6uz 1—1)
h h
v=0
M, =m,, 9)

For the walls the flow conditions apply (10):

u=0
v=0

I (10)

dy

At the membrane, on the feed channel side,

tangent velocity is defined as zero (no flow is
considered) and the infiltration velocity is speci-
fied (11):

v=0 (11)
On the permeable channel, the infiltration
velocity at the membrane is corrected to account

for the change in density, therefore keeping the
flow rate through the membrane constant (12):

(12)

Q

Il

S|

Il

Q
ke |'O
<=

Experimental

A rectangular section (Figure 1) is considered for
the channel, with a similar geometry used previ-
ously by Fletcher and Wiley (2004), and Wardeh
and Morvan (2008), with channel dimensions
similar to those used by Alexiadis et al. (2007),
with 0.266 m in length and heights of 0.0025 m
and 0.0020 m for the feed and permeable chan-
nel, respectively. The flow rate is imposed on the
feed channel and is defined on the permeable
channel as the value infiltrated through the
membrane, which has 0.250 m in length and
0.0002 m in thickness. In order to guarantee an
acceptable behaviour of the flow, two regions
with 0.008 m in length were included at the

ISSN2007-2422 «
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Permeable channel

Membrane

Feed channel

.
\

y=-0.0022m
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y=0.0025m

2
Wall %
2
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\
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x=0.010m

A 0.008

7 7

0.250 0.008 -
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Figure 1. Channel geometry considered.

entering and exiting, for which previously de-
scribed boundary conditions for entering and
exiting sections were applied.

The solution considered in the simulations
was composed of water with a salt mass of 0.002
kg /kg. The physical properties of the fluid vary
with salt mass percentage and were defined by
equations (13) and (14):

u=0.89x10"(1.0+1.63m,) (13)

p=997.1x(1.0+0.696m,) (14)

In which m, is the salt mass percentage (kg
per solution kg); u is the dynamic viscosity (N /
m?s), and p is the density (kg/m?).

Considering the mentioned channel, four
simulations were executed with the conditions
described in Table 1.

ANSYS CFD 12.1 (2010) software was used
to perform fluid flow simulations during this
research work. It is a Computational Fluid
Dynamics software that combines pre- and post-
processing with a powerful solving capacity.

« ISSN 2007-2422

Results and Discussion
Simulation without Membrane
Longitudinal Velocity Profile

Figure 2 describes the profile development of
the longitudinal velocity for g = 0 (SIM 1). It
is clear that the flow evolves after x = 0.010 m,
when the channel section increases. This step in
the channel causes the fluid to reflow or stop,
which in turn develops negative and positive
velocities in the same section. For this section
the maximum velocity is achieved approxi-
mately at mid-height. The flow is constant in
the intermediate section of the channel, which
is typical of a flow between two parallel sec-
tions, while maximum velocity is achieved at
mid-height. At section x = 0.250 m the flow
changes due to the modifications in the chan-
nel’s geometry, resulting in the horizontal split
of the flow in two.

Figure 3 describes the profile development
of the longitudinal velocity for g = -9.8 m/s?
(SIM 2). It can be seen that between sections
x = 0.010 m and x = 0.240 m the flow is
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Table 1. Conditions of the performed simulations.

Conditions
Simulations
u(m/s) v(m/s) p(N/m?) g(m/s?) Membrane
SIM 1 0.1 0 0 0 No
SIM 2 0.1 0 0 9.8 No
SIM 3 0.1 0 0 +9.8 No
SIM 4 0.1 0 0 9.8 Yes

SIM 1, 2 and 3 were included with the objective of studying the influence of gravitational acceleration on fluid flow and, as such, no membrane

was considered. SIM 4 included the membrane and therefore only the more realistic case of g = - 9.8 m/s? was considered.

L x=0254

T  x =0.250

 x =0.240

y (m)
5E-03

4E-03
3E-03

2E-03
1E-03 ( .
0E+00 - T T T T T 1

-0 020.00 0.02 0.04 0.06 0.08 0.10 0.12
u{m/s)

x=0.010

v x = 0.060

Figure 2. Longitudinal velocity profile for g = 0.

constant, typical of a laminar flow, without
any significant changes in velocity. Maximum
velocity is registered for almost the entire cross-
section, diminishing only near the top and
bottom. For this simulation, as in the case of
the remaining simulations, the presence of the
horizontal wall at section x = 0.250 m divides
the flow in two. There is a slight increase in
velocity at this section and at section x = 0.254
m (6.5 and 14.0%, respectively), regarding the

velocity at intermediate sections. At section
x = 0.254 m, and contrary to what happens at
section x = 0.250 m (although the difference
is not significant), flow is more intense by the
inferior solid wall of the channel.

The profile development of the longitu-
dinal velocity for ¢ = +9.8 m/s? (SIM 3) was
very similar to SIM 1 and therefore Figure 2 is
used to analyse SIM3. Maximum velocity and
reflow /stopping of the fluid occurred at section
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Figure 3. Longitudinal velocity profile for g =-9.8 m/s

x = 0.010 m, typical laminar flow at the inter-
mediate sections of the channel and split in two
flows at section x = 0.250 m due to the horizontal
wall.

In short, for SIM 1 and SIM 3 velocity is
maximum at section x = 0.010 m, while for SIM
2 the highest velocity is achieved at the last sec-
tion analysed (x = 0.254 m).

Normal Velocity Profile

Figure 4 describes the profile development
of the velocity normal to the channel wall for
g=0(SIM 1). As can be seen, at section x = 0.010
m the flow shows simultaneously positive and
negative normal velocity, consequence of the
reflow / stopping shown in Figure 2.
Intermediate sections’ results are not
presented since they are approximately zero,
with only a small flow development at section
x = 0.060 m. However, at section x = 0.250 m,

where the channel splits, there is a significant
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flow development resulting in maximum veloc-
ity values (both positive and negative) near the
separation walls of the channel. The following
section shows a less developed flow, with reduc-
tions in the maximum velocities, regarding the
previous section, of 93 and 60% for positive and
negative values, respectively.

SIM 2 revealed a practically horizontal flow
along the entire length of the channel, with the
exception at section x = 0.250 m. This is due
to the fact that the normal component of the
velocity, right at the first section (x = 0.010 m)
and beyond, is practically zero. For this reason
the results for these sections are not presented.
The exception is section x = 0.250 m, where the
channel splits and the flow shows a very intense
development, with equal positive and negative
velocity values.

SIM 3 showed the highest influence on nor-
mal velocity. At section x = 0.010 m of the flow
development (Figure 4) normal velocity has
positive and negative values, consequence of
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Figure 4. Normal velocity profile for g =0.

the reflow / stopping of the fluid. Once again, at
section x = 0.250 m, two different flows are cre-
ated, with positive normal velocity near the top
side of the horizontal separation wall and nega-
tive normal velocity near the bottom side of the
separation wall. Maximum positive and nega-
tive velocities are achieved at this same section.
It is possible to conclude that the flow develops
nearer the top wall of the channel, possibly due
to the fact that g has upwards orientation. The
immediate section shows a less developed flow,
with positive and negative velocities 77 and 82%
lower, relatively to the previous section.

As can be seen from SIM 1, 2 and 3 the nor-
mal velocity profiles only show variations at the
extreme sections, being approximately constant
for the remaining of the channel, indicating
an almost horizontal flow surface. At section
x = 0.254 m, where normal velocity peaks for

positive and negative values, the flow shows
a similar configuration in all three simulations.
However, for SIM 1 flow development is more
pronounced near the bottom side of the separa-
tion wall, for SIM 2 no difference in flow was
detected between top and bottom sides and
for SIM 3 the flow development is more pro-
nounced near the top side.

Pressure Profile along the Channel

Figure 5 shows a comparative profile of the
pressure along the channel for the three simu-
lations without membrane: ¢ = 0, ¢ = -¢ and
¢ = +g. Flow is laminar and therefore has a low
Reynolds number, leading to an approximately
zero difference in pressure (Ap = 0). Therefore,
only the sections where the pressure variations
were more significant were analysed. The first
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Figure 5. Pressure profile for g=0, g=-9.8 m/s*and g = +9.8 m /s

of these sections (x = 0.010 m) shows a similar
pressure profile for SIM 1 and 3, with practically
the same values. Pressure in these simulations
is 73% less than in SIM 2. At section x = 0.250
m, where the maximum pressure point occurs at
mid-height (the mid-height fluid’s longitudinal
velocity was stopped by the horizontal wall
starting at section x = 0.250 m), the variation in
pressure is very significant. The pressure value
at this point is 7% higher in SIM 2 than in SIM 3.

Simulation with Membrane
Longitudinal Velocity Profile

Figure 6 shows the development of the lon-
gitudinal velocity profile in the channel with
membrane (SIM 4). This development is par-
ticularly noticeable at section x = 0.010 m, in a
similar situation occurred with simulations 1
and 3 without membrane. Again, at this section
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the fluid reflows or stops, increasing positive
and negative velocities at the same time. The
velocities also show very similar values to those
obtained from SIM 1 and 3, reaching maximum
value at mid-section.

At section x = 0.240 m flow starts to adopt a
different behaviour, and at section x = 0.250 m,
where the channel splits horizontally and two
new flows are formed, the longitudinal velocity
takes positive values near the bottom side of the
separation wall and negative values near the
top side. At this point the flow occurs preferably
near the bottom of the channel, reaching its
maximum value at the last section. In SIM
4 it is clear the flow development at section
x = 0.010, immediately after the increase in
the channel’s cross section, which is contrary
to what was found during SIM 2, in which the
flow is constant and the velocity is maximum at
almost the entire height of the channel.
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Figure 6. Longitudinal velocity profile considering the membrane.

Normal Velocity Profile

Figure 7 describes the profile development of
the velocity normal to the channel wall consid-
ering the membrane (SIM 4). As can be seen,
at section x = 0.010 m the flow development
presents only negative normal velocity, with
a small percentage of the cross-section of the
channel showing zero velocity, consequence
of the reflow/stopping of the fluid observed
in Figure 6. Middle sections of the channel are
not presented since velocity values are approxi-
mately zero, showing only a small flow devel-
opment at sections x = 0.060 m and x = 0.190
m. At section x = 0.240 m and beyond it is clear
that the existence of the membrane completely
changed flow behaviour. In the case of SIM 1,
2 and 3 (Figure 4), the flow reaches maximum
positive and negative velocities at section
x = 0.250 m, in the proximity of the top and
bottom sides of the horizontal separation wall

of the channel, respectively. In this case (SIM 4)
there is no positive/negative velocity symmetry;
there is instead a maximum positive velocity at
the height of the separation wall. The immediate
following section shows a less developed flow,
only visible near the bottom of the channel, with
a positive normal velocity.

In general, the profiles show negative values.
However, there is an unusually high value at
x = 0.250 m, which can only be explained by
the near presence of the end of the membrane,
where the wall is no longer permeable and,
and as consequence, two separate flows start
to develop, as illustrated in Figure 1. It should
also be taken into account the near symmetry
of the profile around the point of separation of
the two flows. After this point, the upper flow
has almost zero vertical speed, keeping the
negative feature, but the lower flow behaviour
is now positive, due to the lower flow rate. Note
that both flows, after the end of the membrane,

ISSN2007-2422 «

Tecnologia y Ciencias del Agua, vol. VI, nim. 5, septiembre-octubre de 2015, pp. 5-16




Laranjeira et al., k-€ Flow Modeling of Osmosis

I

y (m)
5E-03 i,
4E-03 L
3E-03 Dk

2E-03

1E-03 r
OE+00 T T T T x =0.010
-0.10 -0.08 -0.06 -0.04 -0.02 0.00

v{m/s)

................. ) -
[ Sl
. N - =
‘|" x B 0-250
x =0.240
I
x=0.190

x = 0.060

Figure 7. Normal velocity profile considering the membrane.

maintain the symmetry condition at half-height
of each of the semi-channels.

SIM 2 showed maximum velocity at almost
the entire height of the channel, which increased
at the start, when the channel was split, and was
kept until the end. During SIM 4 the maximum
velocity happens at mid-height. In both cases
the maximum velocity was registered at the last
section, with SIM 4 showing a higher value than
SIM2.

Conclusions

The aim of studying the seawater flow behav-
iour in a channel with and without membrane
was reached by comparing the two scenarios
and concluding about the influence of the mem-
brane. As previously stated, the use of software
to study the behaviour of a fluid in a channel
proved to be very helpful, as expected. This was

logia y Ciencias del Agua, vol. VI, ntm. 3, septiembre-octubre de 2015, pp. 5-16

particularly true with the software ANSYS, used
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to run the CFD simulations, which returned
precise results allowing a detailed analysis of
the flow. For the simulations in which the mem-
brane was not considered, different longitudinal
and normal velocity profiles were obtained.
This difference results from the gravitational
acceleration (g) values considered. The profiles
for ¢ = 0 and g = +¢ have a high resemblance
and contribute to the right hand side of the
continuity equation. For the middle sections
in SIM 1 and SIM 3 the maximum velocity is
reached at medium height, and therefore the
resulting profiles are similar to those obtained in
laminar flow. However, there is a reflow / stop-
ping of the fluid at section x = 0.010 m, which
is typical of a flow without any step. At section
x = 0.250 m, where the separation of the channel
occurs, flow divides in two. At this section the
flow stops momentarily (which is verified by
the fact that the longitudinal velocity is zero
in every simulation), and therefore maximum
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pressure is reached. Regarding the simulations
without membrane, SIM 2 (g = -) is the closest
to reality since gravitational force is considered
downwards. The flow is laminar and therefore
shows a low Reynolds number, which results
in an approximately zero difference in pressure
(Ap = (). Overall, it can be concluded that the
membrane has a significant influence on flow
development. This influence is especially notori-
ous at section x = 0.240 m and beyond, where
flow starts to develop more towards the bottom
area of the cross-section. At section x = 0.250
m, and according with the longitudinal velocity
values, the flow runs almost entirely near the
bottom of the channel. Also, based on normal
velocity, flow develops in a symmetrical pat-
tern, with maximum velocity at the horizontal
separation wall of the channel.

Symbols

— Area of the feed channel (m?/m).

A
A, - Area of the permeable channel (m?/m).

=
|

Average initial velocity on the feed chan-
nel (m/s).

<
|

Average velocity along the channel
(m/s).

— Difusity (m?/s).

Dynamic viscosity (N/m?s).

— Feed channel height (m).

— Filtration velocity (m/s).

S TE g
[

— Flow rate on the feed channel (m?/s).

oo

— Flow rate on the permeable channel
(m?/s).

Gravitational acceleration (m/s).

oQ
|

=
|

Longitudinal direction.

- Longitudinal velocity (along the channel)
(m/s).

— Membrane area (m?/m).

wm

Normal direction.

<
|

v - Normal velocity (normal to the mem-
brane) (m/s).

p - Pressure (N/m?).

AP - Pressure difference through the mem-
brane.

m, — Salt mass percentage (kg/kg).

p — Sea water density (kg/m?).

p, — Sea water density on the feed channel
(kg/m?).

p, — Sea water density on the permeable
channel (kg/m®).

Velocity on the feed channel (m/s).

Velocity on the permeable channel (m/s).
Water density (kg/m?).
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Abstract

Veldzquez, J. A., Troin, M., & Caya, D. (September-October,
2015). Hydrological Modeling of the Tampaon River in the
Context of Climate Change. Water Technology and Sciences (in
Spanish), 6(5), 17-30.

This work compares the hydrological modeling of the
Tampaon River Basin (in east-central Mexico) with two
hydrological models (SWAT and GR4J) and then evaluates
the impact of climate change on the water balance of the
basin. The calibration and validation of the models (over
14-year periods) show that both performed satisfactorily
when simulating daily flows. The results indicate that
SWAT more precisely reproduces observed mean monthly
streamflow while GR4J overestimates it during the dry
season and underestimates it during the rainy season. The
analysis of the impact of climate change was performed
by using climate ensemble simulations derived from the
Canadian Global Climate Model (CGCM3) downscaled by
the Canadian Regional Climate Model (CRCM). The climate
simulations (after bias correction) were used as input data
for both hydrological models for two periods: a reference
period (1971 — 2000) and a future period (2041-2070). The
results indicate a significant decrease in mean monthly
streamflow in the Tampaon River Basin for the future period
(-36 to -55%), as well as a decrease in maximum monthly
streamflow (-34 to -60%) and minimum monthly streamflow
(-36 to -49%). The results from this study provide an overall
perspective of the potential impact of climate change on the
hydrological response of the Tampaon River Basin.

Keywords: Canadian Regional Climate Model, SWAT, GR4J,
climate change impacts.

Resumen

Veldzquez, |. A., Troin, M., & Caya, D. (septiembre-octubre,
2015). Modelacion hidrolégica del rio Tampadn en el contexto del
cambio climdtico. Tecnologfa y Ciencias del Agua, 6(5), 17-30.

Este trabajo presenta, en un primer paso, un estudio de
comparacion de la modelacion hidrolégica de la cuenca del rio
Tampadn (localizada en el centro-este de México) con los modelos
hidrolégicos SWAT y GR4], y en un segundo paso, la evaluacién
del impacto del cambio climdtico en el balance hidrico de la cuenca.
La calibracion y validacion de los modelos (en periodos de 14 afios)
mostrd un desemperio satisfactorio de ambos en la simulacion de
caudales diarios. Los resultados mostraron que SWAT reproduce de
manera mds precisa el caudal medio mensual observado, mientras
que GR4] lo sobrestima en la temporada seca y lo subestima en la
hiimeda. El andlisis del impacto del cambio climdtico se realizé a
partir de simulaciones provenientes del Modelo Climdtico Mundial
Canadiense (CGCM3) regionalizado con el Modelo Regional
Canadiense (CRCM). Las simulaciones climdticas (una vez
corregido el sesgo) se usaron como datos de entrada a los modelos
hidrolégicos para dos periodos: uno referente (1971-2000) y otro
futuro (2041-2070). Los resultados estiman una disminucion
importante del caudal medio mensual en la cuenca del rio Tampadon
para el periodo futuro (entre -36% y -55%). Ademds, se valora
una disminucion del caudal mdximo mensual (entre -34% vy
-60%) y minimo mensual (entre -36% y -49%). Los resultados de
este estudio aportan una vision general del potencial impacto del
cambio climdtico en la respuesta hidroldgica de la cuenca del rio
Tampaodn.

Palabras clave: modelo climdtico regional canadiense, SWAT,
GR4J, impacto del cambio climdtico.
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Introduction

Assessing the impacts of climate change on
water resources is one of the major challenges
of the 21* century. The expected changes in tem-
perature and precipitation will have an impact
on the hydrological cycle and, therefore, on
water availability for human uses and economic
activities. Mexico is particularly vulnerable to
climate change, since many Mexican regions are
sensitive to extreme climate events (Arreguin-
Cortés & Lopez-Pérez, 2013). In addition, water
demand for agricultural, urban, and industrial
sectors in Mexico has grown much more quickly
because of the rapid expansion of these sectors
in recent decades (Mundo & Martinez-Austria,
1993), and climate change will make responding
to this increasing demand for water more diffi-
cult (Magaria & Conde, 2000).

Climate change projections for Central
America (Mexico included) suggest increases
in temperature, and increases or decreases in
precipitation that will have an impact in fu-
ture streamflow and water availability in the
region (IPCC, 2014). The projected change of
temperature depends on the considered emis-
sion scenario and geographical location. For
instance, Martinez-Austria (2007) presented
an analysis of projected temperature in Mexico
based on GCM outputs: in scenario A2 (high),
the projected temperature increase is expected
to be between 4°C and 6°C, while in scenario
B2 (medium) it will be between 2°C and 4°C.
Martinez-Austria (2007) also discussed the re-
sults obtained by Morales, Magaria, Barrera and
Pérez (2001); this latter study identified regions
with the highest and the lowest projected incre-
ment of summer temperature (i.e., Northwestern
Mexico and the Chiapas-Tabasco Zone, and the
Yucatan Peninsula, respectively).

Despite Mexico’s vulnerability to the po-
tential impacts of climate change, few studies
have evaluated the impact of climate change
on the country’s water resources. For instance,
Mendoza, Villanueva and Adem (1997) divided
the Mexican territory into twelve hydrological
regions to evaluate the vulnerability of hydro-
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logic regions to future climate change. The
climate change scenarios were obtained from
two Global Circulation Models (GCMs) and a
hydrological model was applied to determine
annual surface runoff, water volume and stor-
age under future climate conditions (year 2050).
They showed that the expected climate change
may have dramatic impacts on the pattern
and magnitude of runoff, on soil moisture and
evaporation, and on the aridity level of some of
Mexico’s hydrological zones. Maderey, Jiménez
and Carrillo (2013) estimated the amount of
available water over three large basins in Mex-
ico (i.e., Lerma-Chapala Basin, the Balsas River
Basin and the Panuco River Basin). Climate
data were obtained from two GCMs and one
climate thermodynamic model, and the change
in water availability was estimated with a water
balance model for the 2025-2050 period. Their
results showed that the three climate models
predict a decrease in available water volumes
for all basins.

Rivas-Acosta, Giiitron-De-Los-Reyes and
Ballinas-Gonzalez (2010) assessed the climate
change impact on runoff for three Mexican
catchments with contrasted climatic conditions:
The Conchos River Basin (North Mexico), the
Lerma-Chapala River Basin (Central Mexico)
and the Grijalva River Basin (South Mexico).
Rivas-Acosta et al. (2010) considered outputs
from 23 weighted GCMs under two IPCC
emission scenarios (A1B and A2). The runoff
was estimated with a water balance model and
a vulnerability index was computed. Results
show that future (2030, 2050, 2100) mean an-
nual runoff is expected to decrease over the
three catchments. Tapia, Minjarez and Espinoza
(2014) evaluated climate change’s impacts on
the water balance of the Yaqui River Basin by
using climate data from one GCM under two
IPCC scenarios (A1B and A2) for the 2010-2099
period. Various runoff behaviors were obtained,
indicating the possibility of frequent droughts,
alternating with years of substantially high
runoff.

The above studies are based on a low spatial
resolution of climate models (i.e. GCMs) and
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the assessments of climate change’s impact on
the catchment’s hydrology are estimated using
a water balance model only. Rainfall-runoff
models have also been used in the evaluation
of the climate change impact on water resources
in Mexican catchments. For instance, Robles-
Morua, Che, Mayer, and Vivoni (2015) used
a semi-distributed hydrological model and a
reservoir optimization algorithm to evaluate
the hydrological impact of climate change in
the semi-arid Sonora River Basin (North-West
Mexico) under the A2 IPPC emission scenario.
Results showed significantly higher precipita-
tion in future period (2031-2040) relative to the
historical period (1990-2000) that would cause
an increase in reservoir inflows.

In the present study, the projected change
in streamflow based on scenarios derived from
two rainfall-runoff hydrological models is
explored for a Central Mexican catchment. This
modeling approach, in which a hydrological
catchment model is fed with downscaled climate
scenarios from GCMs, is particularly useful
for a wide range of impact studies, including
water resource planning, development and
management, flood prediction, droughts, water
quality and hydro-ecology.

Hydrological models have different degrees
of complexity and conceptualisation of physi-
cal processes. They can be classified, consider-
ing their spatial distribution, as lumped or
distributed models. In a lumped model, the
catchment is regarded as a unit. The variables
and parameters thus represent average values
for the entire catchment. On the other hand, a
distributed model takes spatial variations into
account (e.g., topography, vegetation and soils)
in all variables and parameters. As previously
mentioned, hydrological models also differ in
their representation of physical processes: a
physically-based model describes the natural
system using mathematical formulations of
physical processes while a conceptual model
is constructed based on physical processes,
in which physically-based equations are used
along with semi-empirical equations (Refsgaard,

1996). Recent research in hydrologic modelling
tried to take a more physically-based approach
to understand hydrologic systems’ behaviour
to make better future streamflow predictions
and to face major challenges in water resource
management.

This study aims to evaluate the impact of
climate change on the hydrology of the Tam-
paén River Basin in Mexico. In the first step,
two hydrological models are implemented
over the basin, and their performances in
simulating streamflow are compared. The
selected hydrological models have different
structural approaches: SWAT is a physically-
based semi-distributed model (Arnold, Srini-
vasan, Muttiah, & Williams, 1998) and GR4J
is a conceptual lumped model (Perrin, 2000).
Next, climate change impact assessments on the
catchment’s hydrology are evaluated using the
hydroclimatic model chain illustrated in Figure
1. This model chain consists of GCM outputs
dynamically downscaled by a Regional Climate
Model (RCM) to feed both hydrological models.
Since RCM outputs usually present consider-
able biases in climate variables, precluding
their direct use in hydrological models (Ho,
Stephenson, Collins, Ferro, & Brown, 2012), an
adjustment of the RCM-simulated precipitation
and temperature is made using a bias correction
procedure; this allows climate projections to be
meaningfully translated to the hydrological
scale (Troin, Veldzquez, Caya, & Brissette, 2015).
The hydrological simulations are evaluated un-
der current (1971-2000) and future (2041-2070)
climates by analyzing hydrological indicators
for mean, high and low flows.

The manuscript is organized as follows: first,
the experimental design is presented, including
the study area and climate model simulations
used in this study. Second, a description of the
bias correction procedure and the hydrological
models is given. Third, relevant results of the
catchment-scale hydrological modeling as well
as an evaluation of the impact of hydrological
climate change in the Tampadn River Basin are
analyzed and discussed. Finally, concluding
remarks close the manuscript.
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Figure 1. Illustration of the hydroclimatic model chain used
in this study.

Experimental design
Study Catchment

The Tampaén River Basin is located in the
East-Central region of Mexico, lying mostly in
the State of San Luis Potosi (23 373 km? IMTA,
2014). It also covers the northern area of the
States of Guanajuato and Querétaro, and a re-
gion of the south of the State of Tamaulipas. The
Tampadn River Basin is a sub-catchment of the
Panuco River Basin (hydrologic zone 26; Sedue,
1986) which flows into the Gulf of Mexico. Its
topographic relief has elevations ranging from
18 m to 3 500 m with maximal elevation on the
mountainous western borders (Figure 2).

The farthest headwater of the Tampadn River
Basin is the Santa Maria River, which originates
in the state of Guanajuato, flowing from west
to east through the Sierra Madre Oriental chain
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Figure 2. Location of meteorological and discharge gauging
stations over the Tampadn River Basin.

mountain. The junction of the Santa Maria River
with the Verde River makes the start of the Tam-
paodn River. From here, the Tampaén River flows
to the northeast to join the Gallinas River and
the Valles River. The Valles River provides the
largest volume of streamflow to the Tampaén
River. There are three climatic regions in the
Tampadn River Basin as a result of topographic
variation in the Sierra Madre Oriental mountain
chain (Sedue, 1986): the climate is warm and
humid in the east, semi-warm and semi-humid
in the central zone, and dry and temperate in
the west.

Observational Datasets

The daily time series of precipitation (P) and
minimum and maximum temperatures (Tmin
and Tmax) were taken from the climatologic
data base CLICOM (2014), built by the SMN
(Servicio Meteorolégico Nacional de México).
These data come from seven stations over the
1971-2000 period (Figure 2, Table 1). The rainy
season extends from May to October and the dry
season from November to April (Figure 3). The
catchment area’s mean annual rainfall is about
1080 mm. The annual average daily temperature
ranges from 13 to 30 °C with an annual mean
of 21.5 °C (Figure 4). The coldest and warmest
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Table 1. Meteorological stations used in this study.

Station Name

1 San Luis Potosi

Villa de Reyes

Rioverde

El Salto

Ballesmi

2
3
4 Cérdenas
5
6
7

Xilitla

600
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Figure 3. Mean monthly observed precipitation for the
Tampadn River Basin over the 1971-2000 period.
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Figure 4. Mean monthly observed temperature for the
Tampo6n River Basin over the 1971-2000 period.

months are January and May, respectively. The
three previously described climatic regions of
the Tampaon River Basin are well depicted by
the group of observational data.

The discharge data comes from the gaug-
ing station El Pujal (located downstream of
the Valles River) for the 1971-2000 period; this
data was obtained from the National Database
of Surface Water (i.e., Bandas, 2014). Figure 5
shows the observed mean monthly discharges
at the gauging station. Two peak flows occur in
July and September. The decreased discharge in
August is due to the midsummer drought. Low
flow values occur from January to May.

The Climate Model Simulations

The GCM ensemble simulations used in this
work are the five members of the Canadian
Global Climate Model (CGCM3, Scinocca, Mc-
farlane, Lazare, Li, & Plummer, 2008) under the
IPCC SRES-A2 greenhouse gas emission sce-
nario. Each member of the ensemble had been
estimated by repeating a climate change experi-
ment using the GCM several times when only
the initial conditions were changed by small
perturbations (Braun, Caya, Frigon, & Slivitzky,
2012). Although GCMs are the primary source
of future climate projections, the spatial resolu-

Mean monthly discharge (m
o
S
S

501 B

olu . . . . . . . . . . .
Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.

Figure 5. Observed mean monthly discharges for the
Tampadn River Basin over the 1971-2000 period.
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tion of those model outputs is still too coarse to
be used directly in hydrological impact studies.
Therefore, the CGCM3 model was dynamically
downscaled by the Canadian Regional Climate
Model, version 4.2.3 (CRCM; De Elia & Coté,
2010). Daily precipitation, maximum and mini-
mum temperature series were derived from the
CRCM simulations for the reference (1971-2000)
and future (2041-2070) periods.

The atmospheric component of CGCM3
is characterized by a spectral model with T47
horizontal resolution (3.75° x 3.75°) and 31 verti-
cal layers (Scinocca et al., 2008). The Canadian
Regional Climate Model derived as an evolution
of its previous versions (Caya & Laprise, 1999;
Laprise, Caya, Frigon, & Paquin, 2003; Plummer
et al., 2006), which covers the large North Ameri-
can domain (AMNO; 200 x 192 grid points) with
a horizontal grid-point spacing of 45-km (true
at 60° N). The CRCM has largely been used to
evaluate the impact of climate change on North
American’s catchments (e.g., Muerth et al., 2013;
Veldzquez et al., 2013; Troin et al., 2015), and this
is the first time that CRCM has been used for an
impact study on a Mexican catchment.

Methods
Bias Correction Procedure

Climate model simulations are affected by
biases (i.e., differences between the climate
model simulations and observations) that, if
not corrected, can lead to somewhat unrealistic
streamflow reproduction. Therefore, it is neces-
sary to perform bias correction on the outputs
of climate model simulations before using them
in hydrological models for impact assessment
(Teutschbein, Wetterhall, & Seibert, 2011).
The bias correction method used to adjust
and downscale CRCM-simulated precipita-
tion and temperature to the station scale in the
catchment is the Daily Translation (DT) method
(Mpelasoka & Chew, 2009). In DT, different
correction factors (differences in percentiles
between observed and climate model simulated
data during the reference period) are applied
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to the frequency distribution of projected cli-
mate model data for the future period. The DT
method is applied on a monthly basis, and fifty
percentiles are calculated for each month. The
corrected temperature and precipitation in the
reference (ref) period are computed using the
following equations:

T(corr):f = T;fi(d) + (Torbesf(m/q) - Z;Z(mrq)) M

ref ref PHZE’(W!,Q)
P(corr)d =P, AN 2)

sim(m,q)

where T (corr) and P (corr) are the bias corrected
variables, and the subscripts correspond to per-
centile (g), daily (d) and monthly (m) time steps,
raw climate simulations (sim) and observations
(0bs). For the future period (fut), the corrected
precipitation and temperature are obtained
using:

d szm(d) obs(m,q) sim(m,q)

T(corn)) =Tl + (T = Tila) @

Pre:f
P(corr)j:t =pM %] 4)
sim(m,q)

Description of the Hydrological Models

Two hydrological models were selected for
this study: SWAT and GR4J. The two models
differ in terms of parameter number, structure
and physical meaning in their simulations of
rainfall-runoff processes. Although this study
provides an opportunity for model comparison
in a Mexican catchment, both models are also
applied to the Tampadn River Basin to assess
the hydrological model’s uncertainty in climate
change impact studies.

The Soil Water Assessment Tool (SWAT)
model was developed at the United States
Department of Agriculture (USDA) by Arnold
et al. (1998). SWAT is a physically-based semi-
distributed model that operates the daily time
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step (Neitsch, Arnold, Kiniry, Williams & King,
2002). SWAT takes into account the spatial vari-
ability of the topography, land use, and soil type
in order to represent the catchment in multiple
Hydrologic Response Units (HRUs). The input
variables required to run SWAT are daily pre-
cipitation and daily maximum and minimum
air temperatures. The watershed hydrology in
SWAT is simulated in two steps. The first step
is the land phase of the hydrologic cycle, which
calculates the water balance of each HRU to
provide the amount of water available for each
sub-basin’s main channel at a given time step.
The second step is channel routing, which
determines water’s progress through the river
network towards the basin outlet (Neitsch et al.,
2002). A detailed description of model compo-
nents is presented in Neitsch, Arnold, Kiniry,
and Williams (2005).

The GR4] model (which stands for modele
du Génie Rural a 4 parametres Journalier) is a
daily lumped four-parameter rainfall-runoff
model developed by Perrin (2000). The input
variables are daily precipitation and potential
evapotranspiration (PE). For this study, the PE
was computed using the formulation (exploit-
ing extraterrestrial radiation and mean daily
temperature) proposed by Oudin ef al. (2005),
which has been shown to be as effective for
rainfall-runoff modelling objectives as more
complex evapotranspiration formulations. In
GR4] the hydrology is simulated as follows:
First, the model subtracts PE from precipitation
to calculate net rainfall. Then, through intercep-
tion, a portion of the precipitation goes into the
production store, where the actual evaporation
is calculated and percolation occurs. Another
portion of precipitation goes directly to flow
routing. The routing part of the structure con-
sists of two flow components routed by two unit
hydrographs and a non-linear store. A detailed
description of the model structure is presented
in Perrin, Michel and Andreassian (2003).

The hydrological models” performance is
evaluated using the Nash-Sutcliffe (NS) coef-
ficient (Nash & Sutcliffe, 1970):

s« L) ©)
Ei=1 (QObs,i - Qobs)

where O and Q,;,,; are the observed and

simulated streamflows at time step i, and N is

obs,i

the total number of observations. An efficiency
of 1 (NS =1) corresponds to a perfect match of
modeled discharge to the observed data.

The second performance criterion is the
Mean Square Error (MSE) which is computed as:

N

ME < 2 6)

(Qsim,i - Qabs,i )2
N

An MSE value of zero corresponds to a
perfect match between modeled discharge and
observed data. The MSE is computed by squar-
ing forecast errors, so it is very sensitive to large
errors and outliers (e.g., Wilks, 2006).

Results and Discussion
Performance of the Hydrological Models

Table 2 shows the Nash-Sutcliffe (NS) coefficient
for the calibration (1971-1985) and the validation
(1986-2000) periods for the two hydrological
models. Both models present high NS-values,
ranging from 0.87 to 0.91 in the calibration peri-
od and from 0.75 to 0.85 in the validation period.
SWAT performs slightly better than GR4]J over
the calibration and validation periods.

Figure 6 shows the scatterplot of observed
versus simulated discharges for SWAT and GR4J
over the calibration and validation periods. In
the scatterplot, the more the two data sets agree,
the more the scatters tend to concentrate in the
vicinity of the 1:1 line. From Figure 6, it can be
seen that GR4]J better simulates the daily low
flows, while the daily high flows are better
predicted by SWAT. As this performance crite-
rion penalizes errors in the highest streamflow,
SWAT presents the lowest values of MSE (0.10
and 0.14) while GR4J presents the highest values
of MSE (0.14 and 0.23, see Table 2). Figure 6 also
shows that SWAT tends to slightly overestimate
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Table 2. Nash-Sutcliffe coefficient (NS) and Mean Square Error (MSE) for the calibration (1971-1985) and validation
(1986-2000) periods.

NS MSE
Hydrological models
Calibration Validation Calibration Validation
SWAT 0.91 0.85 0.10 0.14
GR4J 0.87 0.75 0.14 0.23
a) SWAT b) GR4J
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Figure 6. Daily discharges as simulated by a) SWAT and b) GR4J for the 1971-2000 period.

daily streamflow while GR4J slightly underesti-
mates daily streamflow.

Figure 7 shows the mean monthly dis-
charges as simulated by both hydrological
models driven by observed meteorological data
over the 1971-2000 period. The most accurate
simulation of the mean monthly discharges is
obtained using SWAT. GR4J overestimates the
mean monthly discharges from November to
May and underestimates the mean monthly
discharges from June to September. However,
both models successfully capture peak flows in
July and September, and during the midsummer
drought.

The performance analysis shows that models
with different conceptualisation schemes have
different strengths in simulating the catchment’s
streamflow. The simulation of low flows is
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observed meteorological data for the 1971-2000 period.
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challenging since water exchange occurs
through the riverbed and the river may be fed
by groundwater or may leak to feed the aquifer
during the low flow period (Pushpalatha, Perrin,
Le Moine, Mathevet, & Andréassian, 2011).
On the other hand, the accurate simulation of
high flows provides further confidence in the
estimation of extreme hydrologic events, which
is critical to the evaluation of risk in impact
studies.

Future Changes of Precipitation and
Temperature

This section presents an analysis of projected
climate changes over the Tampaén River Basin.
The predicted changes in precipitation and tem-
perature in the future climate are determined
by analysing differences between future (2040-
2071) and reference (1971-2000) climates derived
from bias-corrected CRCM simulations.
Figure 8 shows the mean monthly bias
corrected climate for the reference period and
projections for the future period in the three cli-
matic regions over the catchment. Based on the

chosen emission scenario, the largest changes
in mean monthly precipitation are estimated
during the wet season (June to September).
For instance, in the dry temperate zone of the
basin (e.g., climatic region 1), mean monthly
precipitation during the wet season will vary
from 55 mm month™ to 37 mm month™ (Figure
8a). For the same period, in the semi-humid,
semi-warm zone of the basin (e.g., climatic re-
gion 2), precipitation is likely to decrease from
94 mm month to 63 mm month™ (Figure 8b).
The most important change in mean monthly
precipitation is estimated in the warm, humid
zone of the basin (e.g., climatic region 3) with
a decrease in mean monthly precipitation from
323 mm month™ to 215 mm month” during the
wet season (Figure 8c). The projected changes
in mean monthly temperature are estimated to
be very similar for the three climatic regions,
with an increase in annual mean temperature
of 2.8 °C (Figure 8d to 8f). However, the change
between the reference and future periods is
larger for maximum temperature (3.6 °C; not
shown) than for minimum temperature (2 °C;
not shown) in all climatic regions.

a) Climatic region 1 precip.

b) Climatic region 2 precip.

¢) Climatic region 3 precip.
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Figure 8. Mean monthly precipitation and temperature in the reference and future periods from the bias corrected CRCM

simulations for three climatic regions.
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Projected climate change signals from the
bias-corrected CRCM simulations over the
entire Tampaodn River Basin are summarized in
Figure 9. Future mean monthly temperatures
are estimated to differ significantly from the
present time values, with an increase in mean
temperature between 1.8 and 3.3 °C. The lowest
temperature rise is found in winter (DJF) and
the largest temperature increase is estimated to
occur in summer (JJA). The results also show
that in the future climate precipitation is very
likely to increase from October to February and
to decrease the rest of the year.

Climate Change Impacts on Streamflow

Projected climate change’s potential impacts on
hydrology are explored for the Tampadn River
Basin. Climate-induced streamflow changes are
inferred by analysing the differences produced
by SWAT and GR4J] when driven by future
(2041-2070) and reference (1971-2000) climates
derived from bias-corrected CRCM simulations
(Figure 10). Based on the considered emission
scenario, a significant decrease in mean monthly
streamflow is estimated over the Tampadn
River Basin as a result of both the increase in
temperature (which leads to an increase in
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Figure 9. Mean climate change signals over the Tampaén
River Basin for the horizon 2070.
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Figure 10. Mean monthly discharges for the Tampadn River
Basin as simulated by SWAT and GR4J over the reference
(1971-2000) and future (2041-2070) periods.

potential evapotranspiration) and the decrease
in precipitation. Both models predict reduced
peak flows in July and September, but the
models predict different magnitudes. A decrease
of 309 (286) m® s is simulated by GR4] in July
(September), and of 191 (194) m® s by SWAT for
the same period. In general, GR4] predicts larger
streamflow changes than SWAT all year round.

The impact of hydrological climate change
is further evaluated using three hydrologic
indicators:

e Mean monthly streamflow (Qm): the mean
of all daily values over a given month.

e Mean monthly high flow (HF): the mean of
the maximum streamflow values for a given
month.

e Mean monthly low flow (LF): the mean of
the minimum streamflow values for a given
month.

Climate change’s impact on hydrologic
indicators (AI, ) is expressed as the difference
between simulated hydrologic indicators from
the reference (I'Y) to the future period (I futy

sim sim
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Figure 11 presents the relative differences
(A]) in the investigated indicators (Qm, HF and
LF) over the Tampadn River Basin. GR4J predicts
a larger decrease than SWAT in all indicators.
For instance, the relative change in Qm ranges
from about -30% to -52% during the dry season
(i.e. December to May) and ranges from about
-48% to -65% during the wet season (i.e. June
to September) for SWAT and GR4]J, respectively
(Figure 11a). Similarly, the relative change in HF
ranges from about -29% to -58% during the dry
season and from about -47% to -70% during the
wet season for SWAT and GR4J, respectively
(Figure 11c). Finally, the relative change in LF
ranges from about -31% to -46% during the dry
season and from about -48% to -55% during the
wet season for SWAT and GR4J, respectively
(Figure 11e). Overall, the median relative dif-
ferences in the indicators vary from -36% to
-55% for Qm (Figure 11b), from -34% to -60%
for HF (Figure 11 d), and from -36% to -49% for
LF (Figure 11f). These results agree with those
of Mendoza et al. (1997), which claim that the
Pénuco River Basin is at risk of becoming a dry
zone in the future.

The projected decrease in streamflow over
the Tampadn River Basin due to changes in
both temperature and precipitation could have
a significant impact on water availability for
economic activities and human consumption.
Among the economic activities in the catch-
ment that could be affected by water stress due
to climate change, are the production of sugar,
the production of citrus , livestock, industrial
manufacturing and tourism (Sedue, 1986). In
addition, the decrease in water availability
could compromise the water supply of many
cities in the region. For instance, San Luis Potos,
San Miguel de Allende and Celaya will draw
water from the Santa Maria River (Pefia, 2013;
Conagua, 2012) and it is expected that Monter-
rey will be supplied by interbasin transfer from
the Panuco River Basin (SADM, 2012).

Conclusions

An analysis of the projected hydrological chang-
es is presented for the Tampadn River Basin in
East-Central Mexico. The selected hydrological
models are differently conceptualized: SWAT is

a) Mean Monthly Streamflow (Qm)
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Figure 11. Relative change (%) of the investigated indicators (Qm, HF and LF) for mean monthly flows over the Tampaén River

Basin.
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a physically-based semi-distribuited model and
GR4J is a conceptual lumped model. The study’s
first step was to implement the hydrological
models over the study catchment. Results show
that SWAT produces the most accurate simula-
tion of the observed monthly discharge. GR4]J
overestimates the mean monthly discharge from
November to May and underestimates the mean
monthly discharge from June to September.

The study’s second step was to evaluate the
impact of climate change on the Tampaén River
Basin’s streamflow. Both hydrological models
estimate an important decrease in mean month-
ly streamflow as well as in high and low flow
values for the 2041-2070 period compared with
the baseline 1971-2000 period. In general, GR4]J
estimates larger streamflow changes than SWAT.
This result highlights the need to consider the
uncertainty associated with the hydrological
models in hydrological climate change impact
studies. This kind of uncertainty is related to the
internal computation of hydrological processes,
such as the estimation of the evapotranspira-
tion, the soil hydrodynamic formulation and the
snow model.

As SWAT has been successfully calibrated
and validated over that catchment, the imple-
mentation of the model can be further extended
to other regions to provide a regional analysis of
the potential impact of climate change on water
resources in Mexico.

The evaluation of climate change impacts
on streamflow is generally made through a
model chain that includes GCM outputs for
a given emission scenario, often dynamically
downscaled by a RCM and bias corrected with a
statistical method before using them to a hydro-
logical model. Each step of the model chain con-
tributes to the total uncertainty in the estimation
of future streamflows. The study of Graham,
Hagemann, Jaun and Beniston (2007) found
that the most important source of uncertainty
comes from GCM forcing, which has a larger
impact on the projected hydrological changes
than other sources of uncertainty. Bléschl and
Montanari (2010) pointed out that we can have
reasonable confidence in predicting hydrologi-
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cal changes that are driven by air temperature,
such as snowmelt, than those driven by precipi-
tation, such as floods. Furthermore, Bloschl and
Montanari (2010) argued that changing climatic
conditions have different effects on both the
weather and hydrology, depending on local fea-
tures like topography, geomorphology and soils
of the catchment. Therefore, future work should
include additional sources of uncertainty, such
as different GCMs outputs, emission and land
use scenarios, in order to expand the analysis
of the uncertainty in the hydrological impact
studies (e.g., Veldzquez & Troin, 2015).
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Resumen

Ramirez-Sanchez, I. M., Martinez-Austria, P, Quiroz-Alfaro,
M. A., & Bandala, E. R. (septiembre-octubre, 2015). Efectos
de los estrégenos como contaminantes emergentes en la
salud y el ambiente. Tecnologia y Ciencias del Agua, 6(5), 31-42.

Los contaminantes emergentes son sustancias que tienen el
potencial de dafar al ser humano, flora y fauna, y no estdn
regulados por la legislacién. Los estrégenos son parte de
esta definicién, es decir, contaminantes emergentes, que
cuando incrementan su concentracién en el ser humano
o el ambiente causan dafio. Los seres humanos estin
expuestos a concentraciones altas de estrégenos debido a
su uso como parte de terapias de reemplazo hormonal o
métodos anticonceptivos. Flora y fauna estin expuestas
a los estrégenos cuando se incorporan al ambiente por
descargas de agua residual municipal, efluentes de plantas
de tratamiento o por escurrimientos con desechos de la
ganaderfa y otras actividades pecuarias. En este trabajo se
presenta una revisién del estado del conocimiento sobre
los efectos de los estr6genos en los seres humanos y la vida
silvestre. Asimismo, se identifican el origen antropogénico,
presencia y caracteristicas de los estrégenos en el ambiente.
Por dltimo, se sefialan algunos procesos de tratamiento para
reducir o eliminar los estrégenos del agua.

Palabras clave: estr6genos, ambiente, cdncer, humanos,
vitelogenina, vida silvestre, tratamiento.

Introduccion

Las sustancias quimicas orgdnicas e inorgénicas
registradas hasta junio de 2014 sumaban 88.3
millones (American Chemical Society, 2014), sin
considerar las secuencias de proteinas y nucleé-
tidos. Sin embargo, sélo 0.03% de tales sustancias
estd regulada por alguna agencia internacional.
Aunque muchas de las sustancias no reguladas
tienen la posibilidad de incorporarse al ambiente,
su presencia no se mide de forma regular ni se

Abstract

Ramirez-Sdnchez, I. M., Martinez-Austria, P, Quiroz-Alfaro,
M. A., & Bandala, E. R. (September-October, 2015). Effects of
Estrogens, as Emerging Pollutants, on Health and the Environment.
Water Technology and Sciences (in Spanish), 6(5), 31-42.

Emerging pollutants are substances that have the potential to
be harmful to humans, flora and fauna and are not regulated by
legislation. Estrogens are included in this definition of emerging
pollutants, and are harmful when concentrations in humans or in the
environment increase. Humans are exposed to high concentrations
of estrogens because of their use in hormone replacement therapy
and as contraceptives. Flora and fauna are exposed to estrogens
that enter the environment through the discharge of municipal
wastewater, treatment plant effluents and runoff containing waste
from livestock and other farming activities. This work presents a
review of the current knowledge about the effects of estrogens on
humans and wildlife. It also identifies anthropogenic origins and the
characteristics of estrogens in the environment. Lastly, particular
treatment processes to reduce or eliminate estrogens in water are
discussed.

Keywords: Estrogens, environment, cancer, human, vitellogenin,
wildlife, treatment.
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conocen de modo suficiente sus efectos en el ser
humano y la vida silvestre (Pica, 2012).

Las sustancias en el ambiente que no estan
normadas, pero tienen el potencial de causar
dafios a la salud o el ambiente, aun en muy
bajas concentraciones, han sido denominadas
contaminantes emergentes. Aunque no se ha
definido un listado de contaminantes emergentes
en el ambiente, Mufioz (2012) propuso una lista
de 49 contaminantes (cuadro 1) de importancia
potencial en México, en funcién de los voltimenes
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Cuadro 1. Contaminantes emergentes para México segtin Mufioz (2012).

Grupo Compuesto

1. Estradiol

2. Testosterona
Esteroides y hormonas 3. Estrona

4. a-etinilestradiol
5. B-etinilestradiol

6. Galaxolida

7. Tonalida y otros (PCP)
Productos para el cuidado personal 8. Triclosan (enjuage bucal)

9. Oxibenzona

10. DEET (repelente de insectos)

11. Pentaclorofenol (PCP)

12. Nonifenoles

Industriales 13. Bisfenol A

14. Compuestos organiestdnicos (organotinas)
15. Butilbencilftalato (BuBeP)

17. Acido mefendmico

18. Sulfasalazina

19. Ibuprofeno

20. Diclofenaco

21. Nimesulida

22. Ketoprofeno

23. Metil de 4cido salicilico
24. Gemfibrozil

25. Acido clofibrico y metabolitos
26. Benzafibrate

27. Carbamacepina

Farmacos 28. Salvasartan

29. Metilprednisolona
30. Tadalafilo

31. Dexametasona

32. Closfenamina

33. Astemisol

34. Amlodipino

35. Diltiazem

36. Pentoxifilina

37. Avilamicina

38. Metoprol

39. Citrato de sildenafilo

40. Sulfametozaxol

41. Trimetropina

42. Ciprofloxacino

43. Roxitromicina

44. Norfloxacino

45. Sulfadiazina

46. Cloranfenicol

47. Conazol

48. Imidazoles y triazoles

Antibiéticos
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49. Sulfacloropiridazina
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de uso, relevancia en la salud ptblica, interés en
su accion toxicoldgica y preeminencia cientifica
por su mecanismo de accién.

Algunas de las sustancias reportadas ante-
riormente han sido clasificadas como disrupto-
res endocrinos. De acuerdo con la EPA (2013),
los disruptores endocrinos son agentes que
interfieren con la produccién, liberacién, trans-
porte, metabolismo, puente, accién o elimina-
ci6én de las hormonas naturales del cuerpo. Los
disruptores endocrinos pueden ser clasificados
de acuerdo con su origen: naturales (estrégenos
y andrégenos), semisintéticos (anticonceptivos)
o sintéticos (xenoestrégenos).

Desde la década de 1970 se ha asociado a los
xenoestrégenos, como el DDT, con efectos de
disruptor endocrino (Hileman, 1994; Dimoge-
rontas & Liapi, 2014), y hoy dia se conocen los
efectos de muchos de ellos en el ser humano y
el ambiente. Sin embargo, de manera reciente
se ha incrementado la atencién en los efectos de
los estrégenos naturales y semisintéticos debido
a casos de cancer en mujeres que fueron some-
tidas a terapias de reemplazo hormonal o usos
de anticonceptivos, y a casos de feminizacién
de peces en rios.

Estrogenos naturales y sintéticos

Los estrégenos son hormonas cuya molécula
estd basada en la estructura del fenantreno. Son
producidos en los ovarios de las hembras en res-
puesta a sefiales del cerebro y otros érganos, y
estdn presentes en vertebrados e invertebrados.

En todos los vertebrados, incluido el ser
humano, los estrégenos principales son estrona,
estradiol y estriol. De ellos, el estradiol es el mds
potente, pues tiene la mayor afinidad con los
receptores de estrégenos (Houtman, Legler, &
Thomas, 2011). También los estrégenos semi-
sintéticos, como 17a-etinilestradiol y mestranol
son de importancia humana y ambiental. La
estructura quimica de los estrégenos naturales
y semisintéticos se muestra en la figura 1.

En el caso de los invertebrados, la mayoria
de sus hormonas son ecdiesteroides, las cuales
tienen una estructura similar a la de los estré-
genos de los vertebrados. Oetken, Bachmann,
Schulte-Oehlmann y Oehlmann (2004) repor-
taron que algunos taxones de invertebrados
tienen estrégenos, como estradiol en moluscos
y crustdceos, y estradiol y estrona en equino-
dermos.

a) Estradiol

b) Estrona

HO

¢) Estriol OH

d) 17a-etinilestradiol

e) Mestranol

Figura 1. Estructura quimica de los estrégenos: a, b y ¢ estrégenos naturales; d y e estrégenos semisintéticos.
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Aungque los estrégenos estdn presentes de
forma natural en los vertebrados e invertebra-
dos, se ha identificado que cuando los seres
humanos y la vida silvestre estdn expuestos a
concentraciones de estrégenos mayores a las que
un organismo produce de manera normal, se ge-
neran efectos adversos en su sistema endocrino.
Una posible fuente de exposicién de los seres
humanos a altas concentraciones de estrégenos
son los farmacos utilizados en los tratamientos
de reemplazo hormonal, de regulacién del ciclo
menstrual o los métodos anticonceptivos. El
Diccionario de Especialidades Farmacéuticas (PML,
2013) de México reporta que los productos que
incluyen estrégenos naturales y semisintéticos
son los que se muestran en el cuadro 2.

También los estrégenos son usados en tera-
pias hormonales en ganado y animales domés-
ticos. El Prontuario de Especialidades Veterinarias
(PEV, 2014) reporta el uso de estrégenos con
fines terapéuticos; por ejemplo, el estradiol se
emplea para la induccién y sincronizacién de
periodo de celo en vacas (benzoato de estradiol,
Bioestrogen, Estrogenic, Forestro), y el estriol
para el tratamiento de la incontinencia urinaria
en perras (Incurin).

Sistema endocrino y estrégenos
De forma natural, los estrégenos (estradiol, es-

trona y estriol) son principalmente producidos
por los foliculos en desarrollo en los ovarios,
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Tabla 2. Productos de uso farmacéutico en México que contienen estrégenos.

Estrégenos Combinado Marca de productos comerciales
Estradiol Essventia, Estreva, Evorel, Oestrogel, Primogyn, Sandrena
Algestona Patector, Patector N.E., Perlutal
Ciproterona Climene
Dienogest Qlaira
Drospirenona Angeliq
Gestodeno Avaden
Hidroxiprogesterona Gravidinona
Estradiol Medroxiprogesterona Cyclofémina, Femydrol
Noretisterona Meslart, Cliane, Mesigyna
Norgestrel Progyluton
Prasterona Binodian Depot
Progesteron Gestrygen, Proger E.
Testosterona Despamen
Trimegestona Totelle
Estriol Ovestin (crema, 6évulos, tabletas)
Estriol Progesterona Florgynal
Ciproterona Diane
Clormadinona Belara 20, Belara
Desogestrel Mercilon, Novial, Marvelon
Etinilestradiol Drospirenona Ilimit, Radiance 20, Radiance, Yasmin 24 /4, Yasmin
Etonogestrel Nuvaring
Gestodeno Gynovin, Minesse
Levonorgestrel Microgynon, Neogynon, Nordet, Triquilar
Norelgestromina Evra
Mestranol Clormadinona Lutoral E, Secuentex 21
Noretisterona Norinyl 1, Norinyl 28
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el cuerpo ldteo de la placenta, cértex adrenal,
cerebro, testiculos, higado y tejido adiposo
(Dimogerontas & Liapi, 2014). Los estrégenos
son hormonas producidas tanto en hombres
como en mujeres, pero en ellas en mayor can-
tidad (Hileman, 1994). Su biosintesis incluye la
aromatizacion de la testosterona por la enzima
aromatasa (Dimogerontas & Liapi, 2014), que se
muestra en la figura 2. La aromatasa estd pre-
sente en muchos tejidos, incluyendo el adiposo
y el cerebro.

Hammond (1995) sugiri6é que los estrégenos
son transportados a través de la sangre y tienen
acceso a la célula mediante la unién con las pro-
tefnas llamadas SHBG (por sus siglas en inglés).
Una vez que los estrégenos enlazados llegan a
la membrana celular se disocian y la hormona
puede entrar a la célula por difusién a través
de la membrana celular. Una vez dentro de la
célula, los estrogenos pueden enlazarse a recep-
tores de estrégenos (ER), llamados ERa y ERf
(Hileman, 1994). Después de que el estrégeno
es ligado al receptor ER, se forma un complejo
para entrar al nidcleo, donde se produce una li-
gadura al ADN para regular genes de respuesta
a los estrégenos.

La funcién principal de los estrégenos en el
cuerpo es regular el desarrollo, mantenimiento
y funcién del sistema reproductor en ambos
géneros. Dimogerontas y Liapi (2014) propu-
sieron que cuando se produce un desequilibrio
en la cantidad de estrégenos trasportados puede

haber implicaciones en el desarrollo y progreso
de enfermedades como el cdncer de mama y
colon, osteoporosis, afecciones cardiovasculares,
neurodegenerativas, endometriosis y obesidad.

Presencia de estrogenos en el ambiente

La presencia de los estrégenos en el ambiente
es de origen natural y antropogénico. Como
fuente natural, la excrecién diaria humana de
estradiol, estrona y estriol varia de hombre (1.6,
3.9, 1.5ug, respectivamente) a mujer (3.5, 8, 4.8
ug, respectivamente); en mujeres embarazadas,
la excrecidn diaria de estriol llega hasta 6 000 ug
(Petrovig, et al., 2008).

Como fuente antropogénica, la concentracién
de los estrégenos en el ambiente puede estar
relacionada con la masa total manufacturada,
prescrita o adquirida para terapias hormonales
tanto para seres humanos como para ganado y
animales domésticos. Williams y Brooks (2012)
proponen un modelo conceptual del ciclo de
vida para estas sustancias, que se muestra en la
figura 3. Por ejemplo, Petrovic ef al. (2008) repor-
tan que las mujeres que toman anticonceptivos
basados en etinilestradiol excretan 35 ug de este
estrégeno sintético cada dia.

Los estrégenos representan un riesgo am-
biental debido a su alto potencial de persistir
en los ecosistemas, y producir acumulacién y
toxicidad para los seres vivos (Silva, Otero, &
Esteves, 2012; Diaz-Torres, Gibson, Gonzélez-

Aromatasa

Testosterona

HO

Estradiol

Figura 2. Biosintesis del estradiol a partir de la testosterona.
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Manutfactura de estrégenos
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Figura 3. Medios de exposicién a los estrégenos (modificado de Williams & Brooks, 2012).

-Farfas, Zarco-Arista, & Mazari-Hiriart, 2013).
En el ambiente se espera que la concentracién de
dichos contaminantes en cuerpos de agua varie
de acuerdo con las estaciones, lo cual puede
dificultar el seguimiento en estaciones himedas
o secas (Williams & Brooks, 2012; Diaz-Torres et
al., 2013).

Los estrégenos han sido encontrados en
aguas tratadas y superficiales. De acuerdo con
Jarosovd, Bldha, Giesy y Hilscherovd (2014),
las aguas residuales municipales son una de
las principales fuentes de estrégenos en el
ambiente y ejercen una actividad estrogénica
en los cuerpos receptores. Desbrow, Routledge,
Brighty, Sumpter y Waldock (1998) encontraron
que en los efluentes de siete plantas de trata-
miento que descargaban a rios de Inglaterra
habia estradiol, estrona y etinilestradiol, en una
concentracién maxima de 50, 80 y 7 ng/l. En
México, Diaz-Torres et al. (2013) encontraron la
presencia, entre otros disruptores endocrinos, de
estradiol y estrona en el humedal de Xochimilco
en la Ciudad de México. Las concentraciones
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madximas encontradas por estos autores fueron
de estradiol (1.68 ng/uL) y estrona (10.38 ng/
uL). Refieren que aunque las concentraciones
encontradas no representan riesgo para el
ecosistema, podria agregar estrés a especies
endémicas como el ajolote (A. mexicanum) y la
codorniz de Moctezuma (C. montezumae).

Debido a su presencia en el ambiente y su
potencial riesgo para la salud y la vida silvestre,
se han elaborado algunas iniciativas para regu-
lar los estrégenos. La EPA (2012) incorporé en
su lista de evaluaciéon de nuevos contaminantes
al estradiol, estriol, estrona y etinilestradiol,
debido a que hay evidencias que demuestran
su potencial como disruptores endocrinos.
Gilbert (2012) reporté que la Comisién Europea
propuso a sus estados miembros establecer un
limite promedio de concentracién anual de
etinilestradiol en 0.035 ng/1. Sin embargo, esta
autora refiere que hay una fuerte oposiciéon de
las industrias farmacéuticas a dicha regulacién,
pues aseguran que hay poca evidencia de los
dafios a la poblacién de peces.
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Efectos de estrogenos como disruptores
endocrinos

Efectos a nivel celular

En humanos, las concentraciones no fisiolégicas
de estrégenos incrementan el riesgo de cancer de
mama, uterino y testicular (Cavalieri, Frenkel,
Liehr, Rogan, & Roy, 2000; Dimogerontas &
Liapi, 2014). Los efectos biolégicos se producen
cuando un receptor de hormona, unida a un
estrégeno o un disruptor endocrino, se vincula
con regiones especificas del ADN en el nticleo
de la célula (Hileman, 1994) o durante la meta-
bolizacién de los estrégenos.

Cavalieri et al. (2000) encontraron que el
estradiol, la estrona y el dietilbestrol inducen
errores cromosomales y mutaciones de genes
in vitro e in vivo en animales, por la generacién
de oxigeno reactivo durante la metabolizacién
de los estrégenos. Detallan que las quinonas
intermedias derivadas de la oxidacién del
4-hidroxiestradiol o 4-hidroxiestrona pueden
reaccionar con las purinas (adenida y guanina)
del ADN para formar sitios mutagénicos.

El Programa de Toxicologia de los Esta-
dos Unidos (National Toxicology Program,
2011) confirmé en 2002 que los estrégenos
17-B-estradiol, estrona, 17a-etinilestradiol y
mestranol son potencialmente carcinégenos. El
reporte afirma que de acuerdo con estudios epi-
demioldgicos en humanos, el uso de estrégenos
por mujeres en la etapa de posmenopausia y
su uso como anticonceptivos estd asociado con
incrementos en el riesgo de cancer de mama.

Efectos prenatales y postnatales

En el desarrollo prenatal y posnatal tanto en
hombres como en mujeres, la relacién especi-
fica entre estrégeno y andrégenos (hormonas
masculinas) es necesaria para la diferenciacién y
formacion apropiada de los érganos reproducto-
res. Hileman (1994) menciona que si la relacién
entre andrdgenos y estrégenos es perturbada,
estos 6rganos pueden resultar parcialmente
desarrollados o estar incompletos.

Efectos en las mujeres

La funcién de los estrégenos en las mujeres es
preparar el ttero para aceptar el huevo fertili-
zado, y ayudar con el embarazo y la lactancia.
Hileman (1994) propuso que los estrégenos
disminuyen el riesgo de ataques al corazén y
la osteoporosis, pero incrementan el riesgo de
cdncer de mama y de ttero.

El primer estudio de la asociacién entre can-
cer y compuestos estrogénicos fue documentado
en un caso ocurrido entre 1948 y 1971, en el cual
de dos a seis millones de mujeres en Estados
Unidos y Europa tomaron un estrégeno sinté-
tico llamado dietilbestrol (DES) para prevenir
abortos involuntarios (Hileman, 1994; Dimoge-
rontas & Liapi, 2014). El estudio encontré que
una fraccién (0.1%) de la hijas de las mujeres
que tomaron dietilbestrol desarrollaron un tipo
de cdncer llamado adenocarcinoma vaginal
(cdncer que empieza en las células glandulares)
en sus primeros 20 afios de vida y que tenfan
alta tasas de infertilidad.

En otro caso, Li et al. (2003) encontraron que
975 mujeres, de entre 65 y 79 afios, diagnosti-
cadas con cdncer de mama invasivo habian
estado bajo una terapia de reemplazo hormonal
combinado (CHRT, por sus siglas en inglés) con
estrégenos y progestinas.

Efectos en los hombres

La funcién de los estrogenos en el sistema repro-
ductor masculino es la regulacién de la esper-
matogénesis (Dimogerontas & Liapi, 2014). Sin
embargo, se ha documentado que una alta con-
centracién de estrégenos en los hombres puede
inhibir la produccién del esperma (Hileman,
1994). En el estudio de las mujeres tratadas con
dietilbestrol, mencionado antes, se encontré que
los hijos de estas mujeres tenian un incremento
en la incidencia de anormalidades en el escroto,
testiculo no descendente, malformaciones en la
uretra, disminucién en el conteo de espermas,
e incremento de riesgo de cancer testicular, asf
como problemas de préstata (Hileman, 1994).
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Diabetes mellitus

La diabetes mellitus representa uno de los pro-
blemas de salud mds serios en el mundo, con
mads de 177 millones de personas que la sufren,
y se encuentra entre las principales causas de
muerte en el orbe (Dimogerontas & Liapi, 2014).
Recientemente se ha relacionado al estradiol
como factor para desarrollar diabetes mellitus.
Nadal, Alonso-Magdalena, Soriano, Quesada y
Ropero (2009) encontraron que el 173-estradiol
tiene una funcién importante en el balance de
energia, el metabolismo de lipidos y la homeos-
tasis de la glucosa. Estos investigadores han
propuesto que la activacién de los receptores de
estrégenos (ERa) por el 17p-estradiol promueve
un incremento en la biosintesis de insulina. Sin
embargo, cuando la biosintesis de insulina es
sobreestimulada por la accién de estrégenos
ambientales contribuye al desarrollo de diabetes
tipo II.

Efectos en vertebrados

Se ha confirmado que los estrégenos son respon-
sables de alteraciones endocrinas en ambientes
acudticos (Petrovic et al. 2008). Algunas de las
alteraciones documentadas son hermafroditis-
mo en peces, desarrollo de 6rganos sexuales
deformados en reptiles (lagartos y tortugas),
comportamiento de anidacién anormal, cas-
carones delgados, y disfunciones en el sistema
inmune y reproductivo en focas grises (Dimo-
gerontas & Liapi, 2014).

Uno de los primeros estudios sobre los
efectos de los estrégenos en la vida silvestre,
reportado por Hileman (1994), fue desarrollado
en huevos de lagarto. El estudio consisti6 en que
algunos huevos fueron pintados con estradiol y
otros con un subproducto del DDT y se controld
la temperatura de incubacién que determina el
género de los individuos. Encontraron que en
los que fueron incubados en un ambiente lim-
pio, todas las eclosiones fueron machos; 80% de
los huevos pintados con estradiol gener6 hem-
bras; y los huevos pintados con el subproducto
de DDT produjo 40% intersexual, 20% hembras
y 40% machos.
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En huevos de peces se ha visto que la ex-
posicién a estrégenos en etapas criticas del
desarrollo puede predisponer la expresion
genética a un fenotipo (Houtman ef al., 2011).
En peces adultos, el género estd generalmente
determinado. Sin embargo, cuando los peces
machos son expuestos a hormonas, se inducen
cambios hacia caracteristicas sexuales tipicas de
hembras.

Se ha observado que una forma de determi-
nar la exposicién de peces a estrégenos es con
la medicién de la vitelogenina (biomarcador).
La vitelogenina se encuentra por lo regular en
las hembras de peces y huevos. Sin embargo,
cuando los peces machos son expuestos a estré-
genos, pueden producir grandes cantidades de
vitelogenina (Gilbert, 2012).

Hileman (1994) reporté que en un experi-
mento confinaron a truchas arcoiris cerca de una
descarga de agua residual en Inglaterra por va-
rias semanas y encontraron que la concentracién
de vitelogenina en los peces fue 500 veces mayor
de lo normal. En estudios posteriores, Desbrow
et al. (1998) sugirieron que los estrégenos es-
tradiol, estrona y etinilestradiol podian ser los
responsables de la sintesis de vitelogenina en los
peces machos localizados corriente abajo de las
descargas de aguas residuales. De manera re-
ciente, Gilbert (2012) sefial6 que en un muestreo
en Inglaterra en 51 sitios, 86% de peces machos
mostraba caracteristicas intersexuales, lo cual
fue atribuido principalmente al etinilestradiol
descargado en efluentes de aguas municipales
residuales.

En otro experimento, truchas arcoiris (On-
corhynchus mykiss) y rutilos (Rutilus rutilus)
fueron expuestos durante 21 dias a concen-
traciones de 1 a 10 ng/1 de estradiol y estrona.
Routledge et al. (1998) encontraron que dichas
concentraciones eran suficientes para aumentar
la sintesis de la proteina vitelogenina en los ni-
veles observados en los peces del experimento
de Desbrow et al. (1998).

La Comisién Europea ha sefialado efectos de
los estrégenos en la poblacion de peces por ran-
gos de exposicién al etinilestradiol. Se encontrd
que para valores entre 0.1 y 0.2 ng/1 hay efectos
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menores en los peces, en 1 ng/1 hay expresion
de vitelogenina en peces machos, en 4 ng/1 se
produce la expresién de caracteristicas interse-
xuales y reduccién de la fertilidad, y entre 5y
6 ng/1 se observa el colapso de la poblacién de
peces (Gilbert, 2012).

Efecto en invertebrados

Oetken et al. (2004) y Matozzo, Gagne, Marin,
Ricciardi y Blaise (2008) refieren que los efectos
de los disruptores endocrinos (xenoestrégenos)
en invertebrados no han recibido la atencién
suficiente, aunque representan cerca de 95% de
las especies y tienen una funcién importante en
los ecosistemas, en particular en el acudtico. Las
primeras evidencias de que los invertebrados
usaban hormonas para sus procesos de creci-
miento fueron descritas por Kopec en 1917, y
Wigglesworth, Fukuda y Williams en 1934 y
1940 (Riddiford & Truman, 1978).

En la revisién que Oetken et al. (2004) y
Matozzo et al. (2008) realizaron sobre los efectos
de los disruptores endocrinos (incluidos los es-
trégenos) en invertebrados encontraron fuertes
evidencias de efectos sobre el desarrollo, fecun-
didad y reproduccién. Debido a su importancia
biolégica, de manera reciente Prat, Rieradevall,
Barata y Munné (2013), y Souza, Hallgren,
Balseiro y Hansson (2013) han investigado el
uso de invertebrados como biomarcadores de
estrégenos en cuerpos de agua, midiendo el
estrés oxidativo como biomarcador adicional a
la vitelogenina en peces.

Efecto en especies vegetales

En un estudio sobre el efecto genotdxico de es-
trona, estriol y estradiol, Gaitédn (2006) encontré
que el estriol tiene un efecto citotéxico sobre la
raiz de las habas. El efecto detectado fue que
podia inhibir la divisién celular. Este autor ex-
plica que el efecto se debe a que los estrégenos
son fuertes inhibidores de la mitosis debido a
su interaccion con el huso acromaético (micro-
tabulos y centriolos), el ADN y las proteinas
reguladoras.

Remocion de estrogenos del agua

Las plantas de tratamiento convencionales no
fueron disefiadas para la remocién ni degra-
dacién de contaminantes emergentes como los
estrégenos. En consecuencia, los efluentes de
las plantas de tratamiento contienen fracciones
significantes de éstos, que son descargadas y
acumuladas en el ambiente. Una de las primeras
investigaciones sobre la remocién de estrégenos
fue realizada por Ternes, Kreckel y Mueller
(1999) en lodos activados de una planta de
tratamiento. Tales investigadores encontraron
que el estradiol fue oxidado a estrona y después
degradado; el etinilestradiol fue persistente, y el
estradiol conjugado fue separado y liberado en
su forma simple.

Otros trabajos de investigaciéon subsecuen-
tes han propuesto procesos para la retencién,
degradacién o eliminacién de los estrégenos.
Los tratamientos que han sido usados pueden
ser clasificados en procesos fisicos, biol6gicos
y avanzados de oxidacién. Silva et al. (2012)
resumieron los procesos investigados hasta el
momento para la eliminacién de estrona, estra-
diol, estriol y etinilestradiol en agua, los cuales
son los siguientes:

1. Fisicos: adsorcion (carbén activado, carbéon
activado granular, resinas de intercambio
iénico, quitina, quitosdn, polimeros im-
presos molecularmente, hidréxido doble
laminar Mg-Al y nanotubos de carbono,
lodos activados) y filtracién por membra-
nas (ultrafiltracién, nanofiltracién, 6smosis
inversa, destilacién de contacto directo
con membranas y microfiltracién de fibra
hueca).

2. Bioldgicos: aerobios (lodos activados, filtro
percolador, biorreactor de membranas y sis-
temas de reactor de lecho fijo), nitrificacion,
anaerobios, microalgas (Selenastrum, Ankis-
trodesmu, Lemmna, Anabaena, Chlorococcus,
Spirulina, Chlorella, Scenedesmus y Anaebena)
y sistemas de tratamiento enzimaticos (lig-
ninoliticas, lacasa, peroxidasa de rdbano) y
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microorganismos aislados (Fusarium prolife-
ratum).

3. Procesos avanzados de oxidacién: fotdlisis
(UVC, UVB, UVA-visible, solar, fotosensibi-
lizado), fotocatdlisis heterogénea (diéxido
de titanio, 6xido de cing, sulfuro de cing,
6xido férrico, silicio, 6xido de estafio y
sulfuro de cadmio, entre otros), oxidantes
fuertes (ferrato, ozono, dcido hipocloroso,
diéxido de cloro, 6xido de manganeso,
hierro-tetraamidomacrociclico), combina-
cion de oxidantes fuertes con radiacion
ultravioleta (UV-peréxido de hidrégeno,
foto-Fenton, resina cubierta con reactivo
Fenton) y sondlisis (20-1000 kHz).

Conclusiones y recomendaciones

Los estudios sobre los efectos de los estrégenos
en los seres humanos reconocen que son un
factor de incremento del riesgo de cancer de
mama y uterino. Sin embargo, no hay legislacio-
nes que obliguen a advertir a los pacientes que
los estrégenos con fines terapéuticos pueden
ser un factor de riesgo de cancer. Por otro lado,
los desechos de los seres humanos y animales
debido a las terapias hormonales son la fuente
principal de estrégenos en el ambiente.
Respecto a los efectos de los estrégenos en
la fauna, existen evidencias in vitro e in vivo de
que, a ciertas concentraciones y caracteristicas
de las especies, se producen efectos como femi-
nizacién y distrofias en érganos sexuales. Por
otro lado, investigadores como Caldwell, Mas-
trocco, Anderson, Lange y Sumpter (2012), y la
industria farmacéutica han contradicho estas
evidencias, pues mencionan que las condiciones
experimentales de los estudios simulan concen-
traciones muy diferentes a las que se encuentra
en el ambiente. Tal desacuerdo en la comunidad
cientifica ha limitado el establecimiento de re-
gulaciones por exposiciéon de estrégenos para
proteger la vida acuadtica y los seres humanos.
Cada uno de los tratamientos investigados
hasta el momento tiene ventajas y limitaciones
en cuanto a la eficiencia de remocién, su posi-
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bilidad de escalamiento y costos para adaptarse
a plantas de tratamiento existentes. Se propone
que los métodos avanzados de oxidaciéon son
mds ventajosos para la remocién de los estré-
genos en el agua. Sin embargo, es importante
continuar con las investigaciones que permitan
asegurar que los subproductos de la degrada-
cién sean menos estrogénicos mediante biomar-
cadores o que se alcance la mineralizacién de
los estrégenos.

Se recomienda realizar anélisis estadisticos
de produccién, venta o consumo de estrégenos
en el &mbito regional, que permita estimar y
correlacionar las concentraciones encontradas
en los cuerpos de agua superficiales y subterra-
neos. Ademads, es importante analizar las ten-
dencias para regular los estrégenos en cuerpos
de aguas superficiales, subterrdneas y descargas
de aguas residuales. En México, es urgente rea-
lizar estudios de concentraciones de estrégenos
en las descargas de aguas residuales crudas y
tratadas, e identificar sus potenciales efectos
en la salud humana y los ecosistemas. Final-
mente, es necesario continuar con el desarrollo
de tecnologias de remocién de contaminantes
emergentes como los aqui referidos.
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Abstract

Lépez-Acosta, N. P, & Gonzdlez-Acosta, J. L. (September-
October, 2015). Study of Water Flow in Dams using
Successive Over-Relaxation. Water Technology and Sciences (in
Spanish), 6(5), 43-58.

Free surface problems represent boundary value problems in
which a portion of the boundary, the free surface, is unknown
and must be determined as part of the solution. Classical
rigorous and approximate procedures used to draw this
line are limited to homogeneous and isotropic media with
specific geometries. Currently, this can be determined using
numerical methods such as the finite element method (FEM).
Nevertheless, FEM requires the storing and handling of a
large number of matrices to solve linear equation systems,
increasing calculation time. The present article proposes an
alternative to analyze free surface problems based on the
numerical solution of finite difference equations using the
successive over-relaxation method (SOR). Two techniques
are implemented with the SOR method— Baiocchi’s Solution
and the Extended Pressure Method with the iterative Gauss-
Seidel process. First, the theoretical basis for these methods
are provided. Then, their applicability is described according
to an analysis of unconfined flow in a homogeneous and a
heterogeneous dam. As part of the results, the upper flow
lines obtained with each technique and the flow networks
calculated with the SOR method are presented and the use
of finite difference equations to determine the hydraulic
gradient and flow rate through the flow domain is described.
Lastly, conclusions and recommendations for applying and
optimizing the use of these techniques are provided.

Keywords: Free surface, unconfined flow, Successive Over
Relaxation (SOR), Gauss-Seidel’s iterative process, finite
differences, upper flow line, Extended Pressure method,
Baiocchi’s method, flow networks in dams.

Resumen

Lépez-Acosta, N. P.,, & Gonzdlez-Acosta, |. L. (septiembre-octubre,
2015). Estudio del flujo de agua en presas con sobre relajaciones
sucesivas. Tecnologfa y Ciencias del Agua, 6(5), 43-58.

Los denominados problemas de supetficie libre son problemas de
valores de frontera en los que una porcion de la frontera, la superficie
libre, no se conoce y debe determinarse como parte de la solucion.
Los procedimientos rigurosos y aproximados cldsicos para el trazo de
esta linea se limitan a medios homogéneos e isétropos con geometrias
particulares. Actualmente es posible emplear métodos numéricos
como los elementos finitos (MEF) para su determinacion. Sin
embargo, el MEF requiere la resolucion de sistemas de ecuaciones
lineales que involucran el almacenamiento y manejo de un gran
niimero de matrices que incrementan el tiempo de cdlculo. En este
articulo se propone una alternativa para analizar problemas de
superficie libre que se basa en la resolucion numérica de ecuaciones de
diferencias finitas mediante el método de sobre relajaciones sucesivas
(SOR, Successive Overrelaxation). Se expone la implementacion de
dos técnicas basadas en el método SOR: la Solucién de Baiocchi y
el Método de la Presion Extendida, aplicando el proceso iterativo
de Gauss-Seidel. Inicialmente se proporcionan las bases tedricas de
estos métodos. De manera posteriot, su aplicabilidad queda expuesta
con el andlisis del flujo no confinado en una presa homogénea y en
otra heterogénea. Como parte de los resultados, se presentan las
lineas de flujo superior obtenidas con cada técnica y las redes de flujo
calculadas con el método SOR; asimismo, se explica como determinar
el gradiente hidrdulico y el gasto de infiltracion a través del dominio
de flujo mediante ecuaciones de diferencias finitas. Por iiltimo, se
proporcionan comentarios concluyentes y recomendaciones de cémo
aplicar y optimar el empleo de estas técnicas.

Palabras clave: superficie libre, flujo no confinado, Sobre
Relajaciones Sucesivas (SOR), proceso iterativo de Gauss-Seidel,
diferencias finitas, linea superior de flujo, Método de la Presion
Extendida, método de Baiocchi, redes de flujo en presas.
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Introduction

The classical relaxation method is an iterative
process in which solutions for water flow
through porous media can be obtained by
simply knowing the domain geometry and
hydraulic boundary conditions (Allen, 1954;
Finnemore & Perry, 1968). This method can solve
Laplace’s equation for a point (node) relative to
its surrounding points using an algebraic finite
difference equation (Southwell, 1940). For this
procedure, a square mesh with dimensions of
A=A is drawn in the flow zone if the medium
is homogenous and isotropic, and a rectangular
mesh with dimensions of A = A is drawn if the
medium is anisotropic. The intersections of the
squares or rectangles constitute the nodes of the
mesh. For these nodes, approximate values of
the hydraulic head or potential i (points where
h requires to be calculated) must be assigned
while respecting the known values of & in the
flow boundaries. These values usually cor-
respond to the upper and lower water levels
or the upstream water level (UWL) and down-
stream water level (DWL) of the problem at
hand (known as the Dirichlet boundary conditions;
Cheng & Cheng, 2005). The values assigned in
the nodes are arbitrary and can be zero or the
result of a reasonable estimation. However,
although there are several techniques that can
be used to ensure that the value of the potential
imposed on the nodes where h is not known
is as accurate as possible (Young, 1950), it is
important to verify the precision of the assigned
data manually by calculating the residue in each
node. For example, the difference between the
hydraulic potential of the four surrounding
nodes is calculated with regard to the central
or interior node, and so on. Therefore, the
relaxation procedure involves the systematic
refinement of this residue throughout the grid
until the residue in all mesh nodes of interest
is zero or practically zero. This value indicates
compliance with Laplace’s equation when ex-
pressed as a finite difference and results in a
solution for a certain water flow problem (Allen,
1954; Finnemore & Perry, 1968). The classical re-
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laxation method has several disadvantages. For
example, this method becomes long and tedious
when trying to obtain approximate solutions if
the method has not been programmed using a
computer. Besides, this method does not pro-
vide general solutions and must be applied to a
particular case. However, the classical relaxation
method can be adapted for diverse conditions.
Due to the versatility that is demonstrated for
this method, several improvements have been
made, including optimization of the calculation
time, taking into account the variations of the
materials in the flow region, and solving more
complex problems, such as free surface prob-
lems (unconfined flow).

The Successive Overrelaxation (SOR) method
(Young, 1950) is a modification to the classical
relaxation method. This method is powerful
and can be used to obtain approximate nu-
merical solutions for multiple equations with
unknown analytical solutions (Young, 1950).
An important advantage of the SOR method
is that it automatically solves the variations in
the hydraulic potential for all mesh nodes that
represents the flow region. The SOR method
uses the Gauss-Seidel iterative process, which
utilizes cyclic finite difference equations to
solve the problem of interest (Wang & Ander-
son, 1982). Applying this method, the solution
process is automatically repeated for each node
until the desired tolerance or minimum error
is obtained. For unconfined flow problems in
which the upper flow line or free surface is un-
known a priori, methods have been devised to
modify the ruling equations of the nodes. These
methods can be used for solving free surface
problems with the basics of SOR method, such
as the Baiocchi’s solution (Baiocchi, 1971; Bruch,
1980) and the Extended Pressure method (Brezis,
Kinderlehrer, & Stampacchia, 1978; Bardet &
Tobita, 2002). The first solution is useful for
homogenous media, and the second solution
is useful for homogenous and heterogeneous
media. However, these methods have not been
applied to practical cases.

Generally, free surface problems represent
a challenge in many areas of fluid mechanics
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because they involve boundary value problems
in which a portion of the boundary is unknown
and must be determined as part of the solution
(Cryer, 1970). The presence of the free surface or
water table makes the analysis methods more
difficult. Dupuit’s parabola (Dupuit, 1863) and
Kozeny’s parabola (Kozeny, 1931) are rigorous
solutions for drawing the upper flow line and
are only applicable for homogenous and isotro-
pic media with vertical walls (Dupuit) or with
filters (Kozeny). Other approximated methods,
such as the tangent (Schaffernak, 1917; Iterson,
1916, 1917) and sine methods (Casagrande,
1932), allow mainly calculate the discharge
point of the upper flow line. Currently, numeri-
cal methods, such as the finite element methods
(FEM), can be used to determine the discharge
point of the upper flow line. However, the FEM
requires solving a system of linear equations
and involves storing and handling matrices that
increase the calculation time.

This paper aimed to implement the SOR
method as an alternative for analyzing free
surface or unconfined flow problems in ho-
mogenous and heterogeneous media. First, the
theoretical background of water flow in soils is
provided, especially the solution to Laplace’s
equation using finite differences. Next, the basic
equations of the SOR method are obtained. Sub-
sequently, this technique is enabled to evaluate
unconfined flow problems using the Baiocchi’s
and Extended Pressure methods. The applica-
bility of these techniques is demonstrated by
analyzing the unconfined flow of water through
a homogenous earth dam and a dam composed
of different materials. We explain how to deter-
mine the upper flow line and use its position to
solve the flow problem by considering confined
flow and modifying the boundary conditions
and the fundamental equations to determine the
equipotential and flow lines. Thus, the upper
flow line is obtained for each technique and the
flow nets are calculated with the SOR method.
In addition, we explain how to calculate the
hydraulic gradient and the seepage flux or flow
rate through the flow domain using finite differ-
ence equations. Finally, we present concluding

remarks and recommendations regarding the
application of the SOR method.

Theoretical Basis of Water Flow in Soils
Laplace’s Equation

The laminar flow through porous media obeys
Darcy’s law and is governed by the following

equation:
dh
v=-k— 1
o (1)
where:
v = discharge velocity.

total pressure or total hydraulic head.

h
k = permeability of the soil.
[

= distance traveled by a water particle.
In vector format (Harr, 1962):

0=k grad (h) @)
Furthermore, the total pressure / is defined

by the Bernoulli’s law as follows (neglecting the
velocity head):

h=[(p/pg)+y] (3)

where:
p = hydrostatic pressure (or pore pressure).

water density.
acceleration due to gravity.

< 0 O
Il

position pressure with respect to a level of
reference.

Because the amounts of incoming and outgo-
ing flow in the normal direction n to the faces
of a cubic element with dimensions of dx, dy
and dz is the same (due to the principle of flow
continuity), the following equation holds:

dedydz + dedydz
ox ay

+dedydz -0 (4)
0z
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By factoring and removing terms, the conti-
nuity equation is obtained in three dimensions
as follows:

dv, 00, 9o
— 4+t

= —==0 5
ox Jdy 0z ©)

To solve flow problems, it is convenient to
use a velocity potential function ¢ rather than the
total pressure h. The ¢ is described as follows:

o(x,y,z)=-kh (6)

Therefore, the discharge velocity in each of
the main directions becomes:

L T S

Thus, Laplace’s equation is obtained by substi-
tuting equation (7) in equation (5):

2 2 2
i R N ®
ox” dy~ oz

If the medium is homogenous and isotropic
and flow only occurs in two dimensions (X and
Y, two-dimensional flow), then:

2 2
%+$=o ©)

Approximate Solution of Laplace’s Equation
by Means of Finite Differences

The basic concept of the finite difference method
is based on replacing the continuous partial de-
rivatives of the equation that governs water flow
with the variation ratio of the x and y variables
in small finite increments (Mahmud, 1996). In
this way, the following equations are obtained
when applying Taylor series expansion to the
potential function ¢ (Mitchell & Griffiths, 1980):

« ISSN 2007-2422

9 1 9
O = by + %Axl + E%Axi (10)
and:
9 1 9
Py =0, - a—Zsz + E%Aﬁ (11)
where:

Ax, = distance in the X, direction between two
nodes.
Ax

, = distance in the X, direction between two

nodes.
row in which the node of interest is lo-

-
Il

cated.

j = column in which the node of interest is

located.

Figure 1 shows the representation of a node
that is affected by four surrounding nodes and
can be used to observe the previously men-
tioned variables.

Expression (10) is an approximation to the
solution of Laplace’s equation regarding the

central and the frontal nodes (¢.,, ). Equation

i+1,j
(11) represents an approximation to the solution
of Laplace’s equation regarding the central and

rear nodes (¢, ). The equations for the upper

i-1,j
(¢,.J._1) and lowe]r (q)w) nodes are analogues to
expressions (10) and (11). From equations (10)
and (11), and by applying a series of mathemati-
cal manipulations, the solution of the potential

function ¢, is given by:

e
Ay,
i1, i Piv1,j
-1, B i+1,i
. . * -
Ay,
b1 sl
} % i
AXl A.\'2

Figure 1. Arrangement of nodes in a flow region.
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Ax?
¢i,j+1 + ¢i,j—1 + F(q)id/j + q)i—l,j)
o = Yy (12)
’ 2144
+F
Y
2
IfA? = ixz' then:
2
¢i,]’ _ ¢i,j+1 + ¢i,j-1 +A (q)i+1,j + q)i—l,j) (13)

2(1+27)

Equation (13) approximates the solution
of the Laplace’s equation by the classical re-
laxation method in terms of finite differences.
From this approximation, the solutions of the
nodes located inside the flow region of interest
are obtained. Likewise, the expressions for the
nodes in other locations (impervious boundar-
ies, corners, etc.) are determined.

Basis of the Basic Equations of the SOR
Method

From equation (13), it is possible to apply a
series of algebraic operations to obtain the ba-
sic equations of the successive overrelaxation
method by assuming the following (Young,
1950):

c= ¢;";1 -0 (14)

where:

c¢ = residue after two Gauss-Seidel iterations
in a single node.

m = iteration number.

¢!, = value of the potential function in the node
i,j in iteration m.

¢ = value of the potential function in the same
node i,j in iteration m+1.

By solving ¢an1 from (14), the following equa-
tion is obtained (Young, 1950):

0" = ' +ac (15)

where a is a relaxation factor that is added to the
equation. For fast convergence, it is recommend-
ed that the relaxation factor is within the inter-
val of 1 < a <2 (Young, 1950). In fact, the value
of o is used to name this method as follows:
over-relaxation if 1 < a. < 2, and under-relaxation if
0 < a <1 (for a > 2 the process diverges). Ad-
ditionally, if equation (13) is substituted in equa-
tions (14) and (15), then (Wang & Anderson,
1982):

977 =(1-0)9],

0+ 00+ 22 (o, + 003
o
2(1+ 22

(16)

Expression (16) represents the solution
to Laplace’s equation for a central node with
respect to the adjacent nodes using the SOR
method. The expressions described with this
method for evaluating the potential function ¢
(Wang & Anderson, 1982) are applicable to other
flow conditions that are discussed in this paper.
Thereby, for a node located at the boundary of
an impervious horizontal surface, the solution
to Laplace’s equation with the SOR method is:

o7 =(1-a)e]

+ﬁ[(¢;ﬁ1,j woly )20 ()

For a node located in a vertical impervious
boundary, the solution is:

07" = (1=l
a

*m[(%’fm+¢:’?;51)+2k2¢:'1;;] (18)

For the nodes located in the vertices or exte-
rior corners, the solution is:

¢i,j = (1 - Ol)q):?]

2 (20r e )+ (200, 07

3(1+17) 19

=+
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For the nodes located in the transition zone
of two materials with different permeability’s,
the solution is:

oF = (1-a)gy;

N S R ey
+_

1+y (20)

For a node located in the transition zone
of two materials and at an impervious lower
boundary, the solution is:

q):n;l = (1 - 0‘)4);”]

m+1 m+1 m+1 m
o[ YO + 00 )+ o + ol

2 1+y ] @1)

where y =k /k, k, is the permeability of the first
material and k, is the permeability of the second
material.

Implementing the SOR Method for
Problems of Unconfined Water Flow

If the zones of the flow domain where the water
pressure is zero are determined for free surface
or unconfined flow problems, it is assumed that
the upper flow line is defined at these points
(Cryer, 1970). The Baiocchi’s solution (Baiocchi,
1971; Bruch, 1980) and the Extended Pressure
method (Brezis et al., 1978; Bardet & Tobita, 2002)
are two variants of the SOR method that can be
used to determine the position of the upper flow
line in homogenous media or media composed
of materials with different permeability values,
respectively (as explained below).

Solution to the Problems in Homogenous
Media Using the Baiocchi’s Method
(Baiocchi, 1971; Bruch, 1980)

Instead of using the velocity potential function
¢, the Baiocchi’s method mathematically solves
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Laplace’s equation (in the flow zone and in its
boundaries) for unconfined flow by using a
new variable w that depends on the geometri-
cal characteristics of the problem (Bruch, 1980).
The w variable is numerically expressed with
finite difference linear equations for the nodes
of the mesh that discretize the flow zone under
study. Applying this method, it is possible to
determine the position of the upper flow line
in a homogenous medium because it generates
values of zero (w = 0) for the nodes with a total
water pressure of zero (this means that these
points are at atmospheric pressure). The form of
the expression that describes w depends on the
location of the nodes in the mesh. Consequently,
the different expressions for obtaining w are
described in the following paragraphs (Bruch,
1980). For nodes inside the flow region, w is
determined as follows:

(m+1/2) _ AiAgz,
v 2(A§ +A;)
1 (w””l +w™ +i(w"1+1 +w" )—1)] (22)

AZ| L i-1j T Az \ i i,j+1
x y

As well:

w}(;lu) = max{O, w;’ + a(w§?+1/z) _ wzm])} (23)

where a is the relaxation factor, max {...} is the
maximum absolute value between the two data
values of equation (23), and the remaining vari-
ables are defined in the previous sections. For
the nodes located in the upstream equipotential
boundary, the variable w is defined as:

1 2
w= E(Ll -L) (24)

For the node located in the downstream
equipotential boundary, w is calculated by:

1 2
w =E(L2 -L) (25)
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where L, is the height of the upstream water
level (UWL), L, is the height of the downstream
water level (DWL), and L is the height from a
point of reference (for example, the foundation
soil of the dam) to each one of the nodes accor-
ding to the studied case.

For nodes located in the lower flow bound-
ary (base of the dam), the solution for w is:

L L2 L
=  R—

2 2X, (26)

where X, represents the length of the base of the
dam in X direction, and x is the location of each
node in X direction and 0 (origin) is the toe of
the dam slope.

Solutions to the Problems in Heterogeneous
Media Using the ExtendedPressure Method
(Brezis et al., 1978; Bardet & Tobita, 2002)

In this method, the hydrostatic pressure p is
assumed as the unknown quantity instead of
the potential function ¢. Moreover, the Extended
Pressure concept (Brezis et al., 1978; Bardet &
Tobita, 2002) is used, which modifies Darcy’s
law as follows:

= —k-[grad(p)+ H,(p)grad(y)] ~ (27)

where ¢ is the separation (Ay) between two
nodes in the Y direction. Additionally:

1 ifp=e
H (p)= 28
(p) ple ifpse (28)

The solution to equation (27) is determined
similarly to obtaining the solution of Laplace’s
equation using the SOR method (equation 16)
by introducing the relaxation factor o. Again,
the expressions that govern the behavior at
each node depend on their locations in the
flow domain. Thus, the equations that define
p are described below (Bardet & Tobita, 2002).
To evaluate the behavior of the nodes located
inside the flow region, the hydrostatic pressure
p is defined as:

pi’",].*l =(1- a)pfj

m+1

+1 +p™4 +
40' p1]+l pl]—l p1+1] p1l]

pt] p:"]"'_ll piy,n]'+piyflj+l (29)
2 i, 2

For the nodes located in an impervious

+A

lower flow boundary, the hydrostatic pressure
is determined as follows:

piit =1-a)p}

1 m+ m+ A
a Z(sz / l1 +p1+1] +pl 111) ?y (30)

In contrast to the Baiocchi’s method, the
value that is assigned to the nodes at the equi-
potential boundaries of the mesh is equal to the
hydrostatic pressure regarding the upstream
or downstream water levels (UWL or DWL,
respectively) for each specific case when using
the Extended Pressure method.

For the nodes located at the transition
between two materials with different perme-
ability’s, the following expression is used to
calculate the pressure:

p?ffl =(1- Ot)pff].

m+1

1 m+ m
+Z ( I 1l] +(1+Y)(p1] 1 +Pl ]+1) 2Ypi+1,j

pz] plm]+11 pin,1j+pi,j+;n (31)
2 H, 2

For a node located in the transition zone

+A

and in the impervious lower boundary, the ap-
plicable equation is:

m+l

py =(-opy;

m+1 m+1

+1 piy + (VP! Pl
2 1+y

+AyH,

PPl -
= D( )
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where y = k /k,. Here, k, is the permeability of
the first material and k, is the permeability of
the second material.

Practical Applications

The Initial Conditions using the Baiocchi’s
and Extended Pressure Methods

One advantage of working with equations in
the nodes of a mesh is that they can be pro-
grammed without major complications using
spreadsheets without more sophisticated coding
or programming in other types of software. The
equations of each node are independently and
numerically solved by only considering the data
of the adjacent nodes. In consequence, it is not
necessary (as in the finite element method) to
study the behavior of each element, and then
with the assembly to solve complex linear equa-

tion systems when evaluating global behavior.
This process involves handling and storing a
large number of matrices. In the following para-
graphs, the use of spreadsheets is illustrated by
using the equations of the SOR method to solve
two free surface (unconfined flow) problems in
dams.

Figure 2 shows an unconfined flow problem
in a homogenous and isotropic dam. In the same
figure, the locations of some of the nodes and
boundaries with the equations or conditions
that govern their behavior are shown. These
parameters are listed in Table 1 for the Baioc-
chi’s and Extended Pressure methods.

Similarly, Figure 3 exemplifies a flow prob-
lem in a dam that is constructed of materials
with different permeability’s. The boundary
conditions and their governing equations for
this case when applying the Extended Pressure
method are provided in Table 2.

Ly

Figure 2. Approach of a surface free problem (unconfined flow) through a homogenous and isotropic earth dam.

Table 1. Baiocchi’s and Extended Pressure methods, parameters.

Boundary Baiocchi Extended Pressure
AB Eq. (24) p=L,-L
AE Eq. (26) Eq. (30)
DE Egs. (22) and (23) Eq. (29)
FG Eq. (25) p=L,-L
GH w=0 p=0
] Egs. (22) and (23) Eq. (29)
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Figure 3. Approach of a surface free problem (unconfined flow) through a dam composed of materials with different

permeability’s.

Table 2. Boundary conditions and their governing equations.

Boundary Extended Pressure Boundary Extended Pressure
AB p=L,-L GH p=0
AE Eq. (30) I Eq. (29)
DE Eq. (29) J Eq. (32)
FG p=L,-L K Eq. (31)

It is recommended that the nodes in the
downstream slope of the dam or earth structure
(boundaries FGH, indicated with open circles in
Figure 2 and Figure 3, respectively) should be
placed outside the flow zone (the ghost nodes)
(Wang & Anderson, 1982). This process allows
the upper flow line to develop fully inside
the flow zone rather than being forced to end
exactly at the DWL (downstream water level).
Otherwise, it is possible that the free discharge
surface will not be well defined.

In the problems discussed herein, a relaxation
factor of o = 1.7 was assumed, which is the recom-
mended value for significantly optimizing and
reducing the calculation time (Salmasi & Aza-
mathulla, 2013). Besides, the analyses are con-
ducted in the following stages: 1) calculation of
the upper flow line position, 2) evaluation of the
potential function ¢ for drawing up equipotential
lines, 3) estimation of the stream function values
W for drawing up the flow lines, 4) calculation of

the hydraulic gradients, and 5) evaluation of the
seepage flux (as described below).

Flow Problem Solution for a Homogenous
Dam

The flow of water through a homogenous
earth dam that was built on impervious rock
was studied. Figure 4 shows the geometrical
characteristics and the mesh that were used for
implementing the SOR method, with a node
spacing or distance of Ax = Ay = 0.20 m. The
studied dam has 2:1 slopes upstream and down-
stream with assumed water levels of UWL = 9.0
m (upstream) and DWL = 2.0 m (downstream).

Along with a spreadsheet, Figure 5 presents
the results that were obtained in stage 1) when
deducing the position of the upper flow line.
The spreadsheet was cut so to appreciate the
results at the toe of the dam and near its crest (in
part of the upstream slope). The values in each
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Figure 4. Geometric characteristics and mesh used for implementing the SOR method in a homogenous earth dam that was

built on impervious rock.

of the cells represent the solutions that were
obtained by means of the Baiocchi’s (Figure 5a)
and Extended Pressure (Figure 5b) equations,
which are indicated in Section “The initial
conditions using the Baiocchi’s and Extended
Pressure methods”.

Once the upper flow line is defined, the
boundary conditions are modified for continu-
ing the calculation process. First, the potential
function ¢ is determined for drawing up the
equipotential lines. Second, the values of the
stream function W are obtained for drawing up
the flow lines. In this way, in stage 2), the respec-
tive values of total pressure h (Equation (3)) are
assigned in the nodes located at the boundaries
of water infiltration (upstream), the discharge
(downstream) area, and in the upper flow line to
evaluate the potential function ¢. Whereas, the
nodes of the lower flow boundary (impervious
base of the dam) are governed by Equation (17).
In stage 3) considering an analogy of ¥ with
¢, it is possible to use the same equations for
calculating the stream function W that were used
for calculating the potential function ¢. Here,
the boundary conditions are modified again
according to the following situations: a) in the
lower flow line (impervious boundary), a value
of zero is assigned to all nodes (¥, = 0) and b)
the value assigned to the upper flow line repre-
sents the flux that passes between the upper and
lower flow lines, which corresponds to the total

« ISSN 2007-2422

seepage flux through the dam (¥, = g, ) (Bardet
& Tobita, 2002; Bosch & Davis, 1997). Figure 6a
exhibits the position of the upper flow line that
was obtained using the Baiocchi’s and Extended
Pressure techniques (based on the SOR method).
For comparison purposes, this figure also shows
the position of the upper flow line that was cal-
culated with the Kozeny’s parabola (a rigorous
method proposed by Kozeny in 1931) and the
finite element method (an approximate numeri-
cal method that was applied here through the
SEEP/W algorithm, Geo-Slope International
Ltd., 2008).

As revealed in Figure 6a, the upper flow
lines calculated with the procedure proposed
here using the SOR method were similar to
those determined by the other methods. In
particular, the Extended Pressure technique
matches the solution that was obtained by the
finite element method. Figure 6b provides the
numerically calculated flow net based on the
SOR method, which considers the position of
the upper flow line that was obtained with the
Extended Pressure method. Additionally, Figure
6b confirms that the SOR method can be used to
define the flow net accurately.

Flow Problem Solution for a Dam Composed
of Materials with Different Permeability s

Here, the water flow through a dam compo-
sed of distinct materials was studied. Figure
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a) Values of w computed with Baoicchi’s solution

C D E F G H 1 ] K L AV AW AX AY  AZ BA BB BC
N
(2)

y (m)
0.00 0.00
020 000 | 0.00
0.40 000 | 0.00 | 0.00
0.60 000 | 000 | 000 [ 0.00
0.80 - 002 [ 000 | 000 [ 000 | 0.00
1.00 008 | 001 [ 000 [ 000 [ 0.00 [ 0.00
1.20 002 | 002 | 000 [ 000 [ 000 [ 000 | 0.00
1.40 008 | 002 | 000 | 000 | 000 | 000 | 000 | 000
8.60 28.88 | 1862 | 1830 | 17.98 | 17.65 | 1733 | 17.01 | 16.69 | 16.37
8.80 VR 3042 | 3040 | 19. 947 | 19.14 | 1880 | 1847 | 1814 | 1782 | 1749
9.00 (1) 3200 | 3204 | 3200 | 210 3 D68 | 2034 | 2000 | 1966 | 1932 | 1898 | 18.64
9.20 33.62 | 3375 | 33.77 | 3371 | 2220T"21.92 | 2157 | 21.23 | 20.88 | 2053 | 20.18 | 19.84
9.40 3528 | 3555 | 3565 | 3563 | 3552 | 2357 | 2321 | 2285 | 2249 | 22.14 | 21.78 | 2143 [ 21.07
9.60 3698 | 3750 | 3770 [ 3771 | 3761 | 37.43 | 2490 [ 2454 | 2417 | 2380 [ 2344 | 2307 [ 2271 | 2234
9.80 3872 | 39.79 | 40.09 | 40.08 | 39.93 | 39.70 | 39.43 | 2628 | 2590 | 2553 | 25.15 | 24.78 | 24.40 | 24.03 | 23.65
10.00 4050 | 43.80 | 43.41 | 43.03 | 42.65 | 42.26 | 41.88 | 41.50 | 27.69 [ 27.31 | 2692 | 2654 | 2646 | 2577 | 2539 | 25.01

x(m) | 000 | 040 | 080 | 120 | 160 | 200 | 240 | 2.80 | 17.20 | 17.60 | 1800 | 1840 | 1880 | 1920 | 19.60 | 20.00

[ Boundary values (Eq. 24)
Boundary values (Eq. 26)

b) Values of p calculated with Extended Pressure method

[ ] Internal values (Eq. 22 and 23)

B C D E F G H 1 ] K AU AV AW AX AY AZ BA BB
N
[ 2)

y (m)
000 | @ ———-=== 7257
0.20 % 0.00 [ 0.00
0.40 000 | 000 | 0.00
0.60 0.00 0.00 | 000 [ 0.00
0.80 7 @ - 0.00 | 000 | 000 | 000 | 0.00
1.00 : i 000 | 001 [ 001 000 | 000 [ 0.00
1.20 020 | 008 | 004 | 002 [ o001 001 | 0.00
1.40 040 | 029 | 016 | 0.09 | 005 | 003 | 002 | 001
8.60 7.60 716 | 710 | 7.05 | 699 | 992 | 686 | 679 | 673
8.80 yah 780 | 783 | 7. 34 | 728 [ 722 [ 716 710 | 703 [ 696
9.00 1) 8.00 804 | 807 | 74 3 )38 752 | 746 | 740 733 | 727 | 720
9.20 820 | 824 | 827 [ 831 | 7877778 [ 776 | 770 | 764 758 | 751 | 744
9.40 840 | 844 | 848 [ 852 [ 855 | 811 | 806 | 800 | 794 | 7.88 782 | 775 | 7.69
9.60 860 | 864 | 868 | 872 | 876 | 879 836 | 830 | 825 | 819 [ 813 806 | 800 | 7.93
9.80 880 | 885 | 889 | 893 | 897 | 901 | 904 | 861 | 855 | 849 | 843 | 837 831 | 824 | 818
10.00 900 [ 905 | 909 | 914 | 918 [ 922 [ 925 [ 929 | 885 | 880 [ 874 [ 868 | 862 | 856 | 849 | 843

x(m) | 0.00 | 040 | 0.80 | 120 | 1.60 | 200 | 240 | 280 | 1720 | 17.60 | 18.00 | 1840 | 1880 | 1920 | 19.60 | 20.00

[___] Boundary values (hydrostatic pressure)
Boundary values (Eq. 30)

Figure 5. Values of w and p that were calculated at the nodes of boundaries and inside the flow zone (upstream slope) by
applying: a) the Baiocchi’s solution, and b) the Extended Pressure method.

[ Internal values (Eq. 29)

7 shows the geometric characteristics and the
mesh that was used for implementing the SOR
method with a node spacing or distance of
Ax =0.20 and Ay = 0.10 m, respectively. Likewise,
this figure shows an upstream water level of

UWL =9.0 m (1.0 m below the crest of the dam)
and upstream and downstream slopes of 2:1
for the dam. The core of the dam is composed
of a low permeability material (k,) relative to
the adjacent transition materials (k, and k,). The
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a)

UWL

b)

- ==~ Kozeny’s solution

— — Finite element

— Extended Pressure method
—:— Baiocchi’s solution

__ Upper flow line

(Extended Pressure method)
—— Equipotential lines
—— Flow lines

Figure 6. Study of the flow of water through a homogenous and isotropic earth dam: a) comparison of the upper flow lines

obtained by using different methods, and b) the flow net numerically calculated with the Extended Pressure method (based on

SOR).

ratio between the permeabilities of the core
material and the upstream transition material is
k,/k,= 0.1, and the ratio between the core mate-
rial permeabilities and the downstream transi-
tion material is k,/ k, = 10. At the toe of this dam,
a horizontal sand filter with high permeability
and a length of 10.0 m was placed, which relie-
ves water pressure to avoid or mitigate erosion
problems at this part of the dam.

This practical application is solved similarly
to the previous application as follows: stage 1)
deduction of the upper flow line position with
the Extended Pressure method, stage 2) evalua-
tion of the potential function ¢ for drawing the
equipotentials lines, and stage 3) calculation of
the stream function values W for drawing the
flow lines. Moreover, once the water pressure
variations in the dam are obtained, in order
to complete the flow problem solution the
hydraulic gradients are determined in stage 4)
and the seepage flux is calculated in stage 5)

« ISSN 2007-2422

as indicated below. To evaluate the hydraulic
gradient (resulting magnitude) inside the flow
zone, the following expression can be applied in
terms of finite differences (Budhu, 2000):

2

ot (oo

z(res)x_,/ = = + &

2

(33)

where i(res) is the hydraulic gradient value
(resulting magnitude) in each node of the mesh.

The flow rate calculation is determined by
drawing a vertical line or plane across the flow
region and using the pairs of nodes over this
line that are located in transverse direction to
the flow. Thus, the flow rate is obtained from
the following equation (Budhu, 2000):

kA (&
Qi = ﬁ(}l=D(¢i—1,j - ¢i+1,]’))

X

(34)
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Figure 7. Geometric characteristics and mesh used for implementing the SOR method in a dam composed of different materials

and a high permeability sand filter at the toe of the downstream slope.

where:

q,,= total flow rate across the flow zone.

k= permeability in the X direction.

D = nodes located in the lower line.

E = nodes located in the upper line.

Ax = distance between two nodes in the X
direction.

Ay = distance between two nodes in the Y

direction.

Figure 8 shows the spreadsheet that is used
to solve the problem. The values of the cells cor-
respond with the hydrostatic pressure (p) that
was calculated for the nodes of the impervious
boundary, the filter and inside the flow zone
when applying the Extended Pressure method
(the spreadsheet is cut off to show a portion of
the results).

Figure 9a shows the flow net that was nu-
merically obtained with the SOR method in
the analyzed dam. In this case, the upper flow
line was calculated with the Extended Pressure
technique. For comparison purposes, Figure 9b
presents the upper flow line that was obtained
using the finite element method through the
SEEP/W algorithm (Geo-Slope International
Ltd., 2008). When comparing the results ob-
tained with SOR and FEM, similarities were

observed. In the zone of the material with lower
permeability, a greater loss of hydraulic head
occurs. However, due to the law of continuity
for the steady-state flow, the total flow rate that
traverses the three flow zones is the same ¢, ,
= 0.65 m*/s. This flow rate was calculated in
terms of finite differences with Equation (34).
Similarly, the classical theory notes (Cedergren,
1989) cases where the flow domain consists of
two or more portions with different perme-
abilities (each one consists of a homogenous and
isotropic soil), in which the flow net is distorted
at the boundaries between contiguous materials
(Figures 9a and 9b) so that the same amount of
flux passes through both sides of the boundary
between two flow lines. Thus, Figures 9a and
9b point out that the permeability is lower for
the wider flow channels and greater for the nar-
rower flow channels (Flores, 2000).

Finally, Figure 10 provides the hydraulic
gradient (resulting magnitude) in the flow zone
that was calculated using finite differences with
Equation (33).

Conclusions
Here, an alternative for analyzing free surface

problems was proposed. This alternative was
established on the numerical solution of finite
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1 3 0 171 172 173 174 175 176 177 178 179 180 181 182 183 184
0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
y (m) 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8.2 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8.3 0.04 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8.4 0.08 0.05 0.03 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8.6 0.19 0.14 0.09 0.05 0.03 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8.7 0.25 0.20 0.14 0.09 0.05 0.03 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8.8 0.31 0.25 0.19 0.14 0.08 0.05 0.03 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
8.9 0.36 0.30 0.24 0.18 0.13 0.08 0.04 0.03 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00
9 0.42 0.35 0.29 0.23 0.17 0.11 0.07 0.04 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00
9.1 0.47 0.40 0.34 0.27 0.21 0.15 0.10 0.06 0.03 0.02 0.01 0.01 0.00 0.00 0.00 0.00
9.2 0.52 0.45 0.38 0.31 0.25 0.18 0.13 0.08 0.05 0.03 0.02 0.01 0.01 0.00 0.00 0.00
9.3 0.58 0.50 0.42 0.35 0.28 0.21 0.15 0.10 0.06 0.04 0.02 0.01 0.01 0.01 0.00 0.00
9.4 0.63 0.54 0.46 0.38 0.30 0.23 0.17 0.12 0.08 0.05 0.03 0.02 0.01 0.01 0.00 0.00
9.5 0.68 0.59 0.49 0.40 0.32 0.25 0.19 0.13 0.09 0.06 0.04 0.02 0.01 0.01 0.01 0.00
9.6 0.73 0.63 0.53 0.42 0.33 0.25 0.19 0.14 0.10 0.06 0.04 0.03 0.02 0.01 0.01 0.00
9.7 0.79 0.67 0.55 0.43 0.33 0.24 0.18 0.13 0.10 0.07 0.05 0.03 0.02 0.01 0.01 0.01
9.8 0.85 0.72 0.58 0.43 0.30 0.21 0.15 0.12 0.09 0.07 0.05 0.03 0.02 0.01 0.01 0.01
9.9 0.93 0.78 0.62 0.43 0.22 0.14 0.11 0.09 0.07 0.05 0.04 0.03 0.02 0.01 0.01 0.00
10 1.02 0.87 0.68 0.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
x(m) | 332 33.4 33.6 33.8 34 34.2 34.4 34.6 34.8 35 352 35.4 35.6 35.8 36 36.2

[ Boundary values (filter hydrostatic pressure) [ Internal values (Eq. 29)

Boundary values (Eq. 30)

Figure 8. Values of the hydrostatic pressure (p) that were calculated for the nodes of the impervious boundary, in the filter and
inside the flow zone by applying the Extended Pressure method.

a) Gror=0.65m% /s
—A
I ___Upper flow line
—— (Extended Pressure method)
— Equipotential lines
—— Flow lines

UWL
Z

b)

vUWL Upper flow line

T {finite element)

7
Figure 9. a) Flow net that was calculated with the SOR method in a dam composed of different materials and a horizontal filter
at the toe of the downstream slope, and b) the upper flow line obtained by the finite element method.
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__ Upper flow line
(Extended Pressure method)

—— Resulting hydraulic gradient

Figure 10. Resulting hydraulic gradient value that was calculated by the SOR method.

difference equations using the SOR (Successive
Opverrelaxation) method. The implementation of
two techniques based on the SOR method were
shown, including the Baiocchi’s solution and the
Extended Pressure method, which utilize the
Gauss-Seidel iterative process. The equations
of the SOR method can be easily enabled using
spreadsheets for the solutions of different types
of flow problems of variable complexity (such
as free surface problems) without requiring so-
phisticated programing or specialized software.
Using the SOR method, the equations of each
node are numerically solved independently and
automatically by considering the data of the
adjacent nodes. Thus, it is not necessary (as in
other numerical methods such as the FEM meth-
od) to study the behavior of each element and
afterward with the assembly to solve complex
systems of linear equations in order to evaluate
the global behavior, which involves the storage
and handling of a large number of matrices that
increase the calculation time. The applicability
of the method was exposed by the unconfined
water flow analysis through homogenous and
heterogeneous earth dams. By using the SOR
technique, the variations of the potential func-
tion ¢ and the stream function W were calculated
for numerically drawing the flow net. In addi-
tion, the resulting magnitude of the hydraulic
gradient, the total flow rate and the position
of the upper flow line were estimated with the
Baiocchi’s and Extended Pressure techniques.

From the analyses performed, the Extended
Pressure method was shown to provide results
with better approximation than the Baiocchi’s
solution. In particular, the Extended Pressure
method provides practically equal results to
those calculated with FEM. One additional
advantage that was observed in the Extended
Pressure method is that it does not require a
very refined discretization of the flow domain.
In consequence, this method can be used to
obtain good results even when the separation
between the nodes of the mesh is large (a coarse
grid). The obtained results demonstrate that
the techniques implemented in this paper are
simple and easily applied. Furthermore, these
techniques provided similar results to those
obtained with the currently popular numerical
methods, such as the finite element method.
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Resumen

Muioz, H., Orozco, S., Vera, A., Suérez, J., Garcia, E., Neria,
M., & Jiménez, J. (septiembre-octubre, 2015). Relacién entre
oxigeno disuelto, precipitacién pluvial y temperatura: rio
Zahuapan, Tlaxcala México. Tecnologia y Ciencias del Agua,
6(5), 59-74.

La concentraciéon de oxigeno disuelto (OD) en el rio
Zahuapan ha disminuido a través de los afios debido a
la contaminacién. El objetivo de este trabajo es conocer la
relacién del OD con la precipitacion pluvial y temperatura.
Se realizaron mediciones de OD en dos puntos (PM1 y PM2)
del rio. Se utiliz6 la prueba de Mann-Whitney para comparar
las concentraciones entre los puntos de medicién y entre las
de la temporada de sequia con las de lluvia. Se encontré
relacién entre el OD y la temperatura de la corriente. El
OD fue mayor en PMI (corriente arriba), comparado con
PM2 y entre ambos hubo diferencias significativas. Antes
y en la temporada de lluvia, los valores de OD tuvieron
tendencias atipicas; después de las lluvias, las tendencias
fueron comparables con las reportadas en la literatura. Se
obtuvieron relaciones significativas entre las varianzas y
promedios del OD con la lluvia acumulada. Los valores
de OD de la temporada de lluvias fueron mayores y
significativamente diferentes comparadas con las de sequia.
Se concluye que el OD estd relacionado con la temperatura
y que las precipitaciones pluviales afectaron de manera
positiva la concentracién de OD en el rio.

Palabras clave: oxigeno disuelto, temperatura, lluvias, rio
Zahuapan.

Introduccion

Las actividades humanas han afectado a los rios
en numerosas formas, por ejemplo, a través de de-
forestacion, urbanizacién, agricultura, canales de
drenaje, descargas de contaminantes y regulacion
de flujos (presas, diques, etc.) (Bellos & Sawidis,

Abstract

Muiioz, H., Orozco, S., Vera, A., Sudrez, ]., Garcia, E., Neria, M.,
& Jiménez, ]. (September-October, 2015). Relationship between
Dissolved Oxygen, Rainfall and Temperature: Zahuapan River,
Tlaxcala, Mexico. Water Technology and Sciences (in Spanish),
6(5), 59-74.

The concentration of dissolved oxygen (DO) in the Zahaupan
River has decreased over the years due to pollution. The objective
of the present work is to identify how DO is related to rainfall and
temperature. Measurements of DO were taken at two points (MP1
and MP2) in the river. The Mann-Whitney test was used to compare
concentrations at the measurement points and the measurements
obtained during the dry and rainy seasons. A relationship was found
between DO and the temperature of the river. DO was higher at
MP1 (upstream) than at MP2 and significant differences were found
between both. Before and during the rainy season, DO values had
atypical trends while after the rainy period they were comparable
to those reported by the literature. Significant relationships were
found between variances and average DO and accumulated rainfall.
DO values during the rainy season were higher than those during
the dry period and significantly different. It is concluded that DO
is related to temperature and that rainfall positively affects DO
concentrations in the river.

Keywords: Dissolved oxygen, temperature, rainfall, Zahuapan
River.
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2005). Es grave la contaminacién de los rios por
las descargas de aguas residuales crudas en las
economias en desarrollo. Los constituyentes con-
vencionales, no convencionales y emergentes de
las aguas residuales municipales crudas (Metcalf
& Eddy Inc., 2003), al ser vertidos a los cuerpos
de agua, disminuyen la concentracién de oxigeno
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disuelto (OD). Bajo condiciones naturales, los
rios deben estar por lo menos 80% saturados
de OD, con variaciones ciclicas diurnas, aun en
los cuerpos de agua pristinos debido a las tasas
de fotosintesis (Ridanovié, Ridanovié, Jurica,
& Spasojevié, 2010). La produccién primaria,
la respiraciéon de la comunidad y las tasas de
aireacion controlan los cambios de concen-
traciéon del OD con respecto al tiempo (Riley
& Dodds, 2013). Estos factores, a su vez, son
influenciados por la temperatura (Wehmeyer &
Wagner, 2011), profundidad del rio y turbiedad
(Shields & Knight, 2012), disponibilidad de luz
y actividad autotréfica (Bernot & Wilson, 2012),
condiciones hidrométricas (He, Chu, Ryan, Va-
leo, & Zaitlin, 2011), elevados niveles de materia
orgdnica (Guzman et al., 2011), turbulencia y
volumen de mezclado (Mulholland, Houser, &
Maloney, 2005), tipo de sustrato o lecho del rio
(Huggins & Anderson, 2005), y escurrimientos
provocados por las precipitaciones pluviales
(Graves, Wan, & Fike, 2004). En relacion con el
efecto de las lluvias sobre el OD, se ha reportado
que tienen un efecto positivo (Barceld, Lopez,
Solis, Dominguez, & Gémez, 2012) y, por otro
lado, que no hay relacién aparente entre estas
variables (Wehmeyer & Wagner, 2011).

La concentracién de OD en el rio Zahuapan
ha venido disminuyendo a través de los afios.
En la década de 1970 atin era posible nadar en
el rio Zahuapan (experiencia propia de un autor
de este trabajo), cuya concentracién de OD en
1978, reportada en un documento publicado por
Sedue (1985), fue de 6 a 8 mgl'. En México, la
legislacién establece en los criterios ecolégicos
de calidad de agua (CE-CCA-001-89) como
limite minimo 5 mgl™ para la proteccién de la
vida acudtica tanto en agua dulce como en agua
marina (Sedue, 1989). Con la implementacién
en el estado de Tlaxcala de manera generali-
zada del servicio de drenaje en los principales
centros de poblacién, en la década de 1980 se
iniciaron las descargas de aguas residuales sin
tratamiento a barrancas o directamente al rfo.
Esto tuvo un efecto negativo en la concentracion
del OD, como lo muestran los datos publicados
por la Coordinacién General de Ecologfa del
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Gobierno del Estado de Tlaxcala (CGE, 1997),
con los cuales se obtiene un promedio de OD
para 1997 igual a 3.03 mgl™. Para el afio 2007, las
concentraciones disminuyeron més, alcanzando
un valor promedio de 2.97 mgl! (Mufioz et al.,
2012). Aunque en la parte sur del rio las concen-
traciones pueden ser permanentemente iguales
a cero durante todo el ano, en 2012 la concen-
tracién promedio de OD disminuy6 atin més,
como lo demuestran los datos publicados en la
pégina web de la Comisién Estatal del Agua de
Tlaxcala (CEAT, 2012), los cuales arrojaron un
valor de 2.5 mgl™. Sin embargo, aunque el OD es
un indicador clave de la calidad de agua de un
rio, porque el OD influye en casi todos los pro-
cesos quimicos y bioldgicos en los cuerpos de
agua (Wenner, Sanger, Arendt, Holland, & Chen,
2004), hasta ahora sélo se han reportado con-
centraciones de OD de muestras instantdneas
para el rio Zahuapan. Por tal motivo, el objetivo
de este trabajo es contribuir con informacién
sobre las variaciones de concentraciéon del OD
y la relacién de esta variable con la temperatura
ambiental y precipitacion pluvial.

Metodologia
Descripcion del drea de estudio

El rio Zahuapan se forma con los escurrimientos,
manantiales y descargas de agua residual que
se generan en la subcuenca, cuyo nombre, dado
por el Instituto de Estadistica Geografia e Infor-
matica (INEGI, 2010), es Subcuenca RH18Ai-R.
Zahuapan. La Subcuenca se encuentra ubicada
en la parte alta de la cuenca del rio Balsas, que
comprende la Region Hidrolégica 18. La cuenca
del rio Balsas estd conformada por dos grandes
provincias fisiograficas: la Sierra Madre del Sur
y el Eje Neovolcanico, cuya evolucién, a través
de los tiempos geoldgicos, dio lugar a una
amplia variedad de caracteristicas orograficas,
climdticas e hidrolégicas. Esto propici6 la forma-
cién y desarrollo de suelos de distintas propie-
dades, en una diferenciada gama de condiciones
que, a su vez, han permitido una rica diversidad
de flora y fauna (Conagua, 2010). En el Eje Neo-
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volcénico se encuentra la subcuenca RH18Ai-R.
Zahuapan. La subcuenca tiene una superficie
calculada de 1631.6 km? (INEGI, 2010). En el
norte de la subcuenca nace el rio Zahuapan,
entre los limites de los estados de Tlaxcala y
Puebla (figura 1). La presa de Atlangatepec es la
obra hidrdulica mds importante que interrumpe
el flujo del rio. Del nacimiento a la confluencia
con el rio Atoyac tiene una longitud aproximada
de 98 km. La direccién de la corriente es de norte
a sur y tiene una pendiente media de 0.011. La
anchura y profundidad del rio es variable a lo
largo de su trayectoria. La precipitacién media
anual es de aproximadamente 700 mm. En el
norte de la subcuenca, la actividad econémica
predominante es la agricultura de temporal;
en el sur hay una combinacién de actividades
agricola (de riego y de temporal) e industrial.
La poblacién estd concentrada en el centro-sur
de la subcuenca, con densidades poblacionales
en algunas dreas urbanas mayores de 1 000 hab
km=.

Recopilacion y andlisis de informacion

Se realizaron 16 mediciones diurnas de OD
en dos puntos del rio Zahuapan (figura 1). El
punto 1 (PM1) se ubica corriente arriba, a una
distancia de 1 968 metros del punto 2 (PM2),
corriente abajo. El periodo de medicién inicié
el 16 de febrero de 2012 y culminé el 29 de
enero de 2013. Se seleccionaron dias de las
temporadas de sequia y lluvia, de tal manera
que las mediciones incluyeran los siete dias de
la semana. Las temporadas de sequia y lluvia se
definieron con base en los boletines que emitié
la Comisién Nacional del Agua (Conagua) para
el inicio y fin de la temporada de huracanes
(Conagua, 2012). Las lecturas se realizaron
en la orilla del rio. Las mediciones en la orilla
pueden considerarse representativas de toda la
seccién transversal, dado que el lugar donde se
instalaron los electrodos tiene buen mezclado
por su poca profundidad, la cual no es mayor de
50 cm. Se registraron las concentraciones de OD,
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Figura 1. Area de estudio en la subcuenca del rio Zahuapan, Tlaxcala, México.
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temperatura de la corriente del agua (Tagua)
y presién atmosférica. Se utilizaron electrodos
nuevos de luminiscencia de la marca Hach®,
facilitados por la empresa Aquatec-México,
S.A. de R.L,, los cuales se calibraron segtin las
especificaciones del fabricante. Los registros
se realizaron cada cinco minutos. El electrodo
permanecié sumergido en la corriente del rio
durante el tiempo de cada dia de medicién. En
la mayoria de las mediciones, el tiempo fue de
ocho horas. El porcentaje de saturacién de OD
(%ODsat) se calculd con la ecuacién %ODsat
= (OD/ODsat)*100, donde ODsat es el OD a
saturacién, el cual fue calculado con base en
Master (2008). Se calcularon el promedio, mi-
nimo, maximo, varianza, Kurtosis y Percentil
CCA, este tultimo se utiliza en este trabajo como
indicador del porcentaje de datos menores a
5 mgl' de OD, el cual es el limite minimo de
OD en los cuerpos de agua establecido en los
criterios CE-CCA-001/89 (Sedue, 1989). Cuando
el valor minimo de los datos es mayor que 5
mgl, significa que hay 0% de datos menores a
este limite o el percentil CCA es igual a cero, lo
cual implica que el rfo tuvo una concentracién
de OD que cumplié con el criterio ecolégico
durante el tiempo de medicién. Por otro lado,
cuando el valor mdximo es menor a 5 mgl”,
implica que 100% de los datos registrados en
ese dfa de medicién fue menor a este limite o el
percentil CCA es igual a 100. Todos los analisis
estadisticos y las gréficas se realizaron con el
programa Statistica, versién 8.0 (Statsoft, Inc.,
2007). Se usaron coeficientes de correlacién para
conocer la relacién de las concentraciones de
OD entre PM1 y PM2, entre OD y Tagua, entre
OD vy precipitacion pluvial (PP) registrada en
cinco estaciones climatoldgicas (EC) y en el ob-
servatorio climatolégico (OC). Las correlaciones
se realizaron empleando tanto el promedio y va-
rianza del OD de cada medicién con la PP diaria
(PPdiaria) y acumulada (PPacu). Se elaboraron
matrices de correlaciones de estas variable de 1
a 20 dfas antes del dfa de la medicién del OD.
Los datos de PP fueron proporcionados por la
Conagua (Conagua, 2013). La significancia del
valor de r se estim6 con la prueba de Pearson.
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Para comparar estadisticamente las concentra-
ciones de OD entre PM1 y PM2, y entre OD de la
temporada de lluvia con la de sequifa, se utilizé
la prueba de Mann-Whitney.

Resultados

a) Temperatura de la corriente-temperatura
ambiente-OD

El resultado de la estadistica basica, que consiste
en el promedio, minimo, méaximo, varianza,
Kurtosis y Percentil CCE de la temperatura del
agua de la corriente del rio (Tagua) y del OD
se encuentran en el cuadro 1. Se registré una
temperatura minima del agua del rio igual a 11.2
°C y médxima de 23.4 °C, la primera registrada en
invierno y la segunda en verano. Las tempera-
turas promedio de la corriente del rio en los dos
puntos de medicién y la temperatura ambiente
tuvieron una misma tendencia (figura 2), aun-
que en PM2 (Tagua2) resulté ligeramente mayor
que en PM1 (Tagual) en aproximadamente un
grado Celsius. Los promedios de las tempe-
raturas de la corriente resultaron ser mayores
que las del ambiente. En los Criterios Ecoldgicos
de Calidad del Agua CE-CCA-001/89 (Sedue,
1989) se establece que el nivel mdximo de tem-
peratura para la proteccién de la vida acudtica
en los cuerpos de agua es igual a la temperatura
en condiciones naturales +1.5 grados Celsius. En
PM?2 se sobrepasé este limite en cuatro ocasio-
nes y en PM1 dos veces. En tres dias de registro,
dos en PM1 y uno en PM2, las temperaturas del
agua fueron menores que las del ambiente. La
varianza vari6 entre 0.69 y 13.54 en PM1, y entre
0.40 a 10.34 en PM2. En todas las mediciones de
los dos puntos se obtuvieron valores negativos
del coeficiente de Kurtosis de Fischer, lo cual
indica que la distribucién de los datos es de la
forma platictrtica, es decir, los datos tienen una
distribucién menos apuntada que la normal.
En el cuadro 2 se encuentran los resultados
de los coeficientes de correlacién r de Pearson
entre OD y Tagua. En todas las mediciones
se obtuvieron coeficientes significativos que
muestran buena relacién entre estas variables.
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Cuadro 1. Estadistica bésica de la temperatura y oxigeno disuelto medidos en el rio Zahuapan (las celdas sombreadas indican

temporada de lluvias, las otras sequia).

Temperatura del agua de la corriente Oxigeno disuelto en la corriente
i N - . . I (. . .| Percentil

N |Promedio|Minimo|Maximo |Varianza| Kurtosis |Promedio | Minimo | Maximo | Varianza |Kurtosis CCA
Jue. 16. feb. 2012 36 17.7 16.3 19.0 0.7 -1.3 2.83 2.60 3.09 0.02 -1.5 100
Vie. 16. mar. 2012 47 19.4 16.1 224 3.8 -1.3 3.78 2.20 4.34 0.30 22 100
Mar. 03. abr. 2012 [1; 60 17.5 13.0 21.8 7.8 -11.3 3.26 2.19 4.38 0.46 -1.3 100
Mié.16.may.2012 | N | 138 20.0 15.3 23.1 7.1 -1.1 3.11 1.04 4.20 0.96 -14 100
Séb. 16. jun. 2012 (1; 99 17.7 16.3 19.8 1.8 -1.5 3.74 3.15 4.43 0.06 0.2 100
Jue. 28. jun. 2012 73 19.0 17.0 229 3.1 -1.1 5.77 5.24 6.42 0.10 -0.8 0
Vie. 20. jul. 2012 DE| o7 18.4 15.7 213 2.5 -0.8 5.98 5.34 6.95 0.23 -0.9 0
Dom. 12. ago. 2012 pf [ 93 16.9 16.0 18.6 0.8 -1.1 6.66 6.13 7.06 0.08 -1.2 0
Lun. 10. sep. 2012 E| o7 19.6 16.0 225 41 -1.1 5865 4.46 5.86 0.22 -1.2 29
Mar. 02. oct. 2012 ]ID 98 193 154 221 54 -1.3 5.40 4.51 5.90 0.17 -0.7 15
Mié. 10. oct. 2012 | C | 98 16.6 134 19.5 3.8 -1.4 6.76 6.21 7.11 0.08 -1.0 0
Sab. 13. oct. 2012 CI) 98 18.9 14.1 222 8.2 -1.3 6.22 5.38 6.92 0.26 -1.4 0
Dom. 18. nov. 2012| N | 95 18.0 12.3 222 13.5 -1.5 5.72 4.56 6.34 0.26 -0.1 13
Lun. 26. nov. 2012 98 16.6 11.2 21.2 13.5 -1.6 743 4.75 8.48 1.46 -0.2 8
Lun. 17. dic. 2012 ! 65 14.7 11.3 19.8 8.9 -1.5 6.31 4.34 7.56 1.36 -1.3 22
Mar. 29. ene. 2013 97 16.0 11.2 20.3 12.0 -1.6 5.80 3.50 6.81 1.34 -0.6 25
Jue. 16.f eb. 2012 24 18.4 17.2 19.4 0.4 -0.8 1.26 1.05 1.40 0.01 -1.2 100
Vie.16.mar.2012 36 20.3 17.1 23.2 3.8 -1.2 4.15 3.64 4.40 0.06 -0.1 100
Mar. 03. abr. 2012 [Ijl 44 18.6 14.1 22.5 7.1 -1.3 3.72 2.72 4.57 0.17 0.8 100
Mié. 16. may. 2012 N | 129 21.0 15.2 24.5 9.4 -1.0 2.86 0.00 4.35 2.17 -1.1 100
Séb. 16. jun. 2012 g) 86 17.8 16.2 20.1 21 -1.5 BY5 2.58 3.79 0.09 -0.2 100
Jue. 28. jun. 2012 66 19.5 17.0 23.4 42 -1.2 4.88 4.07 5.72 0.24 -1.0 63
Vie. 20. jul. 2012 — 89 19.0 15.8 223 3.1 -0.7 %5 4.38 6.53 0.40 -1.1 38
Dom. 12. ago. 2012 pp | 95 17.5 16.1 19.2 1.2 -1.6 5.86 5.19 6.68 0.24 -1.3 0
Lun. 10. sep. 2012 E| 89 20.1 159 23.0 54 -1.3 4.66 2.47 5.61 1.05 -0.5 44
Mar. 02.oct. 2012 [I) 87 19.3 155 221 5.6 -1.5 3.60 2.96 4.22 0.19 -1.6 100
Mié. 10. oct. 2012 | C | 84 17.0 13.8 19.3 &3 -1.4 6.07 5.29 6.52 0.13 -14 0
Séb. 13. oct. 2012 (Ij 91 18.8 14.0 224 8.5 -1.4 5.09 3.74 6.27 0.74 -1.6 46
Dom. 18. nov. 2012 N | 90 17.4 12.5 21.4 10.3 -1.5 &3l 1.71 4.44 0.71 -1.2 100
Lun. 26. nov. 2012 91 16.2 11.3 20.4 10.3 -1.5 5.22 2.53 6.30 1.09 0.3 35
Lun. 17. dic. 2012 2 57 144 11.2 18.6 6.0 -1.3 4.36 2.26 543 1.14 -1.0 58
Mar. 29. ene. 2013 87 15.7 11.1 20.2 10.6 -1.5 3.20 1.52 4.18 0.84 -1.0 100

Resultaron mayor ntumero de coeficientes
de correlacién con signo negativo (72%). Los
coeficientes con signo positivo se obtuvieron
en las mediciones realizadas en marzo, junio,
noviembre, diciembre y enero. Los coeficientes
mds cercanos a 1 o -1 se obtuvieron en la relacién
Tagua:OD1. Se observo una variacién estacional
de estos coeficientes. En la época de lluvias, la

relacién entre Tagua y OD resulté tener valores
de r cercanos a -1.

b) Oxigeno disuelto
El promedio de las 16 mediciones fue igual a

5.26 mgl™! en PM1 (73.7% del valor de saturacién
de oxigeno disuelto, ODsat) y 4.18 mgl? en PM2
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Oxigeno disuelto (mgl™)
Temperatura (°C)
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Figura 2. Concentraciones de oxigeno disuelto (OD), temperatura de la corriente del rio Zahuapan (Tagua) y temperatura

ambiente (Tamb), por fechas de medicién.

Cuadro 2. Valores de r de la relaciones temperatura de agua-OD en la corriente del RZ, entre los puntos de medicién OD1:0D2

y porcentaje de saturacién (las celdas sombreadas indican temporada de lluvias; las otras, de sequia).

. Valores de r % saturacion

Tagua: OD1 Tagua: OD2 OD1: OD2 ODsatl ODsat2
;" 1. Jue.16 feb. 2012 -0.902* -0.855* 0.769* 38.3 17.4
g—: 2. Vie. 16 mar. 2012 -0.875* 0.777* -0.506* 53.6 60.6
g 3. Mar. 03 abr. 2012 -0.957* -0.405% 0.299 43.9 52.0
E 4. Mié. 16 may. 2012 -0.695¢ -0.422* 0.741* 445 419
_‘% 5. Séb. 16 jun. 2012 -0.366* 0.246* -0.577* 51.1 44.6
é 6. Jue. 28 jun. 2012 -0.974* -0.958* 0.980* 81.1 69.0
;E 7. Vie. 20 jul. 2012 -0.940* -0.960* 0.988* 82.7 74.8
é_ 8. Dom. 12 ago. 2012 -0.980* -0.970% 0.991* 89.1 79.4
i 9. Lun. 10 sep. 2012 -0.600* -0.616* 0.944* 76.5 67.0
E 10. Mar. 02 oct. 2012 -0.850* -0.968* 0.837* 76.6 50.7
:: 11. Mié. 10 oct. 2012 -0.953* -0.941% 0.970* 89.7 81.1
? 12. Sab. 13 oct. 2012 -0.952* -0.982* 0.986* 87.1 70.5
S;J 13. Dom. 18 nov. 2012 0.363* -0.223* 0.861* 79.0 445
5 14. Lun. 26 nov. 2012 0.833* 0.518* 0.920* 100.1 69.4
k. 15. Lun. 17 dic. 2012 0.920* 0.800* 0.970* 81.2 55.4
j 16. Mar. 29 ene. 2013 0.889* 0.581* 0.867* 77.3 42.1
é *Significativos a p < 0.05.
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(59.1% ODsat). Las concentraciones promedio
de OD por dia de medicién se encontraron entre
2.83 mgl™ (38.3% ODsat) y 7.43 mgl™ (110.2 %
ODsat) en PM1, y entre 1.26 mgl™ (17.4 %ODsat)
y 6.07 mgl? (81.2% ODsat) en PM2 (cuadro 1).
Las concentraciones promedio en PM1 resul-
taron mayores a los de PM2, exceptuando las
mediciones realizadas en marzo y abril. Con
la prueba de Mann-Whitney se obtuvo que las
concentraciones de OD de PM1 presentaron di-
ferencias significativas (p < 0.05) en relacién con
los de PM2. Las diferencias de concentracién
entre los dos puntos de medicién se encontraron
entre 2.6 y 0.25 mgl™.

Las concentraciones promedio en PM1 y
en PM2 fueron mayores al limite de 5 mgl" en
once y cinco fechas de medicién, respectiva-
mente (figura 2). Este limite estd establecido en
los Criterios Ecolégicos de Calidad del Agua
CE-CCA-001/89 (Sedue, 1989) como el nivel
minimo de OD que debe haber en los cuerpos
de agua para la proteccion de la vida acuatica.
Los valores minimos por dia de medicién se
encontraron en el intervalo de 1.04 mgl? (16.1%
ODsat) a 6.21 mgl? (84.6% ODsat) en PM1 y
de 0 (0% ODsat) a 5.29 mgl? (75.2% ODsat) en
PM2. Los valores maximos por dia de medicién
estuvieron entre 3.09 mgl* (39.8% ODsat) a 8.48
mgl? (125.1% ODsat) en PM1 y de 1.4 mgl?!
(18.9% ODsat) a 6.68 mgl! (87.4% ODsat) en
PM2. Las varianzas tuvieron valores de 0.02 a
1.46 mgl?, en PM1, y de 0.01 a 1.14 mgl* en PM2.
Exceptuando dos dias de medicién, en todos los
demads se obtuvieron valores negativos de los
coeficientes de Kurtosis de Fischer. Un valor
negativo del coeficiente de Kurtosis indica que
la distribucién de los datos es aplanada, com-
parado con la distribucién normal. En el cuadro
1 se observa que los valores del Percentil CCA
igual a 100 se obtuvieron en la época de sequia,
cinco de ellas en PM1 y ocho en PM2.

En PM1, los promedios de %ODsat presenta-
ron una tendencia a aumentar con el transcurrir
de los meses (cuadro 2), en el cual dicha ten-
dencia ocurri6 de la medicién del 16 de febrero
hasta la del 26 de noviembre. En las mediciones
del 16 de marzo y 3 de abril, el porcentaje de

ODsat fue mayor en PM2; en las demds medi-
ciones, %ODsat fue mayor en PM1.

c¢)Relacion del OD con la hora del dia

La figura 3 muestra las tendencias de los datos
de las concentraciones del OD con respecto
a la hora del dia. Se observaron dos tipos de
tendencia. En las doce mediciones realizadas
entre el 16 de febrero y el 13 de octubre de 2012,
las concentraciones del OD en la corriente del
rio presentaron una tendencia decreciente, que
fueron mayores en la mafiana al inicio de la
medicién y disminuyeron con el transcurso del
dia. En las tltimas cuatro mediciones realizadas
después de la época de lluvias, entre el 18 de no-
viembre y 29 de enero de 2013, las concentracio-
nes del OD en la corriente del rio tuvieron una
tendencia creciente y luego decreciente. En las
mafianas, las concentraciones fueron menores,
alcanzaron un valor méximo y l<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>