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Cover: Motozintla de Mendoza and Mazapa de Madero,
Chiapas, Mexico. Views from the Guatamela border.
Comparison between the dry and rainy seasons, the Bacanton
and Xelaju river basins and tributaries of the Grijalva River.
Studies performed in the middle and lower basins of the
Grijalva River confirm the presence of heavy metals in water
and sediments in the rivers and lakes that compose the basin,
as well as at the mouth of this river in the Gulf of Mexico.
Nevertheless, few investigations exist about the presence of
metals in the upper basin, which is relevant to understanding
the origin of these pollutants and their dynamics throughout
the entire basin. See article “Metal Concentrations in Water
and Sediments in the Upper Grijalva River Basin, Mexico-
Guatemala Border” by Laino-Guanes et al. (pp. 61-74).

Photo: Karim Musélem Castillejos.


https://www.imta.gob.mx/tyca/revistadigital198237645imta_comunicacion/revistas-2015/rev-04-2015/envio/suscripciones/suscripciones.html
https://www.imta.gob.mx/tyca/revistadigital198237645imta_comunicacion/revistas-2015/rev-03-2015/envio/comentarios/comentario.html

sis;”locat
LR

DR T ; RN A S LTS, b DA 7 e g
lg’.g‘gts‘ 4 ot D A priestsy ract'lr%gge offile \mm‘:M

A AT N\ s [ TSth¥centur

norther unic % 1
WY - I3 A KT = VIRTALE SIS o PSRN o W N S ek
'range/of. pal r01 chtt P \atura ¥
O I »g}/ G/ =D S0 5 LA




&2 Contents

Technical articles

Streamflow Forecasting for the Turbio River using the
Discrete Kalman Filter

Fernando Gonzdlez-Leiva

Laura Alicia Ibdfiez-Castillo

Juan B. Valdés

Mario Alberto Vizquez-Peiia

Agustin Ruiz-Garcia

Hydraulic Similitude among the High Andean
Hydrological Systems and Transfer of
Hydrometeorological

Oswaldo Ortiz-Vera

Hydrological Modeling based on Rainfall Estimates
using Hydrometeorological Sensors

Tvdn Vilchis-Mata

Khalidou M. Bi

Roberto Franco-Plata

Carlos Diaz-Delgado

Metal Concentrations in Water and Sediments in the
Upper Grijalva River Basin, Mexico-Guatemala border
Rafaela Maria Laino-Guanes

Ricardo Bello-Mendoza

Mario Gonzilez-Espinosa

Neptali Ramirez-Marcial

Francisco Jiménez-Otdrola

Karim Musdlem-Castillejos

Land Use Changes and their Effects on GHG Dynamics
in the State of Durango

Palmira Bueno-Hurtado

Armando Lépez-Santos

Ignacio Sdnchez-Cohen

Miguel Agustin Veldsquez-Valle

José Luis Gonzilez-Barrios

Short-and Long-Term Price Elasticity of Residential
Water Demand in an Arid Region. Case Study of
La Paz, BCS, Mexico

Gerzain Avilés-Polanco

Marco A. Almendarez-Herndndez

Victor Herndndez-Trejo

Luis Felipe Beltrdn-Morales

Estimate of the Impact of Climate Change on Soil
Fertility and Coffee Production in Veracruz, Mexico
Juan Gabriel Brigido

lourii Nikolskii

Liliana Terrazas

Sergio Santiago Herrera

&8 Contenido

Articulos técnicos

Prondstico de caudales con Filtro de Kalman Discreto 5
en el rio Turbio

Fernando Gonzélez-Leiva

Laura Alicia Ibafiez-Castillo

Juan B. Valdés

Mario Alberto Vazquez-Pefia

Agustin Ruiz-Garcia

Similitud hidrdulica de sistemas hidrolégicos 25
altoandinos y transferencia de informacion
Oswaldo Ortiz-Vera

Modelacion hidroldgica con base en estimaciones 45
de precipitacion con sensores hidrometeoroldgico

Ivan Vilchis-Mata

Khalidou M. B4

Roberto Franco-Plata

Carlos Dfaz-Delgado

Concentracién de metales en agua y sedimentos de la 61
cuenca alta del rio Grijalva, frontera

Meéxico-Guatemala

Rafaela Marfa Laino-Guanes

Ricardo Bello-Mendoza

Mario Gonzélez-Espinosa

Neptali Ramirez-Marcial

Francisco Jiménez-Otdrola

Karim Musdlem-Castillejos

Cambios de uso de suelo y sus efectos sobre la 75
dindmica de GEI en el estado de Durango

Palmira Bueno-Hurtado

Armando Lépez-Santos

Ignacio Sanchez-Cohen

Miguel Agustin Veldsquez-Valle

José Luis Gonzalez-Barrios

Elasticidad-precio de corto y largo plazo de la 85
demanda de agua residencial de una zona drida. Caso

de estudio: La Paz, B.C.S., México

Gerzain Avilés-Polanco

Marco A. Almendarez-Herndndez

Victor Hernandez-Trejo

Luis Felipe Beltran-Morales

Estimacion del impacto del cambio climidtico sobre 101
fertilidad del suelo y productividad de café en

Veracruz, México

Juan Gabriel Brigido

Tourii Nikolskii

Liliana Terrazas

Sergio Santiago Herrera



Validation of the ClimGen Model to Estimate Climate
Variables when Lacking Data for Modeling Processes
Gerardo Esquivel

Julidn Cerano

Ignacio Sdnchez

Armando Lépez

Oscar G. Gutiérrez

Modeling to Estimate the Dimensions of the Wet Bulb
in Trickle Irrigation

Fidencio Cruz-Bautista

Alejandro Zermeiio-Gonzilez

Vicente Alvarez-Reyna

Pedro Cano-Rios

Miguel Rivera-Gonzdlez

Mario Siller-Gonzdlez

Comparison of Venturi Tube-Meter Experimental
Data with Computational Fluid Dynamics
Simulations

Mauro Iiiiguez-Covarrubias

Jorge Flores-Velazquez

Waldo Ojeda-Bustamante

Carlos Diaz-Delgado

Roberto Mercado-Escalante

Technical notes
Fitting of GPA, GLO and GEV Distributions with

Trimmed L-moments (1,0)
Daniel Francisco Campos-Aranda

Discussion
Contributor’s guide

Validacién del modelo ClimGen en la estimacion
de variables de clima ante escenarios de datos
faltantes con fines de modelacion de procesos
Gerardo Esquivel

Julidan Cerano

Ignacio Sdnchez

Armando Lépez

Oscar G. Gutiérrez

Modelo para estimar la extension del bulbo

de humedecimiento del suelo en riego por goteo
Fidencio Cruz-Bautista

Alejandro Zermeno-Gonzalez

Vicente Alvarez-Reyna

Pedro Cano-Rios

Miguel Rivera-Gonzalez

Mario Siller-Gonzalez

Comparacion de resultados experimentales de un
Venturi con simulacion de dindmica de fluidos
computacional

Mauro Ihiguez-Covarrubias

Jorge Flores-Velazquez

Waldo Ojeda-Bustamante

Carlos Diaz-Delgado

Roberto Mercado-Escalante

Notas técnicas
Ajuste de las distribuciones GVE, LOG y PAG

con momentos L depurados (1,0)
Daniel Francisco Campos-Aranda

Discusion
Guia para colaboradores

117

131

141

153

169
171



Streamflow Forecasting for the Turbio River using
the Discrete Kalman Filter

e Fernando Gonzdlez-Leiva ® Laura Alicia Ibafnez-Castillo* ®
Universidad Auténoma Chapingo, México

*Corresponding Author

e Juan B. Valdés e
The University of Arizona at Tucson, USA

® Mario Alberto Vdzquez-Pefia ® Agustin Ruiz-Garcia ®
Universidad Auténoma Chapingo, México

Abstract

Gonzadlez-Leiva, E., Ibédnez-Castillo, L. A., Valdés, J. B.,
Vazquez-Pefia, M. A., & Ruiz-Garcia, A. (July-August,
2015). Streamflow Forecasting for the Turbio River using
the Discrete Kalman Filter. Water Technology and Sciences (in
Spanish), 6(4), 5-24.

This paper proposes the use of the discreet Kalman filter
(DKF) along with an autoregressive model with exogenous
inputs (ARX) for short-term streamflow forecasting with
lead times of 24, 48, 72 and 96 hours. This model was applied
to the Turbio River basin, located in the state of Guanajuato
and a portion of the state of Jalisco, Mexico. This area is
vulnerable to flooding during rainy periods which normally
occur in the region. The forecasting was based on available
precipitation and streamflow data from the years 2003 and
2004. The results indicate that the forecasts performed with
one-step ahead, that is with a 24-hour lead time, present
better fits than 48, 72 and 96-hour lead times in terms of
Nash-Sutcliffe, MSE and RMSE.

Keywords: Kalman filter, autoregressive models, short-term
streamflow forecasting.

Introduction

Due to climate change (IPCC, 2007; Mendoza
et al., 2009; Montero- Martinez, Ojeda-Busta-
mante, Santana-Sepulveda, Prieto-Gonzélez,
& Lobato-Sanchez, 2013) and its foreseeable
influence on the severity, frequency and impact

Resumen

Gonzdlez-Leiva, F., Ibdiez-Castillo, L. A., Valdés, ]. B., Vizquez-
Peiia, M. A., & Ruiz-Garcia, A. (julio-agosto, 2015). Prondstico de
caudales con Filtro de Kalman Discreto en el rio Turbio. Tecnologfa
y Ciencias del Agua, 6(4), 5-24.

Se propuso la implementacion del algoritmo del Filtro de Kalman
Discreto (DKF) junto con un modelo autorregresivo con entrada
exégena (ARX) para realizar el prondstico de caudales a corto
plazo con 24, 48, 72 y 96 horas de anticipacién en la cuenca del rio
Turbio, localizada en el estado de Guanajuato y parte del estado de
Jalisco, México, vulnerable a inundaciones durante los periodos de
lluvias que se presentan normalmente en la zona. La informacién
de precipitacion y caudal disponible con las que se realizaron los
prondsticos corresponde a las series de los afios 2003 y 2004. Los
resultados obtenidos indican que los prondsticos realizados un paso
hacia adelante, es decir, con un tiempo de 24 horas de anticipacion,
presentaron los mejores ajustes en términos de Nash-Sutcliffe, MSE
y RMSE, que los prondsticos realizados a 48, 72 y 96 horas de
anticipacion.

Palabras clave: Filtro de Kalman, modelos autorregresivos,
prondsticos de caudales a corto plazo.

Received: 10/09/2014
Aceepted: 29/04/2015

of floods and droughts, forecasted estimates of
future hydrological phenomena have become
increasingly important over recent years. These
predictions are essential to the efficient func-
tioning of hydric infrastructure and to mitigate
natural disasters caused by environmental
conditions (WMO, 2009).
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According to Valdés, Mejia-Veldzquez, &
Rodriguez-Iturbe (1980), when predicting
streamflows a causal relationship can be pre-
sumed among precipitation at several points
in a basin, different moments in time and the
mean streamflow at a point in the outlet on a
particular day. This causal relationship, called
the response function, can be represented by
a black box model. Since the beginning of
the1960s, autoregressive models have been
widely used in hydrology and water re-
sources for annual and periodic hydrological
time-series modeling.

The application of these models in hydrol-
ogy has been attractive, particularly since the
autoregressive form is dependent on time and
is easy to use (Salas, Delleur, Yevjevich, &
Lane, 1980; Box, Jenkins, & Reinsel, 2013). The
Kalman Filter algorithm has been proposed
in recent years to forecast streamflows in
hydrological systems, jointly with mathemati-
cal rainfall-runoff models of hydrographic
basins (Moradkhani, Sorooshian, Gupta, &
Houser, 2005; Xie & Zhang, 2010; Lii et al.,
2013; Morales-Veldzquez, Aparicio, & Valdés,
2014; Abaza Anctil, Fortin, & Turcotte, 2014),
and an emphasis on the optimal estimation
of state parameters with models using the
technique known as data assimilation (Mo-
radkhani, DeChant, & Sorooshian, 2012; Liu
et al., 2012; Shi, Davis, Zhang, Duffy, & Yu,
2014; Samuel, Coulibaly, Dumedah, & Mo-
radkhani, 2014, Liu, et al., 2015; Yucel, Onen,
Yilmaz, & Gochis, 2015; Li, Ryu, Western, &
Wang, 2015). Nevertheless, continuous and
complete streamflow series are needed to use
these models, which may not be available in
developing countries such as Mexico. Accord-
ing to Perevochtchikova (2013), the CLICOM
climatology and BANDAS surface water data-
bases for Mexico has recurring problems with
poor accessibility, notable differences among
sectors and gaps in the time series. This makes
them difficult to use for the comparison and
analysis of spatial and temporal evolutions,
systematization of data and construction of
indicators and local models.

The discrete Kalman filter (DKF) was
proposed by Kalman (1960) with the least
squares method as a recursive solution for
the linear filtering of discrete data. It is a
mathematical procedure that operates using
prediction and correction mechanisms. This
algorithm forecasts the new state based on the
previous estimation, adding a correction term
proportional to the prediction error in order
to statistically minimize that error. Thus, the
state of a dynamic system can be estimated
if information is known about the dynamic
system, the statistics of the noisy system, the
measuring errors and initial conditions (Gelb,
1974; Simon, 2001; Welch & Bishop, 2006).

Streamflow forecasting for hydrographic
basins is one of the procedures used in spe-
cific hydrological fields to enable making
decisions based on risk planning in order to
mitigate the negative impact of floods— such
as the regulation of reservoirs and the issu-
ance of early flood warnings in populated ar-
eas. In Mexico, Morales-Veldzquez, Aparicio
and Valdés (2014) evaluated the usefulness of
the discrete Kalman filter (DKF) algorithm to
forecast floods in order to regulate flows in
the Angel Corbino Corzo dam, or Periitas, be-
longing to the Grijalva hydroelectric system.

The present work proposes the use of
the discrete Kalman filter (DKF) algorithm
along with an ARX autoregressive model
with exogenous inputs to forecast short-term
streamflows with lead times of 24, 48, 72 and
96 hours in the Turbio River basin, located in
the state of Guanajuato and portions of the
state of Jalisco, Mexico. This area is vulnerable
to floods during the rainy periods registered
in the region.

Materials and Methods
Description of the Basin
Figure 1 shows the location and represen-

tation of the Turbio River basin, which is
located in the Lerma-Santiago Hydrological
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Figure 1. Location of the Turbio River basin.

Region 12, in the states of Guanajuato and
Jalisco, between 20° 32" 42” and 21° 21’ 18"
latitude north and 101° 27" 82” and 102° 17’
57” longitude west. The main towns in the
basin are Ciudad de Leén, San Francisco
del Rincon,Purisima de Bustos and Manuel
Doblado. The total area of the basin is 3 322
km? up to Las Adjuntas hydrometric station,
located at 20° 40’ 32” latitude north and 101°
50" 40” longitude west, 58.8% of which is in
the state of Guanajuato and 41.2% in the state
of Jalisco. The highest altitude in the basin’s
watershed is 2 670 masl and the outlet at the
hydrometric station is at 1 723 masl. The mean
slope of the basin is 11%. The main channel
has a level difference of 323 m and the con-
centration time of the basin is 21 hours. The
annual mean precipitation is 659 mm, accord-

ing to the climate normals for the period 1981
—2010 (SMN, 2014), with a rainfall regime that
begins in June and ends in October, during
which 89% of the total annual precipitation
falls, which are intense and of short duration.

The largest dams in the region are El Palote
and El Barrial. The former is in the Ciudad
de Leén and provides potable water and
flood control. It has a maximum capacity of
17 Mm?. El Barrial is located in San Francisco
del Rincén and was designed to control floods
and as a source of water for irrigation. It has a
capacity of 55.26 Mm?. Other notable dams in-
clude Santa Efigenia, with a capacity of 42.75
Mm?; Jalpa Vieja, with 14.38 Mm?; Ciénaga de
Galvanes, with 11 Mm?, and Potrerillos, with
15 Mm?®. All of these serve the dual purpose of
irrigation and flood control (Conagua, 2014b).

Water
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Climatological Information

The precipitation information used as input
for the forecasting model was obtained from
the CLICOM database (SMN, 2014), using
daily series for the years 2003 and 2004, the
periods with the largest amount of complete
records for the basin. Table 1 shows a total
of 11 weather stations distributed throughout
the area of the Turbio River basin.

Hydrometric Information

Daily mean streamflows were obtained from
the BANDAS database (Banco Nacional de
Aguas Superficiales (NationalSurface Water
Bank)) (Conagua, 2014a) for data series from
the years 2003 and 2004. Table 2 summarizes
the quantiles for maximum streamflows reg-
istered in Las Adjuntas hydrometric stations
according to the National Water Commission
and reports by the Guanajuato Civil Protec-
tion (2012).

Methodology

Since the beginning of the 1960s, autoregres-
sive models have been widely used in hy-

Table 2. Return periods for maximum flows in Las Adjuntas

hydrometric station..

Return period (years) Flow (m?/s)

2 44.35

5 84.60

10 111.24

20 136.8

50 169.88

100 194.67

500 251.96

1 000 276.59

Source: Guanajuato Civil Protection (2012).

drology and water resources for annual and
periodic hydrological time-series modeling.
The application of these models to hydrology
has been attractive primarily because the au-
toregressive approach depends on time and
they are easy to implement (Salas et al., 1980;
Box et al., 2013).

The creation of an ARX autoregressive
model with exogenous inputs was proposed
to predict mean streamflows based on his-
torical series for Las Adjuntas hydrometric
station, obtained from the BANDAS database
(Conagua, 2014a). The ARX model relates the
inputs and outputs of the system through a

Technology and Sciences. Vol. VI, No. 4, July-August, 2015, pp. 5-24

Table 1. Weather stations in the Turbio River Basin.

Station Code Name Municipality State Agency
11020 El Palote Leén Guanajuato SMN
11025 Hacienda de Arriba Ledn Guanajuato SMN/CEAG
11035 La Sandia Leén Guanajuato SMN
11036 Adjuntas Manuel Doblado Guanajuato SMN/CEAG
11045 Media Luna Leén Guanajuato SMN
11153 La Laborcita Leén Guanajuato SMN
11157 San Frénci/sco del Pefiuelas Guanajuato SMN

Rincén
11159 San Fr;?nci,sco del El Barrial Dam Guanajuato SMN
Rincén
14123 San Diego Alejandria San Diego Alejandria Jalisco SMN
14157 Unién de San Antonio | Unién de San Antonio Jalisco SMN
14369 La Vaquera Arandas Jalisco SMN

Source: SMN (2014).
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linear difference equation with constant co-
efficients (Hsu, Moradkhani, & Sorooshian,
2009):

na nb
Yin = Eaiyt—i + Eﬁjrt—j Tl (1)
i-0 =0

where y, and r, are the observed streamflow
and rainfall for time t, which represents one
.., is the error term in the streamflow
estimate; o, and f, are parameters. The indices
na and nb specify the number of previous
streamflow and rainfall observations, which
is what an ARX autoregressive model would
be (na, nb).

Once the overall structure of the ARX is
known, the state-space formulations are use-
ful for any type of Kalman Filter. Equation
(1) can be represented in the spatial form of

day; e

the states as:
x,,, =Ax, +Bu, +w, (2)
z, =Hx, +v,

where x, , is the present streamflow (not
observed) of size (n x 1); A is the matrix of «a,
parameters, of size (1 x n); x, is the streamflow
over time k of size (n x 1); B is the matrix of
exogenous parameters f, of size (n x m); u,
represents the vector that contains the mean
precipitation registered in the basin for time k
of size (m x 1); z, is the measured streamflow
over time k of size (m x 1); H is the transforma-
tion matrix that maps the vector of states in
the measuring domain with dimensions (m
X n); w, and v, are vectors that represent the
Gaussian noise in the process and the noise in
the measurement for each observation, with
sizes (m x 1), such that:

w, ~N(0,Q) 3)

v, ~N(O,R)

For the specific case of the disturbance co-
variance matrix R, this was defined according
to that reported by Moralez-Veldzquez et al.,
2014. The matrix was represented as a’q,,
where a is a proportionality constant which
represents a constant error equal to a fraction
of the streamflow over the previous time
(k — 1). The value of a in all cases was 5%
with respect to the immediately preceding
streamflow. That 5% is the error believed to
be committed by the person who measures
the streamflows. According to equation (2),
the dynamics of a system makes a simpler
representation possible, providing statistical
descriptions of the behavior of the system
(Gelb, 1974).

State-space models are basically a conve-
nient notation with which to manage a wide
range of time series models. This methodol-
ogy is based on stochastic models to estimate
and control problems, with the supposition
of the erroneous nature of the measurements
(Ramirez,2003).

Lastly, the system represented by equation
(2) consists of a deterministic component and
a stochastic component which reflect uncer-
tainty in the model (Lee & Singh, 1998).

In equation (3), Q and R can change over
time, but they are generally considered con-
stants for simplicity purposes (Simon, 2001)
and their expected values can be represented
as:

Q=E[wkw,f]

R=E[Uk'0:] (4)

Thus, the ARX model is a state-space
representation facilitates the application of
the Kalman Filter to obtain the streamflow
forecast over time (k + 1) based on the stream-
flow series registered for time k. It includes
the daily mean precipitation in the basin as
the exogenous input component of the model
and follows the algorithm scheme for state
estimators shown in Figure 2 (Kim, 2011).
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1. Initial values

%y, B,

E—

2. Prediction stage

x:\m = Ax:-l\:-l +Bu,

B, =4b

=11

A"+Q,

2,,=HP, H+R

-1

!

3. Kalman gain

~ 71
K, = Pe\r-1Hr [Zz\r]
4. Updating stage
r=Z2-HZX

-1
Measurements Z —»> R R > Estimations x,
xt‘f = xi\:—l + Ktrf
P,

[

1

-By,-KHP

£

Figure 2. Algorithm for the Discrete Kalman Filter. Source:
Kim (2011).

To create the ARX model, a routine was
programmed in Matlab® using the toolbox
systems identification to obtain the order of
the autoregressive process according to the
number of terms represented in equation (1).

Given that the parameters estimated by
the ARX model can vary for periods with
more precipitation and/or for abrupt changes
in streamflows, a warm-up period (P) was
established to estimate the parameters and
begin the forecasting of streamflows over
time (t, + P).

Once the length of the period is defined,
forecasts were obtained from time (t, + P) up
to time (f, + 2P), the parameters of the ARX
model for the period (2P) were recalculated,
and forecasting was reinitiated, this time from
(t, + 2P) to (t, + 3P). This was continued suc-
cessively, as described in Figure 3. The imple-
mentation of the ARX + DKF was thereby
done dynamically and with state matrices
which were varied for each particular period,
decreasing the noise generated in the process,
represented in equation (2) by w,.

In order to identify differences among the
forecasts for L steps ahead, that is, with lead
times of 24, 48, 72 and 96 hours, a routine in
Matlab® was executed which used informa-
tion from the state over time (k) to advance
without updating L steps in the timeline.
After reaching the desired L position, the first
forecasted state was updated, as described in
Figure 4. The cycle was performed taking into
account the calibration periods for the ARX
model described in Figure 3.

To evaluate the fit of the forecasts to the
measured data, the main statistics were cal-
culated according to Gupta, Kling, Yilmanz
and Martinez (2009) for the methodology
described previously. The mean squared error
(MSE) (Mood, Graybill, & Boes, 1974) and its
corresponding normalization, and the Nash-
Sutcliffe efficiency (Nash & Sutcliffe,1970)
were the two criteria employed since they are
the most widely used to calibrate and evalu-
ate hydrological models with observed data.

In addition, a prediction interval was
determined at a 95% probability for each
forecast series, according to Chatfield (2004).
In order to test the suppositions of the general
Kalman filter theory, probability distribution
functions were fit for errors e, = x, - %, in the
series evaluated.

Results and Discussion

The second-order autoregressive (na = 2) was
the ARX model that presented the best fit for
streamflows for the years 2003 and 2004 and
the first-order (nb = 1) had the best fit for pre-
cipitation. These are shown in Tables 3 and 4,
respectively. Both tables show that the models
mentioned represent the best fit based on the
Nash-Sutcliffe coefficients, especially for the
24-hour forecast which, as will be seen below,
is the one with the best fit for the discrete Kal-
man filter. In addition, it is always desirable
for the model to not only present the best fit
but also have the lowest number of terms pos-
sible, which makes it easier to manage.
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Forecasting ~ Ay N -~ - -

_ ’ ’ ’
---------- Updating rh\\lz)\\\; )\\\l" )\\Y’\\‘Vl)\\
\ I 1
l

|—_ ARX Fit period I
ty

Period to estimate the parameters
o and B used in the ARX model

|_— New ARX fit period

t L+2 t+3p
s P New forecasting period

New period to estimate the parameters
a and B using the ARX model

Figure 3. Description of the flow forecasting process according to periods for estimating the parameters for the model
ARK + DKEF.

L=1 L=2 L=3 L=4 ———— Forecasting
---------- Updating

Timeline

Initial forecasting for (k +11k)

| |
k k+1 k+2 k+3 k+4

Timeline

K+ X _!_ 3 k _!_ 4 k+5 K46 Updating (k + 2) and initiating the forecast (k+3 | k+2)

Figure 4. Description of flow forecasting with L steps ahead, after the calibration period.

The streamflow forecasting results ob- River basin are presented next. The model
tained with the ARK+DKF model based on used a 20-year period for prior calibration and
information from the year 2003 for the Turbio subsequent forecasting for the year 2003. The
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Table 3. Comparison of fits in statistical terms for different ARX model orders (na, nb) for short-term flow forecasting,

year 2003 series.

(na,nb)" MSE? RMSE? Nash-Sutcliffe
na nb 24h 48 h 72 h 96 h 24h 48 h 72 h 96 h 24 h 48 h 72h | 96 h
1 2 49.88 116.76 | 194.74 | 282.17 7.06 10.81 13.95 16.8 0.94 0.85 0.75 0.64
2 1 41.37 103.63 | 188.29 | 291.01 6.43 10.18 13.72 17.06 0.95 0.87 0.76 0.63
2 2 60.48 125.92 212.3 312.48 7.78 11.22 14.57 17.68 0.92 0.84 0.73 0.60
2 3 62.63 | 131.93 | 216.52 | 312.58 791 11.49 14.71 17.68 092 | 083 | 0.72 | 0.60
8 1 65.34 | 154.05 | 252.88 | 403.66 8.08 12.41 15.90 20.09 0.92 | 0.80 | 0.68 | 048
3 2 91.08 | 177.80 | 273.81 | 430.19 9.54 13.33 16.55 20.74 0.88 | 0.77 | 0.65 | 0.45
) 3 117.26 | 201.31 | 275.28 | 409.97 10.83 14.19 16.59 20.25 0.85 0.74 0.65 0.48

'na = autoregressive order for flows; nb = autoregressive order for precipitation.

*MSE = Mean Squared Error.
*RMSE = Root Mean Squared Error.

Table 3. Comparison of fits in statistical terms for different ARX model orders (na, nb) for short-term flow forecasting,

year 2004 series.

ARX

(na, nb) MSE

RMSE Nash-Sutcliffe

na nb 24h 48 h 72h 96 h 24h

48 h 72h 96 h 24h | 48h | 72h | 96h

16.96 39.15 61.52 82.04 4.12

6.26 7.84 9.06 092 | 0.82 | 0.72 | 0.63

16.32 39.13 62.16 83.13 4.04

6.26 7.88 9.12 093 | 0.82 | 0.72 | 0.62

16.83 39.42 62.32 83.33 4.10

6.28 7.89 9.13 092 | 0.82 | 0.72 | 0.62

26.54 57.70 87.39 113.28 5.15

7.60 9.35 10.64 088 | 0.74 | 0.60 | 0.48

15.56 36.99 59.76 80.79 385

6.08 7.73 8.99 093 | 0.83 | 0.73 | 0.63

16.22 37.73 60.78 82.02 4.03

6.14 7.80 9.06 093 | 0.83 | 0.72 | 0.63

W W [W NN [N |-
W IN[PR |~

30.20 63.53 87.29 108.77 5.50

7.97 9.34 10.43 086 | 0.71 | 0.60 | 0.50

calibration period chosen was the one with
the best statistical results with the ARK+DKE.
These statistics will be shown later.

Figure 5 presents the streamflow forecast-
ing obtained for L = 1 or with a 24-h lead
time. A difference in the time scale can be
seen between maximum precipitation and
peak streamflow, especially for the maximum
event in September 2003. This may be due to
the presence of various dams in the Turbio
River basin. Nevertheless, the peak stream-
flow for the maximum event in July 2003 was
lower than that for September even though
precipitation was higher in July. This may be
due to antecedent moisture conditions in the
soils in the basin between July and Septem-

ber. A similar situation is observed later in
Figure 10, which corresponds to the forecast
for 2004. Future investigations can consider
a Kalman filter with antecedent moisture as
an additional external variable, measured as
rainfall 5-days prior, as is used by the runoff
curve number technique to calculate runoff
(McCuen, 2005).

Likewise, forecasts were performed for
different steps ahead— L =2 or 48-h, L = 3
or 72-h, and L = 4 or 96-h lead time, in order
to quantify the prediction errors, taking into
account the scheme described in Figure 4.

Table 5 summarizes the statistics for the
different forecasts over time using the data
from the 2003 series.
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Figure 5. Streamflow forecasts for L = 1 or 24-h lead time with ARX + DKF in the Turbio River basin for the 2003 series..

Better results were obtained with stream-
flow forecasts performed one-step head, that
is, with a 24-h lead time, than with 48, 72 and
96 hours lead time.

According to the statistical summary
in Table 5, the mean for the forecasted
streamflows tends to remain the same as the
observed streamflows. The Nash-Sutcliffe
efficiency coefficient decreases when the
RMSE increases as the forecasting advances
L steps ahead, decreasing the reliability of the
forecasts performed. The results regarding the
percentage bias (PB) for all the forecasts over
time indicate that the model tends to under-
estimate streamflows. The results present a
behavior characteristic of low, medium and
high streamflows according to the dispersion
along the 45 degree line in Figure 6. Therefore,
the data were grouped into three classes:
Q<20m?/s,20m*/s<Q<60m?/sand Q >
60 m®/s (see Figure 7),according to the disper-
sion pattern in Figure 6.

The scatter plots in Figure 7 are presented
in the following order: graphs of L =1 (a,b,c),

graphs of L =2 (d,e,f), graphs of L =3 (g,h,i),
graphs of L = 4 (jk1). For the series cor-
responding to the year 2003 (Table 6), the
ARX + DKF presenting the best forecasts for
streamflow were obtained with L = 1 and
L =2 for ranges under 20 m?/s, in terms of
the RMSE and the Nash-Sutcliffe (see graphs
aand d).

Meanwhile, forecasts with L = 3 and
L = 4 for the same range did not present
the best results according to the statistics
evaluated. With the streamflow forecast for
the range 20-60 m®/s (see graphs b,e h k
in Figure 7), the ARX+DKF tended to un-
derestimate the forecasted streamflows,
and this index was higher for forecasted
streamflows over 60 m®/s (graphs ¢, f, I, 1
in Figure 7).

As described previously, the theory as-
sumes that the forecasting errors e=(x-3)
come from a normal distribution. In this
sense, the supposition was verified for errors
obtained in the forecasted series with 24, 48,
72 and 96 hours lead time.

Water
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Table 5. Statistical summary for different forecasts using ARX + DKF in the Turbio River basin
for the 2003 series..

Statistics Mean MSE RMSE R? Nash-Sutcliffe PB
Streamflow forecasts L =1 22.6 41.37 6.43 0.97 0.95 -3.82
Streamflow forecasts L =2 22.0 103.63 10.18 0.93 0.87 -6.14
Streamflow forecasts L =3 21.6 188.29 13.72 0.87 0.76 -7.87
Streamflow forecasts L = 4 21.2 291.01 17.06 0.80 0.63 -9.35

Observed Flows 20.1 - - - - -

PB = percent bias.

Figure 8 presents the fits obtained for the
forecasting errors taking into account the
different time steps. In general terms, all the
errors fit a scaled student-f distribution.

According to Chatfield (2001), in practice
the errors do not always fit a normal distri-
bution because of the asymmetry that may

be present, the presence of atypical data
which generates distributions with heavy
tails and the errors associated with data that
contaminate the distribution of the errors in
the forecasting. Accordingly, it is suggested
that the value to obtain a given probability be
selected based on the distribution of the data
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Figure 6. Comparative scatter plots for forecasts with 24 (a), 48 (b), 72 (c) and 96-hr (c) lead times in the Turbio River basin for
the 2003 series.
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Table 6. Statistical summary of the forecasts grouped i

nto different time steps using data from the year 2003.

Forecasts Range MSE RMSE R? Nash-Sutcliffe PB
Q<20m?®/s 3.03 1.74 0.96 0.93 1.36
L24_; 20<Q<60m?®/s 73.25 8.56 0.84 0.63 -4.45
Q>60m®/s 214.78 14.66 0.82 0.61 -6.25
Q<20m?®/s 9.05 3.01 0.9 0.78 2.77
618_}? 20<Q<60m?/s 173.46 13.17 0.66 0.13 -6.93
Q>60m®/s 214.78 14.66 0.82 0.61 -6.25
Q<20m?®/s 19.81 4.45 0.84 0.52 8.20
L727§ 20<Q<60m’/s 311.48 17.65 0.47 0.10 -9.87
Q>60m®/s 997.32 31.58 0.22 -0.83 -15.34
Q<20m®/s 42.42 6.51 0.77 -0.03 15.77
L%z}il 20<Q<60m’/s 456.16 21.36 0.34 -1.19 -12.50
Q>60m®/s 1504.81 38.79 0.08 -1.76 -20.23
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Figure 8. Probability Distribution Functions for Forecasting Errors obtained with 24 (a), 48 (b), 72 (c) and 96 hours (d) lead time

in the Turbio River ba:

sin for the series 2003.

when it has been fitted with its parameters.
In order to establish the degree of uncer-
tainty related to forecasting with different
time steps, prediction intervals were de-
termined for each point value according to
criteria established by Chatfield (2004).

Figure 9 presents the prediction interval at
a 95% probability for the forecast with a 24-h
lead time using the 2003 series. This forecast
is acceptable since most of the observed
streamflows are within the range of the in-
tervals calculated for the series, unlike the
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intervals obtained for the event on Sept 08,
2003 and Sept 15, 2003 in which the observed
streamflows fell outside the calculated range,
and were correlated with the data grouped in
Figure 7 for the class Q > 60 m3/s with L = 1.

Figure 10 presents the streamflow forecast
for the 2004 series using the ARX+DKF with
a 24-h lead time.

In this forecasting series, the 36-day period
had the best fit, considering a second-order
autoregression for streamflows and a first-
order for number of days with precipitation,
as shown previously in Table 4. The statistics
for the forecasting with the 2004 series are
shown in Table 7.

The best results were obtained from the
streamflows forecasted with L= 1, or with
24-h lead time, according to the statistics
reported in Table 7.

The mean of the forecasting of the series
with L =1 tends to depart from the observed
data series and the forecasting with L = 2,
L=3,L=4.

In general terms, as time progresses the
forecasts tend to lose the efficiency reflected
in the Nash-Sutcliffe, MSE and RMSE values,
tending to underestimate the data according
to the values reported by the PB.

The streamflows forecasted for the 2004
series were grouped with the same structure
as that used for the forecasts performed with
data from the 2003 series. In this case, the
ranges were Q <20 m?®/s and Q =20 m?/s, ac-
cording to the dispersion of the data obtained
in Figure 11.

Figure 12 presents the results from the
graphs of L =1 (ab), L =2 (¢d), L =3 (e,f)
and L = 4 (g,h). The best fits were obtained
for streamflows under 20 m?®/s, as observed
in the series for the year 2003 (see graphs a,
c e g)

Graphs b,d,f and h in Figure 12 show that
the forecasts for Q =20 m?®/s tend to lose reli-
ability for all time steps in function of the de-
gree of dispersion from the observed values.
This is reflected by the increase in the RMSE
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Figure 9. Forecast interval of 95% probability for L =1, or 24-h lead time in the Turbio River basin for the 2003 series.
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Figure 10. Forecasted streamflows for L = 1 or 24 hours lead time with ARX + DKF in the Turbio River basin
for the 2004 series.
Table 7. Statistical summary for forecasts with different steps using the ARX + DKF in the Turbio River basin
for the 2004 series.
Statistics Mean MSE RMSE R? Nash-Sutcliffe PB
Streamflow forecasts L. =1 10.12 16.32 4.04 0.96 0.93 -5.64
Streamflow forecasts L = 2 9.64 39.13 6.26 0.91 0.82 -10.02
Streamflow forecasts L =3 9.18 62.16 7.88 0.86 0.72 -14.14
Streamflow forecasts L = 4 8.76 83.13 9.12 0.80 0.62 -17.84
Observed Flows 8.16 - - - - -

and decrease in the Nash-Sutcliffe coefficient
as the forecast is performed with longer lead
times, as shown by the statistics in Table 8.
As in the case of the results obtained from
the 2003 series, the forecasting errors were fit-
ted to a scaled student-t distribution for the
different time steps, as discussed previously.
According to the fit of the errors shown
in Figure 13, the prediction interval was
calculated at a 95% probability with data
corresponding to L = 1, or a 24-h lead time.
Satisfactory fit values were obtained with
respect to the observed values (Figure 14)
in most of the intervals calculated, unlike

the forecasts between October 1, 2004 and
Oct 4, 2004, whose intervals did not include
observed values from the same time period,
more closely resembling the data grouped in
the range Q = 20 m®/s with a 24-h lead time,
as reported in Figure 12.

Kim, Tachikawa and Takara (2004) imple-
mented the Kalman filter using the CDRMV3
model for streamflow forecasts and found
better results with forecasts performed 1 hour
later compared to 12 hours later, evaluated in
terms of the RMSE.

Meanwhile, in terms of the Nash-Sutcliffe,
Hirpa et al. (2013) found better results for
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Figure 11. Comparative scatter plots for forecasts with 24 (a), 48 (b), 72 (c) and 96-hour (c) lead times in the Turbio River basin
for the 2004 series.

streamflow forecasts performed with a 1-day
lead time than with a 15-day lead time in the
Ganges and Brahamaputra rivers in Asia.

The present work forecasted streamflows
for the years 2003 and 2004 since the BANDAS
database for those years had the most com-
plete and best quality data for input into the
Kalman filter model. Later works may be able
to test the Kalman filter in basins with more
complete flow data, possibly attempting to
access the Federal Electric Commission’s flow
database. Although access to this database is
not free, unlike the National Water Commis-
sion’'s BANDAS database.

Conclusions

The streamflow forecast with the ARX + DKF
was satisfactorily implemented for the Tur-
bio River basin for the years 2003 and 2004.
The results obtained demonstrated that the
forecasts performed with one-step ahead (L
= 1), or a 24-hour lead time, had a better fit
than those with 2, 3 and 4 time steps (48, 72
and 96-hour lead time) in terms of the Nash
Sutcliffe, MSE and RMSE.

The periods prior to the calibration are
important to the ARX+DKF model’s meth-
odology, to improve its forecast over time,
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Figure 12. Scatter plots grouped for forecasts with different time steps using using data from
the year 2004.
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Table 8. Statistical summary for forecasts grouped by different time steps using data from the year 2004.

Forecasts Range MSE RMSE R? Nash-Sutcliffe PB
L=1 Q<20 m®/s 4.01 2.00 0.91 0.82 -1.38
24h Q=20 m®/s 114.77 10.71 0.86 0.67 -10.24
L=2 Q<20 m?/s 8.21 2.87 0.83 0.64 2.75
48 h Q=20 m¥/s 286.45 16.92 0.65 0.19 -17.86
L=3 Q<20 m®/s 11.36 3.37 0.77 0.50 -4.61
72h Q=20 m®/s 468.61 21.65 0.42 -0.33 -24.40
L=4 Q<20 m?/s 13.38 3.66 0.73 0.42 -6.41
96 h Q=20 m¥/s 468.61 21.65 0.42 -0.33 -24.40
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Figure 13. Probability distribution functions for forecasting errors obtained with 24, 48, 72 and 96-hour lead times in the Turbio
River basin for the series from the year 2004.

given that the response function in the basin The forecasting errors related to the two
can vary based on the periods of the hydro- series evaluated did not fit a normal distri-
logical cycle or the presence of considerable bution, which theoretically would be pres-
meteorological events. ent, but rather the presence of atypical data
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Figure 14. Prediction interval at a 95% probability for L =1 or 24-hour lead time in the Turbio River basin
for the 2004 series..

attributed to the quality of the information
generated distributions with heavy weights,
corresponding to the student-t distribution.

It can be difficult to implement techniques
such as the Kalman filter for streamflow fore-
casting in basins with very poor or deficient
instrumentation if the measurement of flow is
not continuous or does not exist, or the qual-
ity of the registries are poor or short-term. In
fact, this is why this work in the Turbio River
basin implemented the Kalman filter based
on the years 2003 and 2004.

Future works could (a) include anteced-
ent moisture as an exogenous variable for the
Kalman filter and (b) apply the Kalman filter
in basins containing instruments belonging to
the Federal Electric Commission, where the
continuity and quality of the registries may be
more complete than those from the BANDAS
database.
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Abstract

Ortiz-Vera, O. (July-August, 2015). Hydraulic Similitude
among the High Andean Hydrological Systems and Transfer
of Hydrometeorological Information. Water Technology and
Sciences (in Spanish), 6(4), 25-44.

The objective of this work was to determine the laws
governing hydraulic similitude among the high Andean
hydrological systems. To this end, dimensionless
hydrological parameters and physical hydraulic models
play an important role. The study finds that the Gravelius
index, the convergence ratio and the orographic coefficient
are necessary and sufficient conditions to determine
hydraulic similitude. The parameters obtained from the
dimensionless analysis along with conditions of similarity
enable exchanging information among similar hydrological
systems. Given the dimensionless morphometry on which
this methodology is based, its application can be generalized
to hydrological systems in other regions, among regions
within countries as well as internationally.

Keywords: Andean hydrological

systems, hydraulic

similarity, transfer, hydrometeorological information.

Introduction

Hydrometeorological information is generally
scarce, and particularly runoff information
which serves as the basis of every hydraulic
project. The greatest difficulties are obviously
experienced by developing countries (Jimenez
& Farias, 2005). The lack or scarcity of hydro-
metric and sedimentological information in
basins prevents conducting consistent regional
analyses, creating problems for planning,

Resumen

Ortiz-Vera, O. (julio-agosto, 2015). Similitud hidrdulica de
sistemas hidroldgicos altoandinos y transferencia de informacion
hidrometeorolégica. Tecnologia y Ciencias del Agua, 6(4), 25-44.

El objeto de este estudio fue determinar las leyes que rigen la
similitud hidrdulica entre sistemas hidrolégicos altoandinos. Para
ello, los pardmetros adimensionales en hidrologia, al igual que
en hidrdulica de modelos fisicos, jugaron papel preponderante.
Se encontré que los pardmetros indice Gravelius, relacion de
confluencias y coeficiente orogrifico, son condiciones necesarias
y suficientes para una aproximacion de similitud hidrdulica. Los
pardmetros obtenidos mediante andlisis dimensional, unidos a las
condiciones de semejanza, permite intercambiar informacién entre
sistemas hidrolégicos similares. La morfometria adimensional en la
que se sustenta esta metodologia permite generalizar su aplicacion a
sistemas hidrologicos de otra region o interregiones subnacionales e
internacionales.

Palabras clave: sistemas hidrolégicos altoandinos, similitud
hidrdulica, transferencia, informacién hidrometeoroldgica.
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designing and operating hydraulic projects
(Jimenez & Farias, 2005; ICOLD, 2008). This
situation requires a continued search for simple
methodologies that enable generating enough
local information with good enough quality
for practical purposes. This is achieved using
approximation criteria for hydraulic similitude
among systems.

The study of similitude between a model
and a prototype, with sufficient operations
of the scale model, has made it possible to
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build large engineering works that have
contributed to the development of humanity
(Sotelo-Avila, 1977; Rodriguez Diaz, 2001).
Nevertheless, man is the author of all this,
and has not been able to obtain an exact simil-
itude between model and prototype. Even so,
transferring the results from the model to the
prototype has been sufficient to solve a large
number of problems encountered in actual
situations (Streeter & Wilie, 2000; Vergara,
1993; Sotelo-Avila, 1977; Rodriguez Diaz,
2001). This inspired the development of the
present work which consists of identifying
natural hydrological systems with hydraulic
similitude, whose conditions can be used
to transfer information from one system to
another similar system (Streeter & Wilie, 2000;
Vergara, 1993; Sotelo-Avila, 1977; Rodriguez
Diaz, 2001). In the marvelous setting of na-
ture, over millions of years, something similar
to what man typically does artificially has
occurred in terms of similitude. Through the
natural dynamic actions of recurring causes
and effects in intrinsically similar natural
systems, hydrological systems that are similar
to each other have been created.

The objective of the present work is to
develop a methodological basis that enables
identifying similar hydrological systems us-
ing dimensionless parameters as indications
of geometric, kinematic and dynamic si-
militude. Based on the principle of hydraulic
similitude, these similitude parameters, and
others that can be dimensionally deduced
from physical phenomena occurring in a
basin, are converted into functions to trans-
fer information among similar hydrological
systems in the high Andes region (Streeter &
Wilie, 2000; Vergara, 1993; SoteloAvila, 1977;
Rodriguez Diaz, 2001).

The application of the methodology is
limited to the high Andes region where the
area receiving precipitation coincides with the
collector area and where precipitation is the
most important and only input variable in the
system. The fact that the basins in the high
Andes are the hydrological units which are

territorially farthest from the hydrographic
system also makes this area most affected
by the availability of information (Jimenez &
Farias, 2005; Rocha, 2006).

The results from this investigation will
certainly be used by the Peru Ministry of the
Environment, through research centers in
sectors pertaining to the National Water Au-
thority and National Weather and Hydrology
Service, as well as national and international
institutions involved in research about global
climate change.

Methodology
Study Area

The study area consists of a sample of 70
micro-basins in the high Andes, all located
in the Department of Cajamarca, in northern
Peru, where the Andes mountain range cre-
ates a very steep and irregular topography
with sheer cliffs and narrow inter-Andean
valleys. The result is a large variety of eco-
logical floors with an impressive amount of
biodiversity corresponding to each microcli-
mate. All the hydrological units are located
between 1 500 and 4 200 masl, where the
annual mean temperatures range from 9° C
(highest zones) to 25° C (lowest zones), and
annual mean precipitation ranges from 400 to
1200 mm/year. Many of these micro-basins,
which are regulated by small dams, served as
the basis of the development of agriculture in
the inter-Andean valleys, having supported
large pre-Incan populations.

Dimensional Analysis of the
Hydrological Systems

The most significant physical phenomenon
in the high Andes basins is precipitation-
runoff, which are cause and effect variables,
respectively, where precipitation depends on
the climatic characteristics and runoff on the
nature of each micro-basin (Chow, 1993). In
simple terms, if real evapotranspiration is dis-
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regarded, the simplified phenomenon can be
represented by the variables shown in Table 1.

The variables are grouped by dimension-
less parameters by applying the Pi theorem by
Vaschy-Buckingham (Streeter & Wilie, 2000;
Sotelo-Avila, 1977; Rodriguez Diaz, 2001). As
a result of this analysis, physical laws that
govern the high Andes hydrological systems
were obtained, represented by the dimension-
less parameters shown in equations (1), (2),
(3), (4) and (5):

7= (1)
7, - % 2)
.- II’;t 3)
n--L 4)
g = % (5)

where:
n = dimensionless parameter.
Q = runoff flow.

A = projection of the receptor-collector area
on the horizontal plane.
P = pluviometric precipitation.

mean height above sea level.
intensity of precipitation.
duration of intense precipitation.
= perimeter of the basin.

‘@NNE
I

Disregarding real evapotranspiration
in this analysis can be justified because the
duration of storms are relatively short. For
longer periods, the hydrological balances
should include this component or include it
as decreases in the runoff coefficients (Chow,

1993; Aparicio, 1997).

Dimensionless Geometric Similitude
Parameter

This is given by the dimensionless parameter
shown in equation (5), where multiplying
both sides by 0.28 results in the Gravelius
index (Kc = 0.28 m,) presented in equation
(6). This dimensionless parameter is obtained
by the relation of the perimeter of a basin to
the perimeter of an imaginary circle with the
same area as the basin (Askoa-Ibizate, 2004;
Docampo, De Vikefia, Rico, & Rallo, 2009;
Gravelius, 1914).

K =028-2 (6)

JA

The Gravelius index influences the config-
uration of the surface drainage network and
the geometry of the direct runoff hydrograph,

Table 1. Variables and dimensions of precipitation-runoff.

Main variables of precipitation-runoff

Variable Dimension
1. Pluvial precipitation: P LT!
2. Intensity of pluvial precipitation: LT!
3. Duration of rainfall: ¢ T
4. Projection of the receptor-collector area: A L2
5. Height above sea level: H L
6. Runoff flow: Q L3T!
7. Perimeter of the basin: p IL,

Water
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and thus influences the magnitude of peak
flows (Senciales, 2005; Askoa-Ibizate, 2004;
Docampo, De Vikefia, Rico, & Rallo, 2009;
Antigtiedad, 1980; Gaspari et al., 2012). In ad-
dition, the ranges of this parameter have been
very useful to classify basins according to
their geometry, such as those shown in Table
2 (Henaos, 1988). Because this parameter most
efficiently describes the shape of a basin, it is
a good reference for the geometric similitude
among hydrological systems.

As an analogy, from the hydraulics from
physical models it can be inferred that two or
more hydrological systems are geometrically
equal if they have the same Gravelius index.
It is worth mentioning that the term “equal”
does not have a mathematical connotation
but simply refers to “hydrological equality”
which for practical purposes, as in statistics,
is accepted based on a particular level of valid
approximation.

Oval micro-basins more quickly concen-
trate surface flows, generating sudden and
violent peaks and rapid recessions resulting
from extreme storms. Unlike the behavior of
elongated basins, these characteristics favor
direct runoff and hydric erosion to the deter-
minant of aquifer recharge (Ibdfiez, Moreno, &
Gisberbert, 2005; Docampo, De Vikefia, Rico,
& Rallo, 2009; Antigtiedad, 1980; Gaspari et
al., 2012; Gaspari, 2002; Martinez, 1986).

Dimensionless Instantaneous Runoff
Parameter

This is given by the dimensionless parameter
in equation (4), where by substituting the left
side with the direct runoff coefficient (xr, = C)

itis converted into the equation representing
the old Rational method (7). This methodol-
ogy is simple but still valid for estimating
peak discharges (hydrograph peaks) based on
precipitation data (Chow, 1993; Aparicio, 1997):

Q. =CIA @)
where:

Q.= peak direct runoff flow.

C = runoff coefficient.

I =maximum precipitation intensity in-
herent in the concentration time of the
basin.

A =receptor-collector area projected on the

horizontal plane.
Dimensionless Sustained Runoff Parameter

This is given by equation (1), which is con-
verted into equation (8) when substituting
the left side with an average coefficient
(K = m,). This expression can be used to de-
termine average multi-annual runoff flows
which involves direct runoff and under-
ground components (Chow, 1993; Univer-
sidad Nacional de Colombia-Sede Medellin,
s.f.; Aparicio, 1997):

Q=KAP (8)
where:

Q = average flow during the study period.

A = area of the precipitation receptor-
collector basin.

P = “Effective precipitation” during the
study period.

Table 2. Standard shapes of basins based on the Gravelius index.

Shapes of hydrological systems based on the Gravelius coefficient

Geometric Class Class Range Shape of Basin
K, 1<K.<1.25 Round oval
K, 1.25<K.<1.50 Oblong oval
K, 150<K.<1.75 Elongated oblong
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K = Runoff coefficient.

In terms of “effective precipitation,” since
this deals with longer periods it obviously
includes losses from real evapotranspiration
and storage in the soil.

Dimensionless Orographic Parameter and
Dynamic Similitude

This is represented by equation (2), where
squaring both sides results in the dimension-
less parameter shown in equation (9), known
as the orographic coefficient, C, (n%,= C), a
parameter associated with the gravitational
forces of surface flows and, therefore, with
potential hydric erosion and the generation
of hydraulic energy (Henaos, 1988):

C,=— )

The high Andes systems with their steep
topography and high altitudes have very high
orographic coefficients, which is indicative of
a large erosive capacity and sediment trans-
port (Henaos, 1988). Therefore, this parameter
is considered to serve as a good reference for
dynamic similitude.

As an analogy, from the hydraulics of
physical models it can be inferred that two or
more hydrological systems in the high Andes
have dynamic similitude if they have equal
orographic coefficients, where “equal” has
the same meaning as for geometric similitude.

Parameter for the Average Convergence Ratio
and Kinematic Similitude

This dimensionless parameter, also influenced
by the Gravelius index, describes the spatial
or geometric configuration of the drainage
network and expresses the degree of ramifi-
cations in the network (Askoa-Ibizate, 2004;
Docampo, De Vikefia, Rico, & Rallo, 2009; An-

tigtiedad, 1980; Cruz-Santilldn, & Tamés, 1983;
Horton, 1945; Gaspari, 2002). It is quantified
by applying equations (10) and (11), prior to
which the surface drainage network needs
to be categorized. The Horton methodology
is preferred for this purpose (Antigiiedad,
1980; Cruz-Santillan, & Tamés, 1983; Gaspari
et al., 2012; Gravelius, 1914; Gaspari, 2002;
Martinez, 1986).

Because of the influence of the spatial
configuration of the drainage network, the
average convergence ratio is considered to be
a good reference for the kinematic similitude
among the hydrological systems:

1’C=i (10)
ni+l
1 n
R ==V%r. 11
C nzrcz ( )

Where:

r. = partial convergence ratio.

n, = number of natural courses of order i.

n.,, = number of courses of order immediately
higher thani (i=1, 2, 3,...., N-1).

N = order number of the basin.

r. = each of the partial “n” values.

ci

R, = average convergence ratio.

As an analogy, from the model and the
prototype it can be inferred that two hy-
drological systems have kinetic similitude
if their average convergence ratio is equal,
where “equal” has the same meaning as for
the previous two cases.

Dimensionless Rainfall Parameter

This parameter is given by equation (3) and
describes the characteristics of the pluviomet-
ric precipitation in the basin as a variable with
a spatial and temporal distribution. The most

Water
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intense periods are observed during short
time periods and at higher altitudes above sea
level, and vice versa (Chow, 1993; Aparicio,
1997). This is very important to the genera-
tion of maximum runoff (peak flows) based
on precipitation data, and it also explains
why precipitation in the high Andean basins
is dependent on the height above sea level.

Hydraulic Similitude of Hydrological Systems

As an analogy, from the hydraulics of physi-
cal scale models, two or more high Andes
hydrological systems are similar if they simul-
taneously meet the conditions for geometric,
kinematic and dynamic similitude, with the
particular level of approximation adopted
previously.

Dimensionless Transfer Parameters

After the hydraulic similitude of the systems
has been determined, all the dimensionless
parameters that control the laws of the phe-
nomenon studied (equations (1), (2), (3), (4)
and (5)) are converted into transfer functions,
based on the parameter in which the variable
of interest is located (Streeter & Wilie, 2000;
Sotelo-Avila, 1977; Rodriguez Diaz, 2001).

Sometimes, in order to improve the quality
of the transfer, parameters can be combined
to obtain another dimensionless param-
eter (or parameters) with a larger number
of variables. For example, the dimensionless
parameter shown in equation (12) is the result
of combining equations (1) and (2), which is
very important for runoff transfer (Streeter
& Wilie, 2000; Sotelo-Avila, 1977; Rodriguez
Diaz, 2001).

QH (12)

It =
12 A3/2 P

Appling the similitude principle for a pair
of origin and destination basins, the dimen-
sionless parameter shown in equation (12) is

as shown in equation (13), or its equivalent
(15), as a function of scales (Streeter & Wilie,
2000; Sotelo-Avila, 1977; Rodriguez Diaz,
2001):

Qo Hu = Qd Hd
AP AP, (13)

The sub-indices of the variables in the left
and right sides of this equation correspond to
origin and destination systems, respectively:

3/2
Hu Pd Ad
Q(ﬁ)(?)(ﬂ Q 0

[

Q,=H;'PA"Q, (15)
Where:

H, =height scale.

P, = precipitation scale.

A, = area scale.

Q, = total flow in the basin of origin.

Q, = total flow transferred to the destination
basin.

Another variable that is scarce is the in-
tensity of maximum storms, whose transfer
function is obtained from equation (3), which
using the similitude principle is converted
into equation (16) or its equivalent (17), as a
function of scales:

Lt, _Lity
H H, (16)
1o Bl cmetr (17)
Hu td

Where:

I, = intensity of precipitation in the destina-
tion basin.

I = intensity of precipitation in the basin of
origin.

t, = scale of durations.
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H, = scale of heights.

Sample of Micro-basins in the Cajamarca
High Andes Region

Seventy micro-basins in the Cajamarca-Peru
region of the high Andes were selected (Table
3). They were located at the head of the Pacific
and Atlantic watersheds at over 1 500 masl.
In order to control errors and the costs of the
present study, the following protocol was
established.

— Use of cartographic maps at the same
scale, 1/100 000.

— Cartographic maps developed by the
same institution (IGN, Peru) to ensure
that the same criteria were used to gener-
ate them.

— Processing of cartographic information
using the same methodology for each case
(boundary of the basin, area, perimeter, al-
titude, hierarchy of the drainage network,
etc.). The use of 3D digital altitude models
and GIS procedures are preferred.

— The variables involved in the dimension-
less similitude parameters were estimated
using the same methodology for each
case. The Varignon statistical method of
moments was used to determine the mean
altitude above sea level, given by equa-
tion (18) (Chow, 1993; Aparicio, 1997):

(18)

Where:

mean height above sea level.
area of the basin.

> T
I

AA, = partial area between consecutive level
curves.

average of the heights of the two level
curves that bound each partial area.

=
I

The partial areas between the level curves
corresponding to the study basin were di-
vided according to the topography, generally
between master curves (Chow, 1993).

Table 3. Similarity parameters among hydrological units in the high Andes region of Cajamarca, Peru.

Dimensionless hydraulic similarity parameters for micro-basins in the high Andes Cajamarca-Peru region

(Scale 1/100 000)
Micro-basin (kﬁﬁ) N K, R, C, (%) Watershed
1. Grandel River 72.50 3 1.27 2.70 8.22 Atlantic
2. Tallal Qda. 14.00 2 1.23 2.68 44.6 Pacific
3. Quismache River 183.80 4 1.24 2.74 2.90 Atlantic
4. Grande2 River 456.50 4 1.27 2.75 2.68 Pacific
5. Cospan River 196.50 4 1.28 2.56 4.40 Pacific
6. Porcén River 81.60 3 1.16 1.88 11.03 Atlantic
7. La Leche River 116.50 B) 1.16 1.90 12.04 Atlantic
8. Huagayoc River 12.50 2 1.15 1.85 72.02 Atlantic
9. Ronquillo River 36.80 3 1.12 1.93 22.85 Atlantic
10. Mashcén River 276.10 4 1.31 3.45 1.88 Atlantic
11. Chonta River 352.80 4 1.32 BV8 1.55 Atlantic
12. Huertas Qda. 105.50 3 1.34 2.98 3.87 Pacific
13. Chausis Qda. 207.30 4 1.38 2.67 3.80 Pacific
14. Llaucén River 595.00 4 1.41 2.55 0.89 Atlantic
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Table 3 (continuation). Similarity parameters among hydrological units in the high Andes region of Cajamarca, Peru.

(Scale 1/100 000).
Micro-basin A N Koy so58 R C (%) Watershed
(km?) c o
15. Cascasén River 114.20 4 1.42 3.12 6.88 Atlantic
16. Azufre River 45.00 2 1.45 3.13 7.22 Atlantic
17. Poclush River 882.50 5 1.56 3.20 4.82 Pacific
18. Rejo River* 201.40 4 1.58 3.16 4.93 Pacific
19. San Juan-1 River 271.20 4 1.60 3.89 5.55 Pacific
20. Onda Qda. 130.00 3 1.60 3.52 4.81 Atlantic
21. Magdalena River 807.20 4 1.70 4.60 3.98 Pacific
22. Naranjo River 51.40 2 1.70 1.50 23.00 Pacific
23. San Miguel River 1047.20 5 1.53 5.89 0.90 Pacific
24. San Pablo River 182.43 3 1.29 4.20 3.26 Pacific
25. Chetillano River 180.10 4 1.42 4.10 4.40 Pacific
26. San Juan-2 River 638.43 4 1.21 4.35 1.16 Pacific
27. Qda. Chantilla 94.49 3 1.31 3.25 6.51 Pacific
28. Pallac River 235.28 4 1.34 3.23 2.38 Pacific
29. Contumaza River 198.40 4 1.72 4.20 3.90 Pacific
30. La Bamba Qda. 52.21 2 1.73 4.00 4.03 Pacific
31. Chiminote Qda. 200.76 4 1.36 2.83 1.90 Pacific
32. Nazario Qda. 30.90 2 1.19 2.00 8.32 Pacific
33. La Ramada 19.14 2 1.18 1.00 8.64 Pacific
34. Del Chorro Qda. 19.63 2 1.68 1.00 19.11 Pacific
35. Cajon Qda. 22.15 2 1.17 1.00 4.06 Pacific
36. La Ramada Qda. 34.67 2 1.33 3.00 3.00 Pacific
37. LLapa River 210.32 4 1.57 3.13 5.43 Pacific
38. Honda Qda. 110.20 3 1.76 3.90 11.21 Pacific
39. Tumbadén River 309.30 4 1.37 3.56 3.71 Pacific
40. El Cardo Qda. 29.92 3 1.26 1.76 17.63 Pacific
41. Yamuldn Qda. 59.85 3 1.23 2.25 12.27 Pacific
42. Chorro Blanco Qda. 36.83 3 1.46 1.75 27.13 Pacific
I 43. El Carrizo River 111.64 4 1.39 2.72 9.50 Pacific
{* 44. Qda. Amillas 31.18 2 1.41 1.00 23.76 Pacific
i: 45. Qda. Del Qilengo 30.75 2 1.43 2.00 23.51 Pacific
§, 46. San Juan-3 River 204.35 4 1.72 3.89 4.07 Pacific
é 47. Asuncién River 76.47 3 1.24 2.34 10.10 Pacific
5 48. Pinche River 21.03 2 1.34 1.00 32.35 Pacific
i 49. Qda Quinuas 65.38 2 1.49 7.00 11.94 Pacific
‘; 50. Yaucan River 49.91 2 1.37 3.00 15.97 Pacific
i 51. Qda. Tallal 19.50 2 1.43 1.00 36.88 Pacific
é 52. Namora River 475.70 4 1.43 4.42 2.50 Atlantic
g 53. Huacraruco River 136.90 4 1.29 3.83 8.51 Pacific
54. Muyoc River 319.26 4 1.41 3.38 3.28 Atlantic
55. Llantén River 401.70 4 1.26 2.57 2.49 Atlantic
56. Sanagoran River 608.10 4 1.42 4.35 2.03 Atlantic

56
=
=

123M
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Table 3 (continuation). Similarity parameters among hydrological units in the high Andes region of Cajamarca, Peru.

(Scale 1/100 000).
Micro-basin A N Keysass R C (%) Watershed
(km?) c o
57. Cafad River 249.20 4 1.40 3.22 2.70 Pacific
58. Pencayoc Qda. 243.4 4 1.49 4.50 4.65 Pacific
59. Puerto Blanco River 247.50 4 1.43 3.79 2.32 Atlantic
60. Chanta River 97.20 3 1.40 3.73 4.40 Pacific
61. Callayuc River 346.74 4 1.42 3.92 2.96 Atlantico
62. Llantén River 298.78 4 1.32 3.49 3.73 Pacific
63. El Sauce River 170.00 3 1.44 417 3.43 Atlantic
64. Chilca River 84.87 3 1.46 417 13.00 Atlantic
65. Chancayano River 598.04 4 1.48 6.63 1.55 Pacific
66. San Juan-4 River 118.91 3 1.42 3.25 8.93 Atlantic
67. Llaucano River 121.73 3 1.70 2.20 9.90 Atlantic
68. Gansul River 100.37 3 1.32 3.58 8.30 Atlantic
69. San Juan Pampa River 122.42 3 1.36 2.75 8.50 Pacific
70. Jadibamba River 243.45 4 1.49 4.50 4.65 Atlantic
Mean 1.40 3.13 9.42
Standard Deviation 0.1587 1.2242 11.6612
Variation coefficient 0.1133 0.3911 1.2379

N = order of the basin.
*Management model for the pilot basin, Granja Porcon afforestation.

Identification of Micro-Basins with
Hydraulic Similitude

The protocol established to identify and
recognize the hydrological systems in the
high Andes that have hydraulic similitude is
summarized by the following activities:

a) Estimation of morphometric hydraulic
similitude parameters: Gravelius index,
convergence ratio, orographic coefficient.

b) Grouping of micro-basins by geometry us-
ing the range criteria from the Graveluis
index shown in Table 2. Obviously all the
hydrological units in the same range are
considered geometrically similar.

c) The hydrological units in each geometric
group having the largest discrepancy
are excluded, such that the variation
coefficient from the Gravelius index, the
convergence ratio and the orographic co-
efficient do not exceed 0.05, 0.20 and 0.30,
respectively. This level of approximation,

which is accepted in practice, is justified
by the level of errors committed when
estimating the variables and the effects
of scale.

d) The hydrological units that remain after
the preceding step represent the micro-
basins with hydraulic similitude.

Transfer of Hydrometeorological
Information

Hydrological System with Maximum Storm
Information

To illustrate the application of the transfer
of information using this methodology, the
Mashcon River micro-basin was used as the
system of origin (Table 9). The National Mete-
orology and Hydrology Service’s Weberbauer
rain gauge station is located in the lower part
of this basin (07° 10° S, 78° 30" W; altitude:
2 536 masl), in the area of the National Uni-
versity of Cajamarca campus. Until recently
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this station was the only one of its type in the
region with rain gauge registries.

By analyzing the frequency of annual
maximum storms based on 50 years of regis-
tries and fitting the data to a Gumbel model
of extreme variables, the annual maximum
storm intensities could be modeled and
simulated. Some of the results from these are
presented in Table 10 (Chow, 1993; Aparicio,
1997). The procedure for this analysis is not
included herein since it is not the objective
of the present study, but rather, simply the
transfer of information.

Hydrological System without Maximum
Storm Information

The Jadibamba River micro-basin (mean alti-
tude 3 218 masl) was selected a priori, but any
of the micro-basins with hydraulic similitude
and from the same geometric group as the
basin of origin could have been selected (see
Table 9). This basin, as well as others in the
study region, lacks information about maxi-
mum storms, which is very important to any
surface drainage project and catchment work
(drainage of roads, urban rain sewers, protec-
tion of coasts, water control dams, irrigation
canals, hydroelectric plants, rainwater catch-
ment, flood prevention, etc.)

While the data can be transferred to any
point of interest in the hydrological destina-
tion system, the point at the mean altitude of
the destination basin (3 218 masl) was chosen
for illustrative purposes, since there was no
particular preference.

Results

Morphometric Dimensionless Hydraulic
Similitude Parameters

The results from dimensionless morphometry
studies indicate that the sample is quite het-
erogeneous, where variability can be seen in
the variation coefficients of each one of the
dimensionless hydraulic similitude param-
eters shown in Table 3. Here, the Gravelius

index shows the least discrepancies, followed
by the convergence ratio and the orographic
coefficient, which clarifies the order of influ-
ence of the geometry of the basin.

The statistics from the Gravelius index
— 1.40, 0.1587 and 0.1133 for arithmetic
mean, standard deviation and wvariation
coefficient, respectively — are indicators of
low variability in the geometric shape and a
high predominance of the oblong oval shape
(mean Kc = 1.40) over the other two geometric
shapes (Figure 1).

Meanwhile, the statistics from the sample
for the convergence ratio show more variabil-
ity (C,= 39.11%) in the configuration of the
drainage network, while always coinciding
in that the oblong oval shape of the average
basin has the most bifurcations.

The extreme case corresponds to the oro-
graphic coefficient, whose variability is very
high (123.79%), very sensitive to the location
of the systems with respect to sea level.

Morphometric Characterization of the
Micro-basins

The hydrological units in the sample were
classified according to the range criteria in
the Gravelius index, shown in Table 2. This
resulted in the groups below:

Round Oval Micro-Basins

This group (Table 4) is made up of 12 hydro-
logical units (17.1%), and is characterized by
relatively short concentration times, generat-
ing leptokurtic outlet hydrographs in which
the rise in flow is very sudden and violent,
with a high risk of flooding from extreme
storms.

Oblong Oval Micro-basins

This geometric group (Table 5), made up of
44 micro-basins (62.9%), has hydrological
characteristics very similar to the round oval
group, but with slightly less intense responses
to extreme storms. This basin geometry is the
most common in the study region (Figure 1).
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a) Qda. Huerta Micro-basin b) Qda. Chantilla Micro-basin

Magdalena

Canusan

Figure 1. Hydraulic similarity of hydrological systems with an oblong oval shape.

Table 4. Group of micro-basins with a round-oval shape.

Micro-basin Gravlelitichsole.;f;cient Shape of basin

1. Tallal-1 Qda. 1.23 Round oval

2. Quismache River 1.24 Round oval :*':
3. Porcon River 1.16 Round oval 1
4. La Leche River 1.16 Round oval Z:
5. Hualgayoc River 115 Round oval %
6. Ronquillo River 1.12 Round oval éo
7.San Juan-2 River 1.21 Round oval j;
8. Nazario Qda. 1.19 Round oval i
9. La Ramada-1 Qda. 1.18 Round oval =
10. Cajén Qda. 1.17 Round oval j
11. Yamuldn Qda. 1.23 Round oval ;°
12. Asuncion River 124 Round oval E
Mean 1.18 5
Standard Deviation 0.0411 S
Variation Coefficient 0.0348 f:f

Water
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Table 5. Group of micro-basins with an oblong oval shape.

Micro-basin Gra:;?:sKCc (:f;;ent Shape of basin
1. Grande 1 River 1.27 Oblong oval
2. Grande 2 River 1.27 Oblong oval
3. Cospén River 1.28 Oblong oval
4. Mashcén River 1.31 Oblong oval
5. Chonta River 1.32 Oblong oval
6. Huertas Qda. 1.34 Oblong oval
7. Chausis Qda. 1.38 Oblong oval
8. Llaucdn River 1.41 Oblong oval
9. Cascasén River 1.42 Oblong oval
10. Azufre River 1.45 Oblong oval
11. San Pablo River 1.29 Oblong oval
12. Chetillano River 1.42 Oblong oval
13. Chantilla Qda. 1.31 Oblong oval
14. Pallac River 1.34 Oblong oval
15. Chiminote Qda. 1.36 Oblong oval
16. La Ramada-2 Qda. 1.33 Oblong oval
17. Tumbadén River 1.37 Oblong oval
18. El Cardo Qda. 1.26 Oblong oval
19. Chorro Blanco Qda. 1.46 Oblong oval
20. El Carrizo River 1.39 Oblong oval
21. Amillas Qda. 1.41 Oblong oval
22. Del Qilengo Qda. 1.43 Oblong oval
23. Pinche River 1.34 Oblong oval
24. Quinuas Qda. 1.49 Oblong oval
25. Yaucan River 1.37 Oblong oval
26. Quebrada Tallal-2 1.43 Oblong oval
27. Namora River 1.43 Oblong oval
28. Huacrarucro River 1.29 Oblong oval
29. Muyoc River 1.41 Oblong oval
30. Llantén River 1.26 Oblong oval
31. Sanagordn River 1.42 Oblong oval
I 32. Canad River 1.40 Oblong oval
3 33. Pencayoc Qda. 1.49 Oblong oval
% 34. Puerto Blanco River 1.43 Oblong oval
g 35. Chanta River 1.40 Oblong oval
; 36. Callayuc River 1.42 Oblong oval
E'J 37. Llantén River 1.32 Oblong oval
z 38. El Sauce River 144 Oblong oval
f 39. Chilca River 1.46 Oblong oval
2 40. Chancayano River 1.48 Oblong oval
=~ 41. San Juan-4 River 1.42 Oblong oval
E 42. Ganzul River 1.32 Oblong oval
g 43. San Juan Pampa River 1.36 Oblong oval
44. Jadibamba River 1.49 Oblong oval
Mean 1.38
Standard Deviation 0.0677
Variation Coefficient 0.0491

Technology and
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Elongated Oblong Micro-basins

This group (Table 6) is made up of 14 hy-
drological units (20%), characterized by
relatively longer concentration times than the
two previous shapes, generating platykurtic
hydrographs of the peak discharge, with more
sustained flow and longer recessions. Unlike
the previous two geometries, in this case the
conditions for the recharge of aquifers are
more favorable and loss from direct runoff is
less (Figure 2).

In the three groups of classifications, the
variation coefficient fell markedly, under 5%
of the sample’s value (11.3%), which confirms
the strength of the criteria used for this clas-
sification.

Hydraulic Similitude of Hydrological
Systems

In each geometric classification table pre-
sented above, the systems with hydraulic
similitude have been identified by the process

of elimination, taking into account the error
limit established for each of the hydraulic
similitude parameters.

Hydraulic Similitude of Round Oval
Hydrological Systems

Four micro-basins with hydraulic similitude
were identified in the group with this shape
(Table 7), which represents 33.3% of the entire
group and only 5.7% of the sample total.

Hydraulic Similitude of Hydrological Systems
with an Elongated Oblong Shape

Seven micro-basins in this geometric class
were identified as having hydraulic similitude
(Table 8), equal to 50% of the entire group and
only 10% of the sample total.

Hydraulic Similitude of Hydrological Systems
with an Elongated Oval Shape

Twenty-three hydraulically similar hydro-
logical units with this type of geometry were

Table 6. Group of micro-basins with an elongated oblong shape.

Micro-basin Gravelius Coefficient Shape of basin
150 <K <1.75

1. Poclush River 1.56 Elongated oblong
2. Rejo’ River 1.58 Elongated oblong
3. San Juan-1 River 1.60 Elongated oblong
4. Qda. Onda 1.60 Elongated oblong
5. Magdalena River 1.70 Elongated oblong
6. Naranjo River 1.70 Elongated oblong
7. San Miguel River 1.53 Elongated oblong
8. Contumazd River 1.72 Elongated oblong
9. Qda. Bamba 1.73 Elongated oblong
10. Qda. Del Chorro 1.68 Elongated oblong
11. Llapa River 1.57 Elongated oblong
12. Qda. Honda 1.76 Elongated oblong
13. San Juan-3 River 1.75 Elongated oblong
14. Llaucano River 1.70 Elongated oblong
Mean 1.65

Standard Deviation 0.0761

Variation Coefficient 0.0461

*Management model for the pilot basin, Granja Porcon afforestation.
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a) Yanahuanga River Micro-basin

b) Rejo River Micro-basin

Figure 2. Hydraulic similarity of hydrological systems with an elongated oblong shape.

Table 7. Micro-basins in the high Andes with a round oval shape and hydraulic similarity.

Gravelius Relation of Orographic Shape of
Micro-basin Coefficient confluences Coefficient (%) Micropbasin Watershed
1.00 < K <1.25 R) (C,)
1. Porcon River 1.16 1.88 11.83 Round oval Pacific
2. La Leche River 1.16 1.90 12.04 Round oval Atlantic
3. Yamulan Qda. 1.23 2.25 12.27 Round oval Pacific
4. Asuncién River 1.24 2.34 10.90 Round oval Pacific
Mean 1.20 2.10 11.76
Standard Dev. 0.0435 0.2368 0.1941
Variation Coef. 0.0363 0.1128 0.0165

identified (Table 9), equal to 52.3% of the en-
tire group and 32.9% of the sample total. The
absolute predominance of hydraulic simili-
tude among micro-basins with this geometry
is clearly shown. This statistic not only reflects
the significant presence of hydrological units
with this geometry but also the high tendency

for hydraulic similitude in the same class or
group.

It is important to highlight that for the
three geometric groups, the percentage of hy-
drological units in the same group that tend
to have hydraulic similitude is always over
33%, a very significant percentage if extended
to the rest of the study region.
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Table 8. Micro-basins in the high Andes with an elongated oblong shape and hydraulic similarity.

Gravelius Relation of Orographic Shape of
Micro-basin Coefficient confluences Coefficient (%) Micropbasin Watershed

150< K. <175 R) (C,)
1. Poclush River 1.56 3.20 4.82 Elongated oblong Pacific
2. Rejo River 1.58 3.16 4.93 Elongated oblong Pacific
3. Onda Qda. 1.60 3.52 491 Elongated oblong Atlantic
4. Magdalena River 1.70 4.60 3.98 Elongated oblong Pacific
5. Contumazd River 1.72 4.20 3.90 Elongated oblong Pacific
6. Bamba Qda. 1.73 4.00 4.03 Elongated oblong Pacific
7. San Juan-3 River 17 3.29 4.07 Elongated oblong Pacific
Mean 1.66 7l 4.38
Standard Dev. 0.0797 0.5614 0.4806
Variation Coef. 0.0479 0.1513 0.1098

Transfer of Hydrometeorological Discussion

Information

Hydrological System of Origin with
Maximum Storm Information

The simulation of the probabilistic Gumbel
model, calibrated using statistical techniques
for the best fit, resulted in information with
the most diverse range of probabilities of oc-
currence. Some of these results are presented
in Table 10, information which corresponds to
the location of the Weberbauer rain gauge sta-
tion in the lower basin of the Mashcon River
hydrological unit (2 536 masl).

Hydrological Destination System without

Maximum Storm Information

The data transferred from Table 11 were
obtained according to the data in Table 10,
the location of the Weberbauer station (2 536
masl) in the lower basin of the Mashcon River
and the mean altitude of the Jadibamba River
destination micro-basin (3 218), with the ap-
plication of the transfer function shown in
equation (17), considering the same standard
duration of the intensities (time scale, t, = 1)
and an altitude scale of H, = 1.27.

Dimensionless Morphometric Characteristics
of the Sample

The sample is characterized by different de-
grees of variability in the hydraulic similitude
parameters, denoted by variation coefficients
of 11.3, 39.1 and 123.8%, corresponding to the
Gravelius index, convergence ratio and oro-
graphic coefficient, respectively. This behavior
indicates the degree of influence of the shape
of the basin on the configuration of the drain-
age network and the topographical factors in
the same order.

Closer values of the Gravelius variation
coefficients (11.3%) and the convergence ratio
(39.1) indicate that the shape of the basin has
more influence on the configuration of the
drainage network.

The micro-basins that are most vulnerable
to hydraulic erosion (higher orographic coef-
ficient values) and with a high capacity for
surface drainage (drainage networks with
more bifurcations) are mostly found at the
head of the Pacific watershed.

Influence of the Geometry of the Basin

The classification of the basins by geometric
shape resulted in 12 round oval (17%), 44
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Table 9. Micro-basins in the high Andes with an oblong oval shape and hydraulic similarity.

) ‘ Grav.el‘ius Relation of Oro.gl"aphic Shape of
Micro-basin Coefficient confluences Coefficient (%) Micro-basin Watershed
1.25 < K_ <150 R («,
1. Grande 2 River 1.27 2.75 2.68 Oblong oval Pacific
2. Cospan River 1.28 2.56 4.40 Oblong oval Pacific
3. Mashcén River 1.31 3.45 1.88 Oblong oval Atlantic
4. Chonta River 1.32 3.73 1.5 Oblong oval Atlantic
5. Huertas Qda. 1.34 2.98 3.87 Oblong oval Pacific
6. Chausis Qda. 1.38 2.67 3.80 Oblong oval Pacific
7. Pallac River 1.34 3.23 2.38 Oblong oval Pacific
8. Chiminote Qda. 1.36 2.83 1.90 Oblong oval Pacific
9.LaRamada 2 Qda. 1.33 3.00 3.00 Oblong oval Pacific
10. Tumbadén River 1.37 3.56 3.71 Oblong oval Pacific
11. Llantén 1 River 1.26 2.57 2.49 Oblong oval Atlantic
12. Cafiada River 1.40 3.22 2.70 Oblong oval Pacific
13. Puerto Blanco River 1.43 3.79 2.32 Oblong oval Atlantic
14. Chanta River 1.40 3.73 4.40 Oblong oval Pacific
15. Callalluc River 1.42 3.92 2.96 Oblong oval Atlantic
16. Llantén 2 River 1.32 3.49 3.73 Oblong oval Atlantic
17. Muyoc River 141 3.38 3.28 Oblong oval Pacific
18. El Sauce River 1.44 417 3.43 Oblong oval Atlantic
19. Namora River 1.43 4.42 2.50 Oblong oval Atlantic
20. Sanagoran River 1.42 4.35 2.03 Oblong oval Atlantic
21. San Pablo River 1.29 4.20 3.26 Oblong oval Pacific
22. Chetillano River 1.42 4.10 4.40 Oblong oval Pacific
23. Jadibamba River 1.49 4.50 4.65 Oblong oval Atlantic
Average 1.37 3.50 3.10
Standard Dev. 0.062 0.617 0.909
Variation Coef. 0.0457 0.1761 0.2932

oblong oval (63%) and 14 elongated oblong
(20%). The predominance of the oval form
(80%) in the regional sample indicates the
predominance of systems that are highly
vulnerable to hydraulic erosion and excessive
loss from surface runoff, and have very high
erosion capacities and sediment transport.

In each classification group, the Gravelius
variation coefficient was under 5%, which
indicates the strength of the classification
criteria using Gravelius index ranges.

The marked fall in the variation coefficient
of the Gravelius index in each classification
group (under 5%) with respect to the sample

value (11.3%) again corroborates the large
influence of the geometry of the basin on the
hydraulic similitude.

Hydraulic Similitude of Hydrological Systems

The frequencies of the hydraulic similitude
in each geometric group, based on the limits
established, were 52, 50 and 33%, correspond-
ing to the oblong oval, elongated oval and
round oval shapes, respectively. This shows
a significant trend towards hydraulic simili-
tude within each group. Nevertheless, these
percentages were lower with respect to the
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Table 10. Maximum precipitation intensities, Weberbauer station (altitude 2 536), Mashcon River

micro-basin.

- T %) Tr Maximum intensities (mm/h)
(years) 5 min 10 min 30 min 60 min 120 min
00 ) - - - - -
1 498.0 156.9 109.6 58.9 36.3 23.8
2 248.0 147.0 103.2 55.4 34.1 22.2
5 98.0 133.7 94.7 50.8 31.1 20.0
10 48.0 123.4 88.2 47.2 28.7 18.4
15 31.3 117.2 84.2 45.0 27.4 17.3
20 229 112.7 81.3 434 26.3 16.6
25 17.9 109.1 79.0 42.2 255 16.0
5 30 14.5 106.0 77.0 41.1 24.8 15.5
40 10.3 100.9 73.8 39.3 23.6 14.7
50 7.7 96.4 71.0 37.8 22.7 13.9
60 6.0 92.6 68.5 36.4 21.8 13.3
70 4.7 88.7 66.0 35.1 20.1 12.7
80 3.6 84.3 63.2 33.5 19.9 12.0
90 2.7 79.3 60.0 31.8 18.8 11.1
100 1.0 - ; - - ;
00 o - - - - -
1 995.5 165.5 115.9 62.4 38.6 25.5
2 495.4 156.8 109.5 58.9 36.3 23.8
5 195.5 143.6 101.0 54.2 333 21.6
10 95.4 133.3 94.5 50.6 31.0 20.0
15 62.0 127.1 90.5 48.5 29.6 19.0
20 45.3 122.6 87.6 46.9 28.6 18.2
25 35.3 119.0 85.3 45.6 27.7 17.6
10 30 28.5 115.8 83.3 44.6 27.0 17.1
40 20.1 110.8 80.1 42.8 259 16.3
50 14.9 106.4 77.3 41.2 24.9 15.6
60 11.4 102.4 74.7 39.8 24.0 14.9
70 8.8 98.5 72.2 38.5 23.1 14.3
80 6.7 94.3 69.6 37.0 22.2 13.6
90 4.9 89.4 66.4 25.3 21.1 12.8
100 1.0 - - - - -
00 -
1 2488.0 179.9 124.2 66.9 41.5 27.6
2 1238.0 169.9 117.9 63.4 39.3 26.0
5 487.9 156.6 109.4 58.8 36.3 23.8
10 237.8 146.4 102.8 55.2 By 22.1
15 154.3 140.2 98.9 53.1 325 21.1
20 112.5 135.6 96.0 51.5 31.5 20.4
25 87.4 132.0 93.7 50.2 30.7 19.8
25 30 70.6 129.0 91.7 49.1 30.0 19.3
40 49.4 123.8 88.4 47.3 28.8 18.4
50 36.6 119.5 85.7 45.8 27.9 17.7
60 27.8 115.5 83.1 44.4 27.0 17.6
70 21.3 111.6 80.6 43.1 26.1 16.4
80 16.0 107.4 78.0 41.6 25.1 15.7
90 11.4 102.4 74.7 39.8 24.0 14.9
100 1.0 - - - - -

N is the period of consecutive years; | is the uncertainty; Tr is the return time.
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Table 11. Maximum precipitation intensities transferred to the Jadibamba River micro-basin (mean altitude of 3 218 masl).

Tr Maximum Intensities (mm/h)
N J (%) < - - - - -
(afos) 5 min 10 min 30 min 60 min 120 min
00 ) - - - - -
1 498.0 199.3 139.2 74.8 46.1 30.2
2 248.0 186.7 131.1 70.4 43.3 28.2
5 98.0 169.8 120.3 64.5 39.5 254
10 48.0 156.7 112.0 59.9 36.4 23.4
15 31.3 148.8 106.9 57.2 34.8 22.0
20 229 143.1 103.2 55.1 33.4 21.1
25 17.9 138.6 100.3 53.6 324 20.3
5 30 14.5 134.6 97.8 52.2 31.5 19.7
40 10.3 128.1 93.7 49.9 30.0 18.7
50 7.7 122.4 90.2 48.0 28.8 17.7
60 6.0 117.6 87.0 46.2 27.7 17.0
70 4.7 112.6 83.8 44.6 25.5 16.1
80 3.6 106.9 80.3 425 25.3 15.2
90 2.7 100.7 76.2 40.4 23.9 14.1
100 1.0 - - - - -
00 o0 - - - - -
1 995.5 210.2 147.2 79.2 49.0 32.4
2 495.4 199.1 139.1 74.8 46.1 30.2
5 195.5 182.4 128.3 68.8 42.3 27.4
10 95.4 169.3 120.0 64.3 39.4 254
15 62.0 161.4 114.9 61.6 37.6 24.1
20 453 155.7 111.3 59.6 36.3 23.1
25 35.3 151.1 108.3 57.9 35.2 22.4
10 30 28.5 1471 105.8 56.6 34.3 21.7
40 20.1 140.7 101.7 54.4 329 20.7
50 14.9 135.1 98.2 52.3 31.6 19.8
60 114 130.0 94.9 50.5 30.5 18.9
70 8.8 125.1 91.7 48.9 29.3 18.2
80 6.7 119.8 88.4 47.0 28.2 17.3
90 4.9 113.5 84.3 32.1 26.8 16.3
100 1.0 - - - - -
00 -
1 2488.0 228.5 157.7 85.0 52.7 35.0
2 1238.0 215.8 149.7 80.5 49.9 33.0
5 487.9 198.9 138.9 74.7 46.1 30.2
10 237.8 185.9 130.6 70.1 43.0 28.1
15 154.3 178.0 125.6 67.4 41.3 26.8
20 112.5 172.2 121.9 65.4 40.0 25.9
25 87.4 167.6 119.0 63.8 39.0 25.1
25 30 70.6 163.8 116.5 62.4 38.1 245
40 494 157.2 112.3 60.1 36.6 23.4
50 36.6 151.8 108.8 58.2 35.4 22.5
60 27.8 146.7 105.5 56.4 34.3 224
70 21.3 141.7 102.4 54.7 33.1 20.8
80 16.0 136.4 99.1 52.8 31.9 19.9
90 11.4 130.0 94.9 50.5 30.5 18.9
100 1.0 - - - - -

N is the period of consecutive years; | is the uncertainty; Tr is the return time.
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sample (33, 10 and 6%, respectively), again
indicating the large predominance of the hy-
draulic similitude in basins with an oblong
oval shape.

The degree of approximation of the si-
militude is greater in basins with round oval
shapes, followed by elongated oval and ob-
long oval, with respect to the limit established
for each hydraulic similitude parameter.

Transfer of Hydrometeorological
Information

In general, information about the intensity
of maximum storms is very scarce, but it is
highly useful for generating maximum run-
offs for micro-basins without hydrometric
data related to peak flows. For basins with
hydraulic similitude, this methodology pro-
vides a simple solution to the problem.

The selection of the design variable (Tables
10 and 11)— in which a wide range of options
exist in terms of useful life (N), uncertainty
(J), return times (T') and duration, according
to the concentration time of the receptor-
collector surface— enables adapting it to
the nature and importance of each hydraulic
project.

Finally, precipitation intensity can be
converted into runoff using another law of
hydrological systems in the high Andes, given
the dimensionless parameter expressed in
equation (3), the basis of the Rational method.

Conclusions

The physical laws that govern hydrological
systems in the high Andes, which are based
on precipitation-runoff phenomena, are
governed by dimensionless morphometry
represented by equations (1), (2), (3), (4) and
(5). This set constitutes the scientific basis for
this methodology.

The trio that serves as the basis for the
hydraulic similitude among hydrological
systems in the high Andes is the Gravelius

index, convergence ratio and orographic
coefficient, to ensure geometric, kinematic
and dynamic similitude, respectively, using
previously established approximation levels.

In terms of approximation similitude lev-
els that are acceptable for practical purposes,
measured using the variation coefficient,
reference values of 0.05, 0.20 and 0.30 can be
used for the Gravelius index, convergence
ratio and the orographic coefficient, respec-
tively. Nevertheless, this depends on the
decisions made by investigators, according
to their interests.

Because of the dimensionless nature of
the methodology developed herein, it can
be applied to any region, or among regions,
sub-nations and internationally, as long as
the physical laws that govern the high Andes
hydrological systems are met (equations (1),
(2), (3), (4) and (5)).

The morphometric regionalization of stud-
ies can be quite helpful to solving problems
resulting from a scarcity of hydrometeoro-
logical information, for the purpose of the
integral management of pilot hydrographic
basins, which can be replicated in similar ba-
sins and can help to respond to global climate
change, including extreme phenomena such
as El Nifio.

The exchange of hydrometeorological
information among similar hydrological
systems using dimensionless morphometry
techniques is a simple process, unlike other
regional methodologies that require a lot of
information distributed across space and time
to obtain acceptable results.

This sample study of the dimensionless
morphometry of the Cajamarca region reports
a large predominance of hydrological systems
with a high potential for hydraulic erosion
(80%). This translates into excessive surface
drainage capacity and sediment transport
and, thus, a high risk of danger from flooding
due to extreme rainfall events, which is even
greater with the presence of extreme El Nifio
events.

Water

No. 4, July-August, 2015, pp. 25-44

Technology and Sciences. Vol. VI,




ces. Vol. VI, No. 4, _]ul)‘—r\ugust, 2015, pp. 25-44

Technology and Scie

123M

Ortiz-Vera, Hydraulic Similitude among the High Andean Hydrological Systems and Transfer of Hydrometeorological Information

References

Antigtiedad, I. (1980). Estudio morfométrico de la cuenca del
rio Arratia (Viscaya). Boletin de la Real Sociedad Geogrdfica,
66, 31-52.

Aparicio, M. (1997). Fundamentos de hidrologia de superficie
(303 pp.). Barcelona: Limusa, S. A.

Askoa-Ibizate, G. (2004). Analisis morfométrico de la cuenca
y de la red de drenaje del rio Zadorra y sus afluentes
aplicado a la peligrosidad de crecidas. Boletin de la AGE,
38, 311-329.

Chow, V. T. (1993). Hidrologia aplicada. Santafé de Bogota:
McGraw Hill.

Cruz-Santilldn, J., & Tamés, P. (1983). Andlisis cuantitativo
de la red de drenaje de la cuenca del rio Deba. Lurralde,
6,95-117.

Docampo, B. G., De Vikefia, E., Rico, E., & Rallo, A. (2009).
Morfometria de las cuencas de la red hidrografica
(Pais Vasco, Espafia). Espafia: Facultad de Ciencias,
Universidad del Pafs Vasco.

Gaspari, F. G. (2002). Plan de ordenamiento territorial de cuencas
degradadas. Aplicacién de SIG (179 pp.). Huelva, Espafia/
Buenos Aires: Ediciones Cooperativas.

Gaspari, F. J., Rodriguez, A. M., Senisterra, G. E., Denegri,
G., Deldado, M. I, & Besterio, S. (2012). Caracterizaciéon
morfométrica de la cuenca alta del rio Sauce Grande,
Buenos Aires, Argentina. VII Congreso de Medio
Ambiente AUGM, del 22 al 24 de mayo de 2012, UNLP,
La Plata, Argentina.

Gravelius, H. (1914). Morphometry of Drainage Bassins.
Amsterdan: Elsevier.

Ibéafiez, S., Moreno, H., & Gisberbert, J. (2005). Morfologia
de las cuencas hidrogrdficas. Escuela Técnica Superior de
Ingenierfa Agronémica y del Medio Natural. Recuperado
de ruinet.upv.es/bitstream /

Henaos, J. E. (1988). Introduccion al manejo de cuencas
hidrogrdficas (396 pp.). Bogotd: Universidad Santo Tomds,
Centro de Ensefianza Desescolarizada.

Horton, R. E. (1945). Erosional Development of Streams
and their Drainage Basins: Hydrophysical Approach to
Quantitative Morphology. Geological Society of America
Bulletin, 56, 275-370.

ICOLD (2008). International Commission of Large Dams,
ICOLD. Recuperado de http://www.icoldcigb.net/,
http:/ /www.dams.org.

Jimenez, O. & Farfas, H. (2005). Problemética de la
sedimentaciéon del embalse Valdesia, Reptblica
Dominicana. Santo Domingo: Instituto Nacional de
Recursos Hidrdulicos de la Reptblica Dominicana
(INDRHI).

Martinez, J. (1986). Caracteristicas morfométricas de la red
de drenaje de algunas cuencas de la sierra de los Alamos
(Moratalla, Murcia). Papeles de Geografia Fisica, 11, 45-51.

Rocha, A. (2006). Problemdtica de la sedimentacion de embalses
en el aprovechamiento de los rios peruanos, aplicada al embalse
de Poechos. 1 Congreso Internacional de Hidrdulica,
Saneamiento y Medio Ambiente, Instituto de la
Construccién y Gerencia (ICG), Lima, Perti. Recuperado
de http:/ / www.imefen.uni.edu.pe.

Rodriguez-Diaz, H. A. (2001). Hidrdulica experimental
(337 pp.). Santafé de Bogotd: Centro Editorial, Escuela
Colombiana de Ingenierfa.

Senciales, J. (2005). EI Andlisis morfologico de las cuencas
fluviales  aplicado  al  estudio  hidrogrdfico. Malaga,
Espafia: Departamento de Geograffa, Universidad de
Malaga. Recuperado de dialnet.unirioja.es/descarga/
articulo/109746.pdf.

Sotelo-Avila, G. (1977). Hidrdulica general. Vol. I. Fundamentos
(551 pp.). México, DF: Limusa.

Streeter, V., & Wilie, E. (2000). Mecdnica de fluidos (9a edicién).
Santafé de Bogotd: McGraw Hill Internacional, S.A.

Universidad Nacional de Colombia-Sede Medellin (s.f.)
HidroSIG. Medellin: Escuela de Ciencias y Medio
Ambiente. Recuperado de www.medellin.unal.edu.co/
hidrosig.

Vergara, M. (1993). Técnicas de modelacion en hidrdulica.
Buenos Aires: Ediciones Alfa Omega.

Institutional address of the author
Mg. Oswaldo Ortiz Vera

Universidad Nacional Agraria La Molina
Apdo. 456-La Molina, Lima, PErU
Teléfono: +51 (016) 3495 647

Fax: +51 (016) 3495 670
ingoov@gmail.com
pdrh@glamolina.edu.pe
pdrh.epg@gmail.com



Hydrological Modeling based on Rainfall

Estimates using Hydrometeorological
Sensors

e [van Vilchis-Mata* ® Khalidou M. B4 ¢ Roberto Franco-Plata
e Carlos Diaz-Delgado
Universidad Auténoma del Estado de México

*Corresponding Author

Abstract

Vilchis-Mata, I, B4, K. M., Franco-Plata, R., & Diaz-Delgado,
C. (July-August, 2015). Hydrological Modeling based on
Rainfall Estimates using Hydrometeorological Sensors.
Water Technology and Sciences (in Spanish), 6(4), 45-60.

This work assesses the integration of daily rainfall data
from hydrometeorological sensors in the Amacuzac River
basin, Mexico, for the period 2003 to 2009. It includes
data from automated weather stations (AWS), C-band
weather radar from the Cerro Catedral and PERSIANN and
CMORPH satellite systems, in the CEQUEAU distributed
hydrological model, with a spatial resolution of 27 x 27 km?
These estimates can be used to simulate daily flow. The
performance of the hydrological modeling was evaluated
with Nash-Sutcliffe efficiency criteria, graphic techniques,
calibration and validation. The results indicate that the
values of the criteria used are acceptable when compared
with observed daily rainfall as well as flow simulations. The
mean daily interannual Nash values obtained were 0.60 with
radar, 0.81 with PERSIANN, 0.83 with AWS and 0.85 with
CMORPH. The mean monthly interannual values obtained
were 0.90 with radar, 0.91 with PERSIANN, 0.92 with AWS
and 0.95 with CMORPH. Therefore, it can be stated that the
combination of the technological tools is a useful solution
when little rainfall data is available, providing real-time
automated processes that contribute to analyses and
decision-making.

Keywords: Rainfall estimate, weather radar, weather

satellite, CEQUEAU, PERSIANN, CMORPH, hydrological
modeling.

Introduction

Distributed hydrological models have been
extensively developed over the past two de-

Resumen

Vilchis-Mata, 1., Bd, K. M., Franco-Plata, R., & Diaz-Delgado,
C. (julio-agosto, 2015). Modelacion hidrologica con base en
estimaciones de precipitacion con sensores hidrometeoroldgicos.
Tecnologia y Ciencias del Agua, 6(4), 45-60.

En este trabajo se evaliia la integracién de datos a nivel diario de
precipitacion estimada con sensores hidrometeoroldgicos, tales como
estaciones meteorologicas automdticas (EMA), radar meteoroldgico
banda C de Cerro Catedral y sistemas satélites PERSIANN y
CMORPH, dentro del modelo hidrolégico distribuido CEQUEAU,
con una resolucion espacial de 27 x 27 km?, para el periodo
comprendido del afio 2003 a 2009, implementado en México, en la
cuenca del rio Amacuzac. Estas estimaciones permitieron simular
caudales a nivel diario, cuyo desemperio de la modelacién hidrolégica
fue evaluado mediante el criterio de eficiencia Nash-Sutcliffe,
técnicas grdficas, calibracion y validacién. Los resultados indican
que los valores de los criterios utilizados son aceptables tanto en la
comparativa con las precipitaciones diarias observadas como en las
simulaciones de caudales, obteniendo valores de Nash interanuales
medios diarios en el caso del radar 0.60, PERSIANN 0.81, EMA 0.83
y CMORPH 0.85, respecto a los interanuales medios mensuales,
para el radar 0.90, PERSIANN 0.91, EMA’s 0.92 y CMORPH
0.95. Por tal motivo es posible afirmar la utilidad de la combinacion
de estas herramientas tecnoldgicas como una solucion a la escasez
de datos de precipitacion, estableciendo procesos automatizados y en
tiempo real que permitan el desarrollo de andlisis y toma decisiones.

Palabras clave: estimacion de precipitacién, radar meteoro-légico,
satélite meteorolégico, CEQUEAU, PERSIANN, CMORPH,
modelacién hidrologica.
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cades, while meteorological data continues to
be limited due to insufficient measurement
stations. Precipitation is the main input for a
hydrological model, and the spatial distribu-
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tion of precipitation is the main variable in
hydrology, climatology and agriculture stud-
ies. Rain gauges are instruments traditionally
used to measure precipitation. Nevertheless,
they provide point information and have very
limited coverage in many basins around the
world, particularly in developing countries.
While weather radar provides highly valu-
able information to estimate precipitation it
does not cover many basins because of its
cost. Nevertheless, estimating precipitation
based on radar has been successfully used
by many hydrological studies (Lee, Shin,
Kim, & Park, 2014; Magafia-Herndndez, B4,
& Guerra-Cobidn, 2013; Guerra-Cobidn, B3,
Quentin-Joret, Diaz-Delgado, & Carsteanu,
2011; Eleuch et al., 2010; Bedient, Anthony,
Benavides, & Vieux, 2003; Bedient, Hoblit,
Gladwell, & Vieux, 2000). Fattorelli, Casale,
Borga and Da Ros (1999) indicate that efficient
and timely acquisition of information about
precipitation from large areas is crucial to
early and effective flood alerts. Images from
land radar and satellites make it possible to
simultaneously and frequently view large
regions. In effect, the use of radar and satel-
lite data in a hydrological forecasting systems
offers the opportunity to produce alerts that
are better and earlier than those produced by
systems based only on rain gauge data.

Passive microwave and infrared sensors
are the two most commonly applied satellite
techniques used to estimate precipitation
(Ebert, Janowiak, & Kidd, 2007).

Currently, an increasingly larger number
of precipitation satellite products is available
on the internet nearly in real-time. With the
advances in high-speed internet communica-
tions digital precipitation maps provided by
national weather centers, government institu-
tions and university research groups can be
downloaded in a matter of seconds.

For example, the International Precipita-
tion Working Group (IPWG, http://www.
isac. enrit/~ipwg/) compiled 23 algorithms
to estimate precipitation using satellites

from the United States, Europe, Japan and
China, and developed a program to validate
daily precipitation. To verify the quality of the
satellite information they used precipitation
recorded by rain gauges and weather radars
in Australia, the United States and northern
Europe. The CMORPH and PERSIANN algo-
rithms were chosen from the available options
because of their easy access to information
related to Mexico. These were applied to a
Mexican basin.

CMORPH (Climate Prediction Center
Morphing Technique) is an algorithm which
was developed in the United States by the
National Oceanic and Atmospheric Admin-
istration (NOAA) to estimate precipitation.
The product integrates measurements from
passive microwave sensors, which are inter-
polated over time, using advection informa-
tion from infrared heat sensors to interpolate
between sweeps by satellites with microwave
sensors (Joyce, Janowiak, Arkin, & Xie, 2004).
Precipitation estimated by CMORPH is avail-
able from December 2002 at different special
and temporal resolutions ((8 x 8 km2; 0.25°
x 0.25% 30 min, 3 h and daily) for regions
located between 60° north and 60° south.

The PERSIANN algorithm (Hsu, Gao,
Sorooshian, & Gupta, 1997; Sorooshian et al.,
2000) was developed by the Center for Hy-
drometeorology and Remote Sensing (CHRS)
at the University of California, Irvine. The
algorithm uses measurements from infrared
sensors which are fitted to measurements
from microwave sensors and calibrated us-
ing TRMM radar (Tropical Rainfall Measuring
Mission), when available. PERSIANN is an
algorithm based on a neural network func-
tion with approximation and classification
procedures to estimate the intensity of rain-
fall, with a pixel resolution of 0.25° x 0.25°.
The data are available from March 2000 with
temporal resolutions of 3 and 6 h and a 0.25°
x 0.25° spatial resolution. Another version of
this algorithm exists, called PERSIANN-CCS
(Hong, Hsu, Sorooshian, & Gao, 2004), which
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is based on a technique to classify clouds in
order to determine relationships between
the temperature at the top of the clouds and
precipitation.

Joyce et al. (2004) validated precipitation
estimated by the CMORPH and other algo-
rithms (at a daily level with a resolution of
0.25° x 0.25°) in Australia and the United
States using cells containing rain gauges.
They reported that CMORPH provided better
results. Dinku, Ceccato, Cressman and Con-
nor (2010) showed that CMORPH provides
slightly lower estimations of precipitation
than other algorithms with which it was com-
pared, for a period of 10 days with a resolu-
tion of 0.25° x 0.25°. Ebert ef al.(2007) reported
that CMORPH generally underestimates
the number of days with rainfall in Austra-
lia when using a daily level and a spatial
resolution of 0.25° x 0.25°. Nevertheless, the
estimated daily precipitation has a higher cor-
relation than other satellite algorithms used to
estimate precipitation. Serrat-Capdevila et al.
(2013) compared CMORPH and PERSIANN
algorithms at a daily level for the Sensegal
River in Africa and found that the CMORPH
provides better results. In addition, several
studies have used these algorithms in com-
parative analyses of precipitation estimations,
including Behrangi ef al. (2014); Habib, Haile,
Tian and Joyce (2012a); Joyce and Xie (2011);
Habib, Elsaadini and Haile (2012b), and Stisen
and Sandholt (2010).

In Mexico, Ba and Serrat-Capdevilla (2012),
Vilchis-Mata (2013) and Magafia-Herndndez
et al. (2013) evaluated different methods to
estimate precipitation using remote sensors,
including CMORPH and PERSIANN, and
concluded that CMORPH produces better
results at the daily level. The objective of the
present investigation is to use precipitation
estimated by CMORPH and PERSIANN algo-
rithms to evaluate the possibility of using this
source of information to model daily runoff
in a basin in Mexico.

CEQUEAU Hydrological Model

This model was developed by the National
Institute for Scientific-Water Research (INRS-
EAU, now INRS-ETE, French acronym) at the
University of Quebec, Canada to reproduce
runoff in a basin (Morin, Sochanski, & Paquet,
1998; Singh & Frevert, 2002; Morin & Paquet,
2007). It has been used in different countries
for the continuous simulations of flows or
for hydrological forecasting in order to man-
age reservoirs (Ba et al., 2013; Ba & Serrat-
Capdevila, 2012; Eleuch et al., 2010; Llanos,
Ba, & Castiella, 1999; Ayadi & Bargaoui, 1998;
B4, Diaz, & Rodriguez, 2001). In addition, the
World Meteorological Organization (WMO,
1986, 1992) has compared this model to vari-
ous hydrological models based on different
basins worldwide. The Tinto Alcan River
company (RTA, Spanish acronym) uses this
model in operations in order to manage res-
ervoirs and has financed the newest versions
of this model (http:/ / ete.inrs.ca/ete / publica-
tions/ cequeauhydrological-model).

Given the model’s distributed parameters,
the basin is divided into elemental areas in
the shape of squares (parcels) and the flows
are calculated for each of these areas, taking
into account spatial-temporal variations due
to the physiographic characteristics. This
discretization makes this type of model com-
patible for use with precipitation estimations
by satellites.

It contains two components to simulate the
vertical and horizontal flow of water in each
square (Figure 1). The vertical component is
called the product function and the horizontal
component the transfer function.

The production function refers to the
modeling of the vertical flow of water (rain,
evapotranspiration, infiltration, etc.) and is
aimed at obtaining a water volume for each
of the three recipients included in the model:
lakes and marshes, soil and aquifers. The
water volume is calculated for each partial
element by multiplying the water depth

Water
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Figure 1. Production function (left) and transfer function (right) for the hydrological model with distributed CEQUEAU
parameters (adapted from Morin & Paquet, 2007).
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produced in the entire square by the area of
the partial element under consideration. The
transfer function analyzes the way in which
the flow is transferred through the drainage
network. It takes into account lakes, marshes,
dams and bypasses. The model examines each
parcel for defined time intervals, which can be
one day or even one hour.
Evapotranspiration is calculated based on
the modified Thornthwaite formula (Morin &
Paquet, 2007). The calculations are performed
according to the time intervals indicated by
the user. As shown in the illustration in Fig-
ure 1, surface and delayed runoff depend on
the water level in the recipients, conceptual
drainage coefficients and the thresholds of
the recipient. This is simulated with equa-
tions involving the parameters of the model.
These parameters govern the behavior of the
water flow in the three recipients (lakes and
marshes, soil and aquifer), snow melting,
evapotranspiration and transfer. Two types
of input data are required by the model—
physiographic and hydrometeorological .
The model contains an application to op-
timize its parameters. The algorithm is based

on the Powell method (1964), whose objective
function is the Nash coefficient (equation (1))
or the relative error between observed and
simulated flows. The model also contains
graphic criteria such as comparisons of hy-
drographs and classified flows, among others.

NTD =1 _2(Qa=Q0) (1a)

E;(QO" - Q_O)z

NNE
QC1 Q01

—\2

(Q0i-Q)

(1b)

365
NTD*—l— E =I}]E21=5
En 1 Ez 1

Where:

NTD = Annual, dimensionless Nash-Sutcliffe
criterion, from - to 1.

NTD*= Inter-annual, dimensionless Nash-
Sutcliffe criterion, from -o to 1.

Q. = flows calculated on day i, in m?/s.
Q,; = observed flows on day i, in m?/s.
Q, = average of observed flows in 1 days.

NNE = number of years..
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Materials and Methods

The development of this work consists of a
logical sequence of seven procedures to pre-
pare the required inputs. These correspond
to: acquisition and pre-processing; followed
by validation of data measured on land by
the automated weather stations (AWS) and
estimated by remote sensing systems; genera-
tion of the CEQUEAU hydrological model’s
input parameters; hydrological modeling and
its calibration at the hydrographic basin level;
and lastly, the analysis of the results from the
different types of scenarios (radar, satellites),
as described in detail below.

1. Data acquisition: This consists of compil-
ing and storing rain gauge data inputs
obtained from the three main sources:
automated weather stations (AWS), Cerro
Catedral weather radar, and satellite sen-
sors (PERSIANN and CMORPH), with an
analysis of the availability and quality of
this information.

2. Pre-processing of data: This involves the
generation of databases accumulated at a
daily level (24 h) derived from the AWS,
as well as importation, validation, adapta-
tion and analysis in GIS-IDRIS], in order
to obtain daily accumulated precipitation
estimates from raster images produced
by weather radar and satellite images.
This is supported by the importation
and pre-processing module developed
by CRI-Ecuador and the methodology
developed by Vilchis-Mata, Quentin, B4
y Diaz-Delgado (2011).

3. Validation of rain gauge data: This
analysis is interpreted as a point valida-
tion between observed data(x) from rain
gauges at the AWS and data (y) estimated
by the remote sensors (CMORPH and
PERSIANN). This procedure is based on
a dimensionless measurement, such as the
determination coefficient (#?), to measure

the degree of reliability or goodness-of-fit
and variations in the data set (equation

(2)):

2 E(x—a_c)(y—y) ()

Preparation of physiographic parameters:
This involves delimiting the hydrographic
basin and obtaining its parameters in an
automated manner (Table 1) by applying
the hydrogeomatic module implemented
in GIS-IDRISIS by Franco-Plata (2008) and
improved by Franco-Plata ef al. (2013).This
basin information (Figure 2) is obtained
based on topographic information from
the Radar Topography Mission’s (SRTM-
NASA) digital elevation model (DEM),
with an initial spatial resolution of ap-
proximately 90 meters, which is adjusted
to the spatial resolution of the precipita-
tion data provided by the satellite images
(27 km). The information about land use
corresponding to the percentage of lakes,
marshes and forest cover is obtained from
data provided by the National Commission
for the Knowledge and Use of Biodiversity
(Conabio, Spanish acronym) or from the
supervised classification of satellite im-
ages, when available. A grid is then cre-
ated which divides the basin into complete
squares, where each square is identified
by the coordinates (L]), and which in turn
are divided into as many as 4 partial ele-
ments as defined by the delimitation of the
watersheds within the complete square. In
the case of the present investigation, these
squares correspond to a spatial resolution
of 27 km and indicate the direction of the
flow from one square to its neighboring
square, so that it coincides with the initial
information obtained from satellites. The
files with extension .PHY (physiographic)
and .BV (basin information) are produced
by this process.

Water
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Table 1. Physiographic characteristics of the basin.

Area and perimeter

A =8927.61 km?

P =755.46 km
Compactness coefficient Kec =225
Circularity Ratio Rci=0.2
. . . . Rh=3.36
Hypsometric Relationship and Mean Elevation H—17082
. 5°=10.54
Slope of the Basin S% —19.15
Lc=219.2 km
La=133.27 km
- R Sc=0.012
Characteristics of the Main River Sh=164

Hmax = 3 179 masl
Hmin = 627 masl

Concentration Time

Tel = 23.24 hours (Kirpich)
Tc2 = 23.36 hours (CHPW)

5. Preparation of hydrometeorological files:

This process analyzes and structures in-
formation regarding daily flow observed
at the Atenango del Rio hydrometric
station (managed by the Federal Electric
Commission), minimum and maximum
temperature data from the AWS located
in the basin and precipitation data con-
tained in databases generated daily from
radar and satellite sources (CMORPH
and PERSIANN), in a database manage-
ment program called SEDHIM (Chavez &
Galicia, 2002) and available in the formats
required by the CEQUEAU model. As a
result, files are created per sensor (radar,
CMORPH and PERSIANN) with a .MET
extension (meteorological) and a .CAU
extension (flow). It is important to men-
tion that the file with a .DHM extension
contains the definition of the period for
preparing the hydrometeorological data
for the simulations, as well as the routes
for accessing the files mentioned.

Hydrological Modeling. This corre-
sponds to the calculation of flows in the
basin based on the files generated and
required by the CEQUEAU (.PHY, .BV,

.DHM, .CAU), as well as the editing of a
parameters file with the extension .PAH,
which contains some of the parameters
determined by the physics of the phenom-
enon. Others depend on the hydrological
and physiographic characteristics of the
basin, while others are defined during the
calibration process.

Calibration and validation: Calibration is
a stage that enables attributing values to
the conceptual parameters involved in the
balance equations, as indicated in Figure
1. In this case, these parameters refer to the
height of the recipients, the drainage coef-
ficients, the Thornthwaite exponent and
index, etc. This process can be carried out
by: a) trial and error, b) optimization or c)
a combination of both. In this process, the
initial parameters included in the file with
the PAH extension change automatically
(optimization), or by trial and error until
finding the best NTD value closest to 1.
The calibration is the most crucial of all
the stages in the modeling. Sorooshian
and Arfi (1982) emphasize that the art of
modeling primarily lies in the calibration.
And furthermore, with the best of models,
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Figure 2. Delimitation, location of AWS, hypsometric curve and the profile of the basin up to the Atenango del Rio hydrometric

station.
no matter how sophisticated and realis- stage uses numerical criteria (NTD, in this
tic they may be, if the calibration is not case) or graphic criteria to compare the
done well they will always produce false results from simulations with parameters
results. obtained from the calibration process and
In addition, the quality of a model is the observed hydrographs.

measured by the validation results. This
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Results

The physiographic parameters of the basin
(Table 1) need to be calculated in order to
model runoff. This process enables obtaining
the area of the basin and its concentration
time, which are physical parameters required
by the CEQUEAU model. The model was
calibrated using precipitation observed at
the AWS and precipitation estimated from
radar and from satellite (CMORPH and PER-
SIANN).

In the case of the Cerro Catedral radar,
Vilchis- Mata et al. (2011) identified an oro-
graphic blocking of the radar beam from
the volcanoes and mountains in the zone of
influence, including the Jocotitldn, Nevado de
Toluca, Popocatépetl and Iztaccthuatl volca-
noes, as well as the NW system of mountains
corresponding to the Nevado de Toluca and
the Ajusco volcanoes. These generate screens
(under-detection) in the bottom portions and
echoes from the ground due to secondary
lobes, thereby resulting in an absence of data
(Figure 3). To correct this, an interpolation
process needs to be performed between the
affected pixels and the values of their neigh-
boring pixels, for each one of the images, with
the supposition that the fields of precipitation
are relatively homogenous. This results in an
image product which represents the daily
accumulated precipitation with orographic
correction. This can be applied operation-
ally in a distributed hydrological model
when representing the spatial distribution of
precipitation in the study area. In addition,
a potential benefit of the information is its
wide coverage of areas where it is difficult to
install and operate manual devices (Hossain,
Anagnostou, Dinku, & Borga, 2004).

Considering the limitations of the rain
gauge and radar networks, satellite sensors
represent the only viable means to estimate
precipitation across the planet. In effect,
techniques that integrate visible, infrared and

microwave data make their use possible by
solving problems that affect these techniques
(microphysics of clouds and thermodynamic
properties) when taken individually. Never-
theless, the quantitative estimates of precipi-
tation using remote sensors present a degree
of uncertainty associated with the nature of
the measurements.

The r? values in the scenarios with un-
derestimations and overestimations are
complementary to the overall analysis.
Underestimates correspond to a small per-
centage attributable to precipitations under
2.0 mm as well as local events which were
not completely quantified by remote sensors.
Meanwhile, overestimation reflect a general-
ized phenomenon seen in the results of hy-
drological modeling, which are most affected.

With respect to the results obtained from
the hydrological model (Tables 2, 3,4 and 5), a
considerable variation can be seen among the
different sources of information (AWS, radar,
PERSIANN and CMORPH), considering the
spatial variability in the precipitation and the
non-linearity of the transfer of mass and en-
ergy to within the basin, which are considered
reliable data.

High amounts of rainfall were observed
from the Amacuzac River basin to the Atenan-
go del Rio hydrometric station between May
and October, where the hydrograph peaks for
this period did not present an adequate fit,
while the flows remained uniform during the
dry season. On a daily level, the simulations
with AWS presented higher Nash-Sutcliffe
criterion values than those obtained with
the PERSIANN, which in turn were more
accurate than those of radar. On a monthly
level the order of the AWS values were the
same, while the radar values exceeded those
obtained with PERSIANN. It is worth men-
tioning that the simulations performed with
CMORPH data at both daily and monthly
levels were widely satisfactory, presenting
the highest Nash-Sutcliffe criterion values in
this analysis (Figures 4, 5, 6 and 7).
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Figure 3. Location of the basin in the radius of influence of the Cerro Catedral radar and affects from orographic blocking.

Table 2. Mean daily inter-annual flows.

Observed Calculated . Observed Calculated . Nash-
Source of Relative Relative .
Information flow flow error (%) water depth | water depth error (%) Sutcliffe
(m®/s) (m®/s) ’ (mm) (mm) 7 Criterion
AWS 50.6 49.5 2.2 193 189 2.2 0.831
Radar 57.1 57.1 0.0 218 217 -0.5 0.600
PERSIANN 50.6 50.1 -1.0 193 191 -1.0 0.807
CMORPH 50.6 50.6 0.0 193 193 0.0 0.851
Table 3. Monthly mean inter-annual flows.
Observed Calculated . Observed Calculated . Nash-
. Relative Relative .
Scenario flow flow error (%) water depth | water depth error (%) Sutcliffe
(m®/s) (m®/s) ? (mm) (mm) 7 Criterion
AWS 50.6 49.5 2.2 193 189 2.2 0.923
Radar 57.1 57.0 -0.2 218 217 -0.5 0.902
PERSIANN 50.6 50.1 -1.0 193 191 -1.0 0.912
CMORPH 50.6 50.6 0.0 193 193 0.0 0.950
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Table 4. Daily accumulated mean inter-annual flows.

Observed Calculated ) Observed Calculated . Nash-
. Relative Relative .
Scenario flow flow error (%) water depth | water depth error (%) Sutcliffe
(m?/s) (m?/s) ? (mm) (mm) ? Criterion
AWS 7 255.7 6978.3 -3.8 27 654 26 597 -3.8 0.995
Radar 8 151.9 8010.2 -1.8 31 070 30530 -1.8 0.997
PERSIANN 7 255.7 6628.6 -8.6 27 654 25 264 -8.6 0.986
CMORPH 7 255.7 6 883.0 -5.1 27 654 26 234 -5.1 0.994
Table 5. Monthly accumulated mean inter-annual flows.
Observed Calculated . Observed Calculated . Nash-
. Relative Relative .
Scenario flow flow error (%) water depth | water depth error (%) Sutcliffe
(m®/s) (m®/s) ’ (mm) (mm) 7 Criterion
AWS 262.4 252.2 -39 1000 961 -3.9 0.995
Radar 294.2 289.1 -1.8 1121 1102 -1.7 0.997
PERSIANN 262.4 240.8 -8.2 1000 918 -8.2 0.986
CMORPH 262.4 249.8 -4.8 1000 952 -4.8 0.994

Note: In tables 2, 3, 4 and 5, the radar values cover only the period 2008-2009 and thus the difference between this observed flow and the other

scenarios for the period 2003-2009.

Conclusions

The objective of this work was to analyze
the use of precipitation information obtained
from remote sensors as input for a distrib-
uted hydrological model. Without a doubt,
this approach improves the perception of
reality by providing a better spatial and
temporal representation of precipitation in
a region. The results reflect that, among the
methods analyzed, the best flow simulations
were those corresponding to the use of the
CMORPH algorithm, even with the AWS
stations. Nevertheless, this work presented
only three AWS stations in a basin measuring
9000 km? and therefore they do not accurately
reflect the distribution of precipitation. Mean-
while, the specialized literature indicates that
using radar to estimate daily precipitation
produces satisfactory results compared to
estimates based on satellites, though that was
not the case in the study basin. This could be
explained by the partial lack of information

caused by orographic blocking of the radar
signal, which was completed through inter-
polation.

It is worth mentioning that before using
precipitation information estimated by remote
sensors, validation needs to be performed
with rain gauges and, when applicable, cor-
rections made based on statistical criteria, the
geographic zone and the regional behavior of
the climate.

Lastly, the use of the information from
Mexico’s radar network needs to be system-
atized for hydrological studies.
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Abstract

Laino-Guanes, R. M., Bello-Mendoza, R., Gonzélez-Espinosa, M.,
Ramirez-Marcial, N., Jiménez-Otarola, F., & Musalem-Castillejos,
K. (July-August, 2015). Metal Concentrations in Water and
Sediments in the Upper Grijalva River Basin, Mexico-Guatemala
border. Water Technology and Sciences (in Spanish), 6(4), 61-74.

This work presents an evaluation of heavy metal concentrations
in the upper Grijalva River basin, in micro-basins with rivers that
supply water to communities on the Mexico-Guatemala border,
representing a possible risk to human health. In addition, given
current prospecting activities and interest in developing mining
in the near future, this study can provide reference values with
which to evaluate the environmental impact of these activities
in the region. Metal contents (As, Cd, Cr, Cu, Hg, Ni, Pb and
Zn) were evaluated in surface water and in sediments during
the rainy season (August 2011 and June 2012) as well as the dry
season (January 2012 and December 2012) in the Xelaju and
Bacanton River basins, as well as in the sub-basins of the Allende,
Buenos Aires, Molino and Carrizal Rivers. The results were
compared with norms corresponding to Mexico and Canada, and
in the case of sediments, also with background reference levels in
the United States. Concentrations of Hg exceeded the maximum
allowable limits established by both norms and the reference
levels mentioned, during both the rainy and dry seasons. The
results suggest that wastewater from the city of Motozintla de
Mendoza discharged into the Xelaju River partially explains the
increase in Hg concentrations in the water and sediments. The
concentrations of As, Cd, Cr, Cu, Ni, Pb and Zn detected were
minimal and did not exceed maximum limits allowed by Mexican
norms, although in some cases they exceeded those established
by Canadian norms and the United States reference values.

Keywords: Mercury, rivers, mining, Motozintla de Mendoza.

Resumen

Laino-Guanes, R. M., Bello-Mendoza, R., Gonzdlez-Espinosa, M.,
Ramirez-Marcial, N., Jiménez-Otdrola, F.,, & Musdlem-Castillejos, K.
(julio-agosto, 2015). Concentracion de metales en agua y sedimentos de
la cuenca alta del rio Grijalva, frontera México-Guatemala. Tecnologia y
Ciencias del Agua, 6(4), 61-74.

Se presenta una evaluacion sobre la concentracion de metales pesados en la
cuenca alta del rio Grijalva en microcuencas cuyos rios abastecen de agua
a comunidades de la region fronteriza México-Guatemala por sus posibles
riesgos para la salud humana. Ademds, en virtud de las acciones actuales
de prospeccion y del interés por el desarrollo de la mineria en el futuro
proximo, este estudio puede brindar valores de referencia sobre los cuales
se pueda evaluar el impacto ambiental de tales actividades en la region. Se
evalud el contenido de metales (As, Cd, Cr, Cu, Hg, Ni, Pby Zn) en agua
superficial y en sedimentos durante la época de lluvias (agosto de 2011
y junio de 2012) y en época seca (enero de 2012 y diciembre de 2012) en
las cuencas de los rios Xelajii y Bacanton, asi como en las subcuencas de
los rios Allende, Buenos Aires, Molino y Carrizal. Los resultados fueron
contrastados con las normativas correspondientes de México y Canadd, y
también, en el caso de los sedimentos, con los niveles de fondo de referencia
para los Estados Unidos de América. Las concentraciones de Hg rebasaron
los limites mdximos permisibles (LMP) establecidos en ambas normas y
niveles de referencia revisados tanto en época de lluvias como en la seca.
Los resultados sugieren que la descarga de aguas residuales de la ciudad de
Motozintla de Mendoza al rio Xelajii explica parcialmente el incremento
de la concentracion de Hg tanto en las aguas como en los sedimentos.
Las concentraciones detectadas de As, Cd, Cr, Cu, Ni, Pb y Zn fueron
minimas y no sobrepasaron los LMP en la norma mexicana; sin embargo,
en algunos casos rebasaron los LMP establecidos en la norma canadiense
y en los valores de referencia de los Estados Unidos.

Palabras clave: mercurio, rios, mineria, Motozintla de Mendoza.
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Introduction

Although some metals are crucial for liv-
ing beings, high levels of exposure damage
human health as well as flora and fauna
(Garcia-Garcia, Pedraza-Garciga, Montalvo,
Martinez, & Leyva, 2012; Jiménez-Cisneros,
2001; White & Rasmussen, 1998). Because
of their high toxic potential, As, Cd, Cr, Hg
and Pb are handled in a particular way and
are considered highly dangerous pollutants.
Nevertheless, other metals such as Cu and Zn
can also be toxic if they exceed certain con-
centration levels (Esteves, Gil, & Harvey,1996;
Garcia-Garcia et al., 2012; Soto-Cruz, Carrillo-
Chéavez, & Suérez-Sanchez, 2011). Some met-
als tend to accumulate in aquatic organisms
(“bioaccumulation”), where concentrations
increase when moving up the food chain,
presenting a risk to the health of persons who
consume them (Pérez-Cruz, Rangel-Ruiz, &
Gamboa-Aguilar, 2013). For example, effects
of Hg have been observed to intensify when
this metal accumulates in the tissue of fish
(Jiménez-Cisneros, 2001). Studies performed
with marine species warn about this accumu-
lated effect and its transfer through the food
chain, and indicate that several heavy metals
can be considered to be genotoxic agents
(Haesloop & Schirmer, 1985; Sanchez-Galan,
Linde, Ayllon, & Garcia-Véazquez, 2001). An
example of the transfer of heavy metals in the
food chain is the middle Pilcomayo River Ba-
sin, in Bolivia, where high concentrations of
metals were detected in the hair of the inhab-
itants living near the edges of the basin. This
was attributed to the consumption of fish and
water from the river. This river is polluted by
the exploitation of minerals in the upper basin
(Smolders, Archer, Stassen, Llanos-Cavero, &
Hudson-Edwards, 2006).

Domestic, agricultural and industrial
wastes represent the primary sources of
heavy metal pollutants in water bodies
(Castro & Valdés, 2012). The determination

of natural concentrations of heavy metals
and the contribution from anthropic sources
makes it possible to evaluate the degree to
which a particular zone is affected. To this
end, an analysis of both water and sediments
is indispensable (Villanueva & Botello, 1992),
particularly since metals tend to be deposited
in river sediments (Soto-Cruz et al., 2011) even
when concentrations in water are low (Leal-
Ascencio,Miranda, Sdnchez, Prieto-Garcia, &
Gordillo, 2009; Szalinska, Haffner, & Drouil-
lard, 2007).

Rivers are one of the primary means of
metal transport in coastal regions. They are
transported by the movement of materials
from the middle and upper basins (Zhang
et al.,1992). The effects of heavy metals on
marine ecosystems are of particular interest
because these pollutants are contained in sedi-
ments which can be released into the water,
becoming available to the marine biota. This
represents a potential threat to the function-
ing of an ecosystem (Visviki & Rachlin, 1991).

Studies performed in the middle and lower
Grijalva River basin confirm the presence of
heavy metals in both the water and sediments
in the basin’s rivers and lakes (Leal-Ascencio
et al., 2009; Pérez-Cruz et al., 2013), as well
as at the mouth of this river in the Gulf of
Mexico (Rosales-Hoz,Carranza-Edwards,
Santiago-Pérez, Méndez-Jaime, & Doger-Ba-
dillo, 1994; Vazquez, Elias,Aguayo, & Baeza,
1996; Villanueva & Botello,1992). Neverthe-
less, very few studies exist about the presence
of metals in the upper basin (Alvarado-Arcia,
Ilizaliturri-Herndndez, Martinez-Salinas, &
Torres-Dosal,2014), which is important to
understanding the origins of these pollutants
and the dynamics throughout the entire basin.

Meanwhile, mineral resources found
in the upper Grijalva River basin in both
Mexico and Guatemala are of great interest
to mining companies (Copae, 2010; Roblero-
Morales,2011). The 2001 — 2006 National Min-
ing Development Program of Mexico, pub-
lished in the Official Journal of the Federation on
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November 24, 2003, states that Chiapas has a
vast mining potential which has not been ex-
ploited. In 2010, a total of 112 mining licenses
were granted in Chiapas (Roblero-Morales,
2011). According to the Mexican Mining Ad-
ministration System, the licenses in the upper
Grijalva River would be used to mine gold,
silver, lead, copper and trisodium phosphate
(SIAM, 2015). The extraction of these minerals
could create pollution from mercury, arsenic,
lead and other products associated with min-
ing, depending on the process used and the
management of the wastes (Alpers, Myers,
Millsap, & Regnier,2014; Pinedo-Herndndez,
Marrugo-Negrete, & Diez, 2014; PNUMA,
2002; UNEP, 2013).

Given this panorama, Alvarado-Arcia et
al.(2014) report the possibility of an increase
in mining activity in the coming years,
along with its inherent environmental con-
sequences. Mining extraction presents a risk
to human health and alters the environment,
generating soils with physical, chemical and
biological conditions that limit the establish-
ment of vegetation and other organisms
(Puga, Sosa,Lebgue, Quintana, & Campos,
2006). Open pit mining is one of the highest
risk industries in the world, both for those
who work there because of the materi-
als used as well as for persons who live in
nearby communities because of the irrational
use of natural resources such as water and
the severe impacts generated (Copae, 2010;
Osores-Plenge, Rojas-Jaimes, & Manrique-
Lara- Estrada, 2012). In addition, when
mining activities cease the sites are often
abandoned and negatively affect the quality
of the water, soil and air in the ecosystems
in which they are located. The environment
is constantly affected when remediation and
cleanup measures are not performed at the
sites (Kirschbaum, Murray, Arnosio, Tonda, &
Cacciabue, 2012).

This study is aimed at establishing a base-
line concentration of heavy metals, which
has been the subject of very few studies in

the region. Since the presence of metals in
ecosystems is also related to natural causes,
the values presented in this study could con-
tribute to understanding background levels
and constructing a reference point that can
be used in future investigations to determine
whether or not a pollutant has been released,
in anticipation of the possible mining exploi-
tation.

The objectives of this study were: (1) to
evaluate the presence of metals in water and
sediments in six tributaries of the Grijalva
River, in the upper basin (border between
Mexico and Guatemala); and (2) identify
whether the wastewater from Motozintla de
Mendoza (Chiapas), the main urban popula-
tion in the study area, contributes to heavy
metal pollution in the river receiving these
wastes, and if this could represent a potential
risk to the communities downstream in the
basin. To this end, the presence of metals in
the largest tributaries of the Xelaju River was
analyzed, three of which represent the main
source of water for the city of Motozintla de
Mendoza.

Methods
Study Area

The study area is composed of the Xelaju
and Bacanton River basins, located on the
Mexico-Guatemala border, in the upper Gri-
jalva River basin (Figure 1). The Xelaju River
basin is located in Mexico, in portions of the
municipalities of Motozintla de Mendoza and
Mazapa de Madero, in the state of Chiapas.
The Bacanton River begins in Guatemala, in
the municipality of Tacana, state of San Mar-
cos. It crosses the Guatemala-Mexican border
in the municipality of Mazapa de Madero,
Chiapas. These rivers are tributaries of the
Grijalva River, which empties into the Gulf
of Mexico, in the state of Tabasco. The city of
Mazapa de Madero is located in the middle
Xelaju basin, whose main tributaries are the
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Figure 1. Location of the study area, geographic coordinates of the gauging points in the Xelaju and Bacanton river basins, and

the Allende, Buenos aires, Molino and Carrizal sub-basins, on the Mexico-Guatemala border.

Allende, Buenos Aires and La Mina rivers,
which begin south of the city. The Molino
and Carrizal rivers begin west of that city. The
Allende, Buenos Aires, Molino and Carrizal
sub-basins are delimited within the Xelaju
River in order to detect the presence of heavy
metals in the sediments and water before and
after the water courses pass though the city of
Motozintla de Mendoza.

The Xelaju River basin has an area of 9 728
ectares and nearly 33 068 inhabitants (includ-
ing the city of Motozintla de Mendoza with
23 755 inhabitants). The Bacanton River basin
has 1 968 hectares and an estimated popula-
tion of 2 321 inhabitants (746 in Mexico and 1
575 in Guatemala). The Allende, Buenos Ai-

res, Molino and Carrizal sub-basins measure
884, 532, 1 146 and 1 693 hectares and have
563, 179, 1 498 and 1 751 inhabitants, respec-
tively (Laino-Guanes, Musdlem-Castillejos,
Gonzalez-Espinosa,
2014).

The city of Motozintla de Mendoza
receives surface water primarily from the
Allende, Buenos Aires and Carrizal rivers,
and untreated municipal wastewaters are
discharged into the Xelaju River. The other
smaller communities also receive their water

& Ramirez-Marcial,

generally from surface sources and discharge
their domestic wastes into land that is adja-
cent to their housing or in nearby streams.
Their sanitary waste is deposited in septic
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tanks. Most of the families in Motozintla de
Mendoza and the rest of the rural popula-
tions in the study region live in conditions
of extreme poverty and marginalization, with
serious deterioration in natural resources
(Caballero et al., 2006; Ordéiiez, 2010).

The study region is highly seismic due to
geological faults (Plascencia-Vargas,Gonzalez-
Espinosa, Ramirez-Marcial, Alvarez-Solis, &
Musalem-Castillejos, 2014). The Polochic-Mo-
tagua fault system runs across the Motozintla
valley, where a volcanic-plutonic outcropping
tectonically lies on top of partially eroded Me-
sozoic sediments (Carfantan, 1977). The sur-
face lithology of the area is made up of rocks
that are sedimentary, volcanic-sedimentary,
intrusive and extrusive igneous and meta-
morphic (INEGI,1980; MAGA, 2005).

The rainy season is from May to October
and the dry season from November to April.
Annual mean precipitation is 822 mm at the
Motozintla de Mendoza weather station (15°
22’ 00” latitude north; 92° 15’30” longitude
west; 1 210 m altitude) and 1 278 mm at the
Buenos Aires station (15° 19’ 57”latitude
north; 92° 16’ 03” longitude west; 1 720 m
altitude), according to historical data from
1978 for the Motozintla de Mendoza station
and from 1982 for the Buenos Aires station
(National Water Commission; Conagua, 2011).

Sample Collection and Determination of
Heavy Metals

Concentrations of As, Cd, Cr, Cu, Hg, Ni, Pb
and Zn in water and sediments were quan-
titatively determined at gauging points in
the two basins and the four sub-basins. Their
geographic coordinates are presented in the
map of the study area (Figure 1). A total of 19
simple water samples were collected in 1-liter
plastic (polypropylene ) containers which
were hermetically sealed. First, samples were
taken during the rainy season (August 2011
and June 2012) and the dry season (January
2012) for the analysis of all metals. Then,

since the results indicated the absence of all
these metals or negligible quantities with
the exception of Hg, only this element was
analyzed one more time in December 2012.
The samples taken in the rainy season were
collected a minimum of 48 hours after the last
precipitation in order to ensure base flows in
all cases and to prevent measurements during
peak flows in which sediment transport could
distort the results.

The channels of two rivers (Molino and
Carrizal) studied dried up completely dur-
ing the dry season and therefore no water
samples were obtained. At the edge of the
sites where the water samples were collected,
sediment samples were taken during the
rainy season (June 2012) when all the rivers
had flows. The samples obtained were those
with a predominance of clay and silt, since
metals tend to accumulate in the smaller
particles deposited in the river beds (Pérez-
Carreras, Moreno-Garcia, & Gonzélez-Parra,
1995; Singh, Hasnain, & Banerjee, 1999).
The sediment samples were collected in
borosilicate glass containers with hermetic
seals. At each gauging point, a 1-liter sample
of surface sediment was collected at a depth
between 0 and 15 cm. This was composed of
five sub-samples. The water and sediment
samples were kept refrigerated while they
were transported to the laboratories.

The analytic determination of Cr, Cu, Ni,
Pb and Zn was performed according to Mexi-
can Official Norm NMX-AA-051-SCFI-2001.
Flame atomic absorption spectroscopy was
used for the samples collected on August
2011 and January 2012. The quantification
limits (QL) from the water analysis were 200
ug/1 for Cr, Cu and Ni, 190 ug/1 for Pb and
340 ug/1 for Zn. A high-precision graphite
furnace was used for the June 2012 sample,
and the QL obtained were 10 ug/1 for Cr, 5
ug/1 for Cu and Pb and 20 ug/1 for Ni. The
determination of Zn was not performed since
it did not have the sensitivity required by the
equipment. The QL corresponding to the sedi-
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ment analysis were 5 mg/kg for Cr and Ni, 10
mg/kg for Cu, 0.2 mg/kg for Pb and 2 mg/kg
for Zn. A VARIAN brand atomic absorption
spectrophotometry was used (SpectrAA220
model) and the graphite furnace was a VARI-
AN braned, model GTA110. Three procedures
were used for quality control: (1) use of Trace
Metals WasteWateR™ reference material, lot
P192-500, ERA brand, (2) sample analysis in
triplicate and (3) analysis of the target reagent.

The analysis of As, Cd and Hg were
performed with a GBC brand, AVANTA PM
model atomic absorption spectrophotometry
and a GBC brand HG 3000 model flame and
hydride generator. The samples were previ-
ously processed with a LABCONCO brand
Six-Place Kjeldahl semi-micro digester. The
QL obtained from the water analysis were
0.05 ug/1 for As and Hg and 0.4 ug/1 for Cd.
The QL from the sediment analyses were
0.18 mg/kg for As, 1.73 mg/kg for Cd and
0.25 mg/kg for Hg. For each parameter, four
target treatment were analyzed and one in
triplicate for quality control. The certified
reference material was also performed in
triplicate. The EAA’s ET-QUO03 procedures
for the determination of heavy metals were
followed (2008).

In addition, water samples were collected
from each sampling point to measure total
hardness (mg CaCO,/1) using a volumetric
acid-base titration technique according to the
APHA 2340 C method (1998).

Maximum permissible limits according
to Mexican and Canadian norms and U.S.

Reference Levels

The concentrations of metals in water were
compared to the Official Mexican Norm
NOM-127-SSA1 (1994) which establishes the
maximum permissible limits (MPL) for water
quality for human use and consumption. This
legislation does not include Ni. Canadian
Environmental Quality Guidelines (CEQG)
were also used, which establish water quality
parameters for metals in continental waters
for the protection of aquatic life. The Cana-
dian guidelines do not include total Cr and
propose using formulas based on total water
hardness to calculate guideline values for Cu,
Ni and Pb (see MPL and formulas in Table 1).
In Mexico, no MPL have been established
for metals in sediments and, therefore, the
results from this study will be compared
to the Mexican Official Norm NOM-
147-SEMARNAT /SSA1, 2004 , Criteria to
Determine Contamination of Soils by Heavy
Metals. This legislation does not include total
Cr (only hexavalent), Cu or Zn values. Cana-
dian CEQG guidelines were also used, which
establish reference values for metals in sedi-
ments present in continental water bodies.
Although these guidelines do not include
Ni, two values have been established for
As, Cd, Cr, Cu, Hg, Pb and Zn: (1) those
by the Interim Sediment Quality Guideline
(ISGQ) which represent the concentrations
below which no adverse biological effects
are expected and (2) the Probable Effect Level,
which is the concentration above which ad-

Table 1. Permissible limits for metals in water, established by Offical Mexican Norm (OMN) and Canadian guidelines (CEQG).

As|Cd

Cr

Cu |Hg|

Ni Pb Zn

Norm

(ug/D

OMN [ 50 | 5 |50 2000 1

25 5000

CEQG | 5 [0.09

- 1e0.8545 [In(hardness)] - 1.465 * 0.2 ug /1| 0.026

0.76 [In(hardness)] + 1.06 ug/1le1.273 [In(hardness)] - 4.705 ug /1 30

OMN: Official Mexican Norm 127-SSA1-1994 which establishes permissible water quality limits for human use and consumption.

CEQG: Canadian Environmental Quality Guidelines, which establish water quality parameters for the protection of aquatic life with respect to the

presence of metals in continental waters.
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verse biological effects often appear. Lastly,
the results from metals in sediments were
compared to background levels established
by the reference table (Screening Quick Refer-
ence Table for Inorganics in Freshwater Sedi-
ment) issued by the National Oceanic and
Atmospheric Administration (NOAA). See
MPL and reference levels in Table 2.

Results and Discussion

The presence of Hg was detected in all the
basins (Table 3). Concentrations were not
quantifiable during the rainy season (August
2011). The QL (quantification limits) from the
analysis was lower than the MPL (maximum
permissible limits) established by Mexican
norms but above the Canadian MPL. In June
2012, the Hg concentrations in all the rivers
except the Molino River exceeded the MPL
established by Mexican and Canadian norms.
During the dry season, the Molino and Car-
rizal rivers did not have any flow, while the
Hg in the Allende and Buenos Aires Rivers
were not quantifiable by the method used
by the analysis. In January 2012, higher
concentrations were found in the Xelaju and
Bacanton rivers, 3.26 ug/l and 2.58 ug/l,
respectively. These values exceeded the MPL
established by Mexican and Canadian norms.

In December 2012, the Hg values found in the
Xelaju and Bacanton rivers exceeded the MPL
established by Canadian norms but not those
by Mexican norms (see MPL in Table 1).

The Cu, Pb and Zn concentrations were
not quantifiable in any of the basins with the
analytical method used, except for: (1) June
2012 when 21 ug/1 of Cu was detected in the
Carrizal River, value which is lower than the
MPL established by Mexican norms but high-
er than the Canadian MPL calculated based
on total hardness; (2) June 2012, when 10 and
12 ug/1of Pb were detected in the Xelaju and
Carrizal rivers, respectively, values which
are lower than the Mexican MPL and higher
than the Canadian MPL calculated based on
water hardness. It is worth mentioning that
the QL from the analytical method used for
Pb in August 2011 and January 2012 exceeded
the MPL established by Mexican norms; and
(3) In August 2011, when 440 ug/1 of Zn was
detected in the Bacanton River, which is lower
than the Mexican MPL but higher than the
Canadian norm. For Zn, the QL from the ana-
lytical method used exceeded the Canadian
MPL.

The Cd, Cr and Ni concentrations were
not quantifiable in any of the basins with
the analytical methods used. For Cd, the QL
from the analytical method used exceeded

Table 2. Permissible limits for metals in sediments, established by Mexican norms (OMN) and Canadian guidelines (CEQG),
and background levels for the United States (NOAA; 1999).

As cd Cr cu | Hg Ni Pb Zn
Norm
(mg/kg)
OMN 2 3 ] : 23 1600 400 ]
15QG 59 06 37.3 35.7 0.17 : 3 123
CEQG
PEL 17 35 90 197 0.486 - 913 315
NOAA 11 | 0103 | 713 | 1025 [ 00040051 | 99 417 7-38

NOM: Official Mexican Norm-147-SEMARNAT /SSA1-2004, establishing criteria to determine contamination of soil by metals.
CEQG: Canadian Environmental Quality Guidelines for sediments from continental water bodies.

ISQG: Interim Sediment Quality Guideline.
PEL: Probable Effect Level.

NOAA: National Oceanic and Atmospheric Administration, background levels from the Screening Quick Reference Table for Inorganics in Freshwater

Sediment.
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the Canadian MPL. For Cr, the QL from the
analytical method exceeded the Mexican MPL
in August 2011, nevertheless the method was
more precise in June 2012 when the concen-
trations detected were below this limit.

During both the rainy and dry seasons,
the As concentrations detected were below
the Mexican and Canadian MPL or were not
quantifiable with the analytical method used.

For sediments in the Xelaju, Bacanton,
Allende, Buenos Aires, Molino and Carrizal
rivers, the Hg concentrations detected did
not exceed Mexican MPL (Table 4). Neverthe-
less, the values were over the PEL and ISQG
established by Canadian guidelines, except
for the Carrizal and Bacanton rivers which
had Hg concentrations below the PEL (see
MPL in Table 2). In the sediments from the
Bacanton River, Hg was not quantifiable and
the QL from the method used exceeded ISQG
and NOAA values. The Hg concentrations
detected in the sediments in all the basins
exceeded NOAA levels.

The As, Cu and Cr concentrations in the
sediments from all the rivers were lower
than the Mexican and Canadian MPL, but
exceeded NOAA levels in some cases.

The Cd and Pb concentrations in the
sediments were not quantifiable in any of
the basins. For Cd, the QL from the method
exceeded the ISQG and NOAA values. The
concentrations of Ni and Zn in the sediments
in all the rivers were lower than the Mexican,
Canadian and NOAA MPL.

The lack of norms for metals in sediments
still needs to be addressed in Mexico and
other Latin American countries. Legislation
should take into account priorities based on
the geographic and environmental conditions
of the water bodies in the regions (Leal-
Ascencio et al., 2009).

Mercury and the City of Motozintla de
Mendoza

The results from the analysis of heavy metals
indicate that the Hg concentrations detected
in the study area exceeded the Mexican and
Canadian MPL for water, and exceeded the
Canadian and NOAA MPL for sediments.

Meanwhile, the concentrations of the other
metals analyzed (As, Cd, Cr, Cu, Ni, Pb and
Zn) were lower than the Mexican MPL (al-
though in some cases they exceeded Canadian
and/or NOAA MPL) or were not quantifiable
by the analytical method used. Therefore, this
section analyzes only the presence of Hg in
water and in the sediments from the above
rivers after they passed through the city of
Motozintla de Mendoza. The gauging points
in the Allende, Buenos Aires, Molino and
Carrizal rivers (tributaries of the Xelaju River)
provide the results before the rivers passed
through this city and the gauging point in
the Xelaju River (Figure 1) corresponds to the
results after passing through the city.

The results from four samples of Hg in
water were analyzed, two in the rainy sea-

Table 4. Cd, As, Hg, Cu, Cr, Ni, Pb and Zn concentrations in sediments in the Xelaju, Bacanton, Allende, Buenos Aires, Molino

and Carrizal rivers during the rainy season (June 2012).

i As cd cr cu | Hg Ni Pb Zn
(mg/kg)

Xelaju River 1.04 <173 8.45 28.09 1.29 7.12 <02 3.29
Bacanton River 0.37 <1.73 5.62 21.96 <0.25 9.36 <0.2 2.25
Allende River 1.31 <173 9.63 25.33 0.74 6.73 <02 3.36
Buenos Aires River 0.53 <1.73 32.58 23.13 0.52 7.58 <0.2 2.72
Molino River 0.56 <173 19.03 22.98 0.81 7.37 <02 4.67
Carrizal River 0.92 <1.73 24.08 29.68 0.31 7.10 <0.2 2.61
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son and two in the dry season. Two of the
channels completely dried up during the dry
season (Table 3). The data did not present a
clear relationship between the presence of Hg
and the dry period. Nevertheless, the results
suggest the presence of higher Hg concentra-
tions in the flow leaving the city of Motoz-
intla de Mendoza, at least in quantities that
exceeded the QL fro, the analytical method
used. Due to the inconsistent behavior of the
appearance of Hg in water during the differ-
ent samplings, we focused on the results from
June 2012 when the presence was detectable
at all sampling points. This situation did not
occur during any of the other three sampling
periods.

The amount of Hg in water increased after
passing through the city of Motozintla de
Mendoza (Figure 2), although in both cases
(before and after the city) the values detected
exceeded Mexican (NOM-127) and Canadian
(CEQG) MPL.

Likewise, the concentration of Hg in sedi-
ments in June 2012 were higher after the river

passed through the city (Figure 3) and, in both
cases, the values detected exceeded Canadian
(ISGG and PEL) and NOAA MPL, although
they were lower than the Mexican (NOM-147)
MPL for soil contamination from metals (23
mg/kg).

The sources of Hg could be natural or an-
thropogenic. Natural sources include volcanic
activities, evaporation from land and aquatic
surfaces, degradation of minerals, forest fires
and erosion of rocks that are natural sources
of Hg (Pirrone et al., 2010; PNUMA, 2002).
Several anthropogenic sources also exist, such
as the use of carbon to generate energy and
heat; production of cement; use of fluorescent
lamps, headlights, manometers, thermostats,
thermometers, and other instruments and
their accidental breakage; electrical switches;
dental fillings; incineration of wastes (mu-
nicipal, medical and toxic); garbage dumps;
crematories; and mining, which includes the
extraction of Hg as a main product or as a
byproduct from the extraction of other metals,
such as gold, silver or zinc (Pirrone et al., 2010;
UNEP, 2013).

Hg in water
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Figure 2. Hg concentrations in water in June 2012) median-+lower and upper quartiles) before (including the tributaries of

the Allende, Buenos Aires, Molino and Carrizal rivers) and after (gauging point in the Xelaju River) passing through the city

of Motozintla de Mendoza. Maximum permissible limits according to Mexcian norm (NOM-127) and Canadian guidelines
(CEQQG)..
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Hg in sediments
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Figure 3. Hg concentrations in water in June 2012 (median-+lower and upper quartiles) before (including the tributaries of the

Allende, Buenos Aires, Molino and Carrizal rivers) and after (gauging point in the Xelaju River) passing through the city of

Motozintla de Mendoza. Canadian environmental quality guidelines (ISGG and PEL).

Considering the presence of volcanoes
in the region, some other candidates for
the Hg detected in the study area may be
related to the geology, especially in regards
to the lower amount detected before the
river passes through the city of Motozintla de
Mendoza. After the city, the increase in Hg
concentrations may be from both natural and
anthropogenic sources, such as the discharge
of untreated municipal wastewater and the
dislodging and transport of sediments. Nev-
ertheless, more data are needed to confirm the
above.

Conclusions

The metal detected most frequently and with
the highest concentration was Hg in water
as well as in sediments. Concentrations of
Hg increased after the Xelaju River passed
through the city of Motozintla de Mendoza.
Other potentially toxic elements were de-
tected (As, Cd, Cr, Cu, Ni, Pb and Zn) but

in very low concentrations or below the MPL
established by Mexican and Canadian norms.
More information is needed in order to con-
clude whether these metals negatively affect
the ecosystem and health of the communities
downstream in the basin.
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Abstract

Bueno-Hurtado, P, Lépez-Santos, A., Sanchez-Cohen, I,
Veldsquez-Valle, M. A., & Gonzélez-Barrios, J. L. (July-
August, 2015). Land Use Changes and their Effects on GHG
Dynamics in the State of Durango. Water Technology and
Sciences (in Spanish), 6(4),

75-84.

Actions are being taken worldwide to evaluate greenhouse
gas (GHG) emissions in different countries. According
to reports by the National Development Plan in Mexico,
several national GHG inventories have been performed by
different sectors. The present work quantifies the emissions
and absorption of GHG resulting from land use changes in
the state of Durango. The IPCC method was applied using
the Greenhouse Gas Inventory Software, version 1.3.1.
Emissions of gases other than CO, produced by burning
were calculated. Coniferous vegetation lost the largest
amount of biomass and therefore emitted the most CO,,
while abandoned agricultural land resulted in a capture
of CO,, mostly from the recuperation of xeric shrubs and
hardwoods. Most of the GHG emissions (other than CO,
produced by burning) were emitted in regions containing
coniferous vegetation.

Keywords: Conversion, forest, agriculture, burning.

Introduction

The Clean Development Mechanism (CDM)
is found in Article 12 of the Kyoto Protocol
(United Nations Framework Convention on

Resumen

Bueno-Hurtado, P., Lopez-Santos, A., Sanchez-Cohen, 1., Veldsquez-
Valle, M. A., & Gonzdlez-Barrios, |. L. (julio-agosto, 2015). Cambios
de uso de suelo y sus efectos sobre la dindmica de GEI en el estado
de Durango, México. Tecnologin y Ciencias del Agua, 6(4), 75-84.

En el mundo se estdn tomando acciones para evaluar las emisiones
de gases efecto invernadero (GEI) en distintos paises. Acorde a
lo indicado en el Plan Nacional de Desarrollo en México se han
realizado ya wvarios inventarios nacionales de GEI en distintos
sectores. En el presente trabajo se realizé una cuantificacion de las
emisiones y absorciones de GEI debido al cambio de uso de suelo en
el estado de Durango. Se aplicé la metodologin del IPCC, mediante
el programa Greenhouse Gas Inventory Software version 1.3.1.
Se calcularon las emisiones de gases distintos al CO, producto de
quema. El grupo de vegetacion que perdié la mayor cantidad de
biomasa y por ende emitié mayor CO, fue coniferas, por otro lado,
el abandono de tierras agricolas provocd la captura de CO, en mayor
medida por la recuperacion de matorral xerdfilo y latifoliadas. En
cuanto a las emisiones de GEI distintas al CO, producto de quema,
las mayores cantidades se emiten en las zonas donde se encuentran
coniferas.

Palabras clave: conversion, bosques, agricultura, quema.
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Climate Change (UNFCCC)). Its objective is
to aid countries not in Annex I, which are es-
sentially developing countries. There are over
7 450 CDM projects, 53 of which are related to
forestation and reforestation, which are much
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fewer than projects involving agriculture
(219), waste management (944) and fossil
fuel emissions (236) (UNFCCC, 2014). CDM
projects are aimed at reducing the greenhouse
effect (GE), which first involves quantifying
gases released into the atmosphere. The In-
tergovernmental Panel on Climate Change
(IPCC) has created methodologies for this
purpose, one of which is presented in the
IPCC guidelines for greenhouse gas (GHG)
inventories, revised in 1996. These guidelines
contain 5 modules for GHG inventories, one
of which is land use change and forestry.

Land use changes contribute to GHG emis-
sions, and deforestation in particular (Mas
and Flamenco-Sandoval, 2011). In the land
use change and forestry sector, roughly 1.6
Gt of carbon (C) is emitted annually (CGE,
2005). It is worth mentioning that activities
involving land use changes not only produce
emissions but also sequestration (Rootzén et
al., 2010). In addition to CO,, land use changes
release methane (CH,), nitrous oxide (N,O),
nitrogen oxides (NO ) and carbon monoxide
(CO) (EPA, 2010; Manso, 2003; PNUMA,
2005).

In Mexico, the General Law on Climate
Change (2012) stipulates the creation and
updating of GHG inventories at national and
state levels for the different emissions catego-
ries, including forests and land uses. Thus,
the objective of the present study is to create
an inventory of GHG emissions and capture
resulting from land use changes in the state
of Durango, based on the IPCC methodology.

Materials and Methods

The present work covers the state of Durango,
located between the parallels 22° 19" and 26°
48’ latitude north and the meridians 107° 11
and 102° 28’ longitude west. Greenhouse Gas
Inventory Software version 1.3.1 was used. The
calculation method used was that proposed
by the IPCC guidelines for greenhouse gases,
version 1996 (IPCC, 1996).

Land use changes involve both the emis-
sion and capture of GHG. Emissions are
caused by forests and jungles being converted
into induced crops and pastures. Capture
occurs when farmlands are abandoned and
woody vegetation regenerates.

To calculate the area of existing vegetation,
the following INEGI Land Use and Vegetation
charts were processed using ARCMAP 9.3: se-
ries IV (2007), series III (2002), series II (1993)
and series I (1985), at a scale of 1:250000.

Some of the default values shown in Table
1 were used for the calculation, obtained from
INEGI 2006 and the IPCC Good Practice
Guidance (SEMARNAT and INE, 2006; GPG-
LULUCE 2003).

The IPCC methodology calculates the
GHG dynamics as described below:

CO, Released from Conversion of
Forests into Other Land Uses

Estimation of loss in biomass:

LB=ACx*(BBC-BAC)

Where LB = annual loss in biomass (kt ms);
AC = area converted annually (kha); BBC =
biomass before conversion (t ms ha'); BAC =
biomass after conversion (t ms ha™).

The estimation of carbon released from
burning aerial biomass in-situ is given by:

AAC = ((LB*FBI)*FOI)*CF

Where AAC = amount of carbon released
from burning biomass in-situ (kt C); LB = an-
nual loss in biomass (kt ms); FBI = fraction
of biomass burned in-situ; FOI = fraction of
biomass oxidized in-situ, CF = carbon fraction
of the aerial biomass.

Estimation of carbon released from burn-
ing aerial biomass outside the forest:

BBO= LB fbb
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Table 1. Default values from IPCC (GPG-LULUCE, 2003) and the National GHG Inventory
(Semarnat & INE, 2006).

Default value Vegetation Group
Biomass before conversion t ms* ha
Coniferous 93
Hardwood 61.6
Semi-deciduous forest 104.1
Low forest 37.31
Xerix shrub 37
Biomass after conversion t ms ha
Coniferous 28.2
Hardwood 28.0
Semi-deciduous forest 324
Low forest 233
Xerix shrub 17.2
Dimensionless
Fraction of biomass burned in situ All 0.5
Fraction of biomass oxidized in situ All 0.9
Fracton of carbon burned undergound All 0.5
Fraction of biomas burned off-site All 0.5
Fraction of biomass oxidized off-site All 0.9
Fraction of carbon from biomass undergound All 0.5

*Dry material.

Where BBO = amount of biomass burned
outside the forest (kt ms); LB = annual loss
in biomass (kt ms); fbb = fraction of biomass
burned outside the forest.

Carbon released due to burning outside
the forest:

ACO= (BBO* fbo)+CF

Where ACO = amount of carbon released
from burning biomass outside the forest (kt
C); BBO = amount of biomass burned outside
the forest (kt ms); fbo = fraction of biomass oxi-
dized outside the forest; CF = carbon fraction of
burning of aerial biomass outside the forest.

Estimation of total carbon released from
burning aerial biomass in-situ and outside the
forest:

ACBIO = ACBI+ACBO

Where ACBIO= total carbon released from
burning in-situ and outside the forest (kt C);
ACBI = amount of carbon released from burn-
ing in-situ (kt C); ACBO = amount of carbon
released from burning biomass outside the
forest (kt C).

Estimation of CO, released from decompo-
sition of aerial biomass:

ACD - ((MA#(BBC-BAC))*FAD)*CF

Where ACD = carbon emitted from decom-
position of aerial biomass (kt C); MA = mean
area converted (10-year average) (kha); BBC
= biomass before conversion (t ms ha); BAC;
biomass after conversion (t ms ha™); FAD =
fraction abandoned that decomposed; CF =
carbon fraction of the aerial biomass.

Estimation of total CO, emissions from
conversion of forests and prairies:
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ATCC = (ACBIO+ ACD) * (44 / 12)

ATCC = total annual CO, released from
conversion of forests and prairies (Cg of CO,);
ACBIO = carbon released from burning in-situ
and outside the forest (kt C); ACD = carbon
released from decomposition of aerial bio-
mass (kt C); 44/12 represents the molecular
weight of CO, / C.

CO, Captured from Conversion of
Abandoned Agricultural Land

Since regeneration rates decrease over time,
a 20-year period prior to the inventory and
a period of 20 to 100 years prior were used.

The calculation of annual carbon absorp-
tion by the aerial biomass (abandoned land
during the prior 20 years):

VBA = (AA* GR) «CF

Where VBA = annual absorption of carbon
by the aerial biomass (kt C); AA = total aban-
doned area which has been in the regenera-
tion stage during the prior 20 years (k ha); GR
= annual growth rate of the aerial biomass
(t ms ha'); CF = carbon fraction of the aerial
biomass.

To calculate the area abandoned during
the prior 20 years, the vegetation areas from
series II and IV of the INEGI Land Use and
Vegetation charts were compared. The an-
nual growth rate of the biomass from natural
regeneration was obtained from INEGI (2010)
(Semarnat & INE, 2009) and is shown in Table
1.

Calculation of annual carbon absorption
by the aerial biomass (land abandoned for
more than 20 years):

VBA ,, =(AA_,, *GR)*CF

Where VBA_, = annual absorption of
carbon by the aerial biomass in land that has
been abandoned for more than 20 years (kt

C); AA_,, = total abandoned area which has
been in the regeneration stage for more than
20 years (k ha); GR = annual growth rate of
the aerial biomass (t ms ha'); CF = carbon
fraction of the aerial biomass.

For lands abandoned for more than 20
years, vegetation areas in series I and IV of
the INEGI Land Use and Vegetation charts
were used as a reference. The annual growth
rate is shown in Table 1.

Calculation of total CO, removal in aban-
doned lands.

The results from the previous formulas are
summed, as shown as follows:

VTCA = VBA+VBA_,,

Where VTCA = total carbon absorbed by
the abandoned lands (kt C); VBA = annual
absorption of carbon by the aerial biomass
during the first 20 years (kt C); VBA_, =
annual absorption of carbon by the aerial
biomass for more than 20 years (kt C).

Gases other than CO, released from
burning

The estimation of nitrogen released:

AN = ACBIO* N:C

Where AN = total nitrogen released (kt N);
ACBIO = total carbon released from burning
in-situ and outside the forest (kt C); N:C =
ratio of nitrogen to carbon, which is 0.01 ac-
cording to vapor, default value proposed by
the IPCC workbook (IPCC, 1996).

Estimation of emissions of gases other
than CO,;:

AGO = ACBIO*RE

Where AGO = emissions of gases other
than CO, (kt C); ACBIO = total carbon re-
leased from burning in-situ and outside the
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forest (kt C); RE = ratio of the emission of
gases other than CO,.

The emissions ratios were obtained from
the IPCC workbook (IPCC; 1996) and are
0.012 for CH,, 0.06 for CO, 0.007 for N,O and
0.121 for NO_.

Lastly, to calculate emission for gases
other than CO,, a conversion was performed
according to different conversion ratios for
each type of gas.

AB =AGO=*CR

Where AB = emissions from burning of
forests (Gg CH,, Gg CO, Gg N,O, NO ); A GO
= emissions from gases other than CO, (Kt
C); CR = conversion ratio; CO (28/12), CH,
(16/12 N,O (44/28), NO_(46/12).

Uncertainty Analysis

The percentage of uncertainty was calculated
using the equations below. The first was ap-
plied to uncertain amounts that were com-
bined through multiplication and the second
when the uncertain amounts were combined
through addition and without correlating
them:

utotal = Vu12+u§++u5

Where U, = percentage of uncertainty in
the product of the amounts (the half-length of
the 95% confidence interval divided by the
total); U, = percentage of uncertainty associ-

ated with each one of the amounts:

\/(ul-x1)2+(u2 °x2)2+---+(lln 'xw)2
X+ X, + X,

u

total =

Where U, |
the product of the amounts (half-length of the
95% confidence interval divided by the total);
X, = uncertain amounts and U, = percentage

of uncertainty associated with them.

= percentage of uncertainty in

It is important to mention that the un-
certainties pertaining to default values cor-
respond to those cited by the IPCC Good
Practice Guidance (GPG-LULUCEF, 2003), in
terms of the uncertainty of the data using
the national level as a reference. These were
obtained from the National Greenhouse Gas
Inventory (Semarnat & INE, 2006). With
respect to the uncertainty in the calculation
of land use areas, this was obtained with the
following equation:

(40)
% of uncertainty = 2

100
(100)

Where o = standard deviation and u =
mean of the distribution.

Results and Discussion

CO, Released by Conversion of Forest Land
into Other Uses

The area of wooded vegetation that converted
into agricultural use in the state of Durango is
shown in Figure 1. It is equal to an annual loss
in biomass of 8 292.52 kt of dry matter (ms).
Of this total, 146.25 kt ms was burned and 3
731.65 kt ms was oxidized in-situ. The vegeta-
tion group with the highest loss in biomass
was coniferous, whereas semi-deciduous
represented the smallest loss (Table 2).

The loss in biomass mentioned in the
above paragraph corresponds to total carbon
emissions of 2 067.7 kt C (7 581.52 Gg of CO,)
from decomposition and 3 731.65 kt C (13
682.67 Gg of CO,) from burning (Figure 2).

The emissions from burning and decom-
position of biomass nationally was 52 180 Gg
of CO, from burning and 62 321 Gg of CO,
from decomposition (Semarnat & INE, 2009).
That is, the state of Durango represented
26.22% of the national emissions produced by
burning and 12.16% produced by decomposi-
tion. Meanwhile, the state of Sinaloa emitted
664.47 Gg of CO, from burning and 1 993.38
Gg of CO, from decomposition (IEGEIE-
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Figure 1. Loss in vegetation from 1993 to 2007.
Table 2. Carbon emissions from burning of biomass in situ and outside the forest.

Vegetation in 2002 ALB (kt ms) BBI (kt ms) BOI (kt ms)
Coniferous 6 623.79 3311.90 2980.71
Hardwood 366.37 183.19 164.87
Low Forest 103.08 51.54 46.39
Semi-deciduous Forest 60.90 30.45 27.41
Xeric shrub 1138.38 569.19 512.27
Total, Durango 8292.52 4146.25 3731.65

ALB Annual Loss in Biomass; BBI Biomass burned in situ; BOI Biomass oxidized in situ.

Sinaloa, 2005), that is, 4.85% and 26.29% of
the emissions released in Durango. Chiapas
is another state with findings from CO, emis-
sions caused by changes in land use, where
2 133 Gg was released from the conversion
of agricultural land and prairies into forests
(IEGEIC, 2011), representing 10% of the total
emissions in Durango.

It is important to take into account in the
above paragraphs that the proportions of veg-
etation vary among the states. In Durango,

31% is state land made up of forests, conifer
and oak, while dry forests are predominant in
Sinaloa and wet jungles are predominant in
Chiapas (INEGI, 2014).

Gases Released from Burning, Other
than CO,

Gases other than CO, that were released
from the burning of biomass were: 261.21 Gg
of CO, 0.21 Gg of N,O, 7.42 Gg of NO_and
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Figure 2. Carbon released by burning in situ and outside the forest (CBIO), carbon released by decomposition of biomass on the
soil (CDB).

29.85 Gg of CH, (Figure 3). When comparing
these results, the state of Sinaloa emitted 10%
of the CH,, 10% of the CO, 9.52% of the N,O
and 10.24% of the NO_emitted by Durango
(IEGEI-Sinaloa, 2005). The state of Guanajuato
emitted 2.88 % of the CH,, 2.87 % of the CO,
4.76 % of the N O and 2.83 % of the NO_emit-
ted by Durango (IEGEI-Guanajuato). Thus,
there appears to be more burning in Durango
than in the other states.

CO, Capture from Conversion of
Abandoned Agricultural Land

Vegetation groups that are regenerating
because of land abandoned as of 1985 were
xeric shrub (324.44 kha) and hardwood (85.57
kha), and as of 1993, hardwood (117.76 kha)
followed by xeric shrub (70.95 kha) (Table 3).

The total CO, absorption in Durango
was 872.06 Gg of CO,, which was 52% less
in the state of Chiapas and 200% and 300%
more in Guanajuato and Sinaloa, respec-
tively (IEGEIC, 2011; IEGEI Guanajuato, 2005;
IEGEIE-Sinaloa, 2005).

Summary of CO, Dynamics

In terms of changes in the use of forest and
agricultural land in the state of Durango,
872.06 Gg of CO, was captured and 21 264.2
Gg of CO, was released into the atmosphere
annually (Figure 4). Uncertainty in the results
from abandoning agricultural land and the
conversion into forests were 20.57% and
36.94%, respectively.

Conclusions

Estimations were generated of GHG emis-
sions and capture resulting from changes in
forest and agricultural land use in the state
of Durango. The vegetation group that lost
the most biomass and therefore released the
largest amount of CO, was coniferous, fol-
lowed by xeric shrub, hardwoods, low forest
and semi-deciduous forests. Most of the CO,
was emitted from burning and lesser amounts
from the decomposition of biomass. The
abandonment of agricultural lands was the
primary cause of CO, capture and resulted
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Figure 3. Emissions of gases other than CO, as a result of burning in the state of Durango.

Table 3. Conversion of agriculture and pasture areas in 1985 and 1993 (losses) into vegetation groups

in 2007 (gains).

Vegetation group AAO (kha) ACC* (kt O) AAF (kha) ACC" (kt O)
Coniferous 14.83 9.63 42.45 27.59
Hardwood 85.57 55.62 117.76 76.54
Semi-deciduous forest 16.72 217 5.18 2.85
Low forest 53.49 6.95 9.2 5.06
Xeric shrub 324.44 42.17 70.95 9.22
Total carbon (kha) 237.83
Total CO, capture (Gg) 872.06

*For over 20 years; ® for the first 20 years; AAO abandoned area for over 20 years; AAF abandoned area in the first 20 years; ACC annual

carbon capture.
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2015). Short-and Long-Term Price Elasticity of Residential
Water Demand in an Arid Region. Case Study of La Paz,
BCS, Mexico. Water Technology and Sciences (in Spanish), 6(4),
85-99.

Almendarez-Herndndez,

Overexploitation, saline intrusion and limited water supplies
are the main problems faced by coastal arid zones. Since these
conditions occur in the city of La Paz, we have proposed
that the short- and long-term price elasticity of residential
water demand be estimated in order to measure the impact
of block pricing on efficient use. The results demonstrate that
long-term elasticity is greater than short-term. This work
contributes to the empirical evidence regarding adjustments
in consumption in response to permanent increases in prices.

Keywords: Residential water demand, block prices, price
elasticity, short-term and long-term.

Introduction

One of the main challenges facing large urban
areas located in arid coastal zones is the sus-
tainability of services that supply water, since
increasingly larger volumes are needed to meet

Resumen
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Trejo, V., & Beltrdn-Morales, L. F. (julio-agosto, 2015). Elasticidad-
precio de corto y largo plazos de la demanda de agua residencial de
una zona drida. Caso de estudio: La Paz, B.C.S., México. Tecnologia
y Ciencias del Agua, 6(4), 85-99.

La sobrexplotacion, intrusién salina y limitaciones en la oferta
hidrica constituyen los principales problemas de zonas dridas
costeras. Considerando que la ciudad de La Paz, Baja California Sur,
Meéxico, presenta estas condiciones, nos hemos propuesto estimar
la elasticidad-precio de corto y largo plazos de la demanda de agua
residencial para medir el impacto que tiene la estructura de precios
en bloque en el uso eficiente. Los resultados revelan una elasticidad
de largo plazo mayor a la de corto plazo. Este trabajo contribuye con
evidencia empirica sobre el ajuste en el consumo ante incrementos
permanentes en los precios.

Palabras clave: demanda de agua residencial, precios en blogue,
elasticidad precio, corto y largo plazos.
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demands that often exceed the supply capacity
(Soto & Bateman, 2006). The lack of adequate
economic market instruments, such as block
pricing structures that contribute to managing
demand, can lead to an inefficient use of the
resource and its depletion. The evident need
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for these instruments has brought about a
rapid growth in investigations about pricing
structures (Howe & Linaweaver, 1967; Cava-
nagh, Hanemann, & Stavins, 2001).

The entities responsible for providing
local water services in Mexico are Municipal
Drinking Water and Sewer Operating Entities
(OOMSAPAS, Spanish acronym). According
to Elnaboulsi (2009), they should design fee
structures according to four basic criteria:
efficiency, equity, financial viability and sim-
plicity. In conditions of scarcity and limited
capacities to increase the water supply, the
OOMSAPAS should encourage efficient use
through prices that provide incentives to
conserve water in order to avoid its deple-
tion (Bartoszczuk & Nakamori, 2004). In this
regard, Klawitter (2003) indicates that the
design of a sustainable price for urban water
should satisfy the needs of current and future
generations through the efficient use of the
resource as well as recuperate total costs
(including supply and opportunity costs and
economic externalities). It should also be eq-
uitable for all the different users. Dalhuisen,
Florax, De Groot and Nijkamp (2001) also
suggest that the price structure should be
fair, encourage efficient use and be adminis-
tratively feasible. It is therefore important to
evaluate whether or not price structures meet
these objectives. If they do meet them, it is also
important to analyze to what degree. To this
end, it is necessary to estimate the percentage
change in the water demand as a result of a
percentage change in the price, known as the
price elasticity of water demand. This will
be inelastic if the percentage change in the
amount demanded is less than proportional
to the percentage change in price. It is unitary
when the change is equally proportional and
elastic when it is more than proportional. It
is also important to determine whether differ-
ences exist between short-term and long-term
elasticity in order to know whether long-term
changes in consumption occur as a result of
permanent increases in the pricing structure
over time. This would imply that users adjust

consumption one or more periods after the
current bill. It is useful for the OOMSAPAS
to estimate short- and long-term elasticity
because this makes it possible to identify the
parameters needed to design fee structures
that will contribute to accomplishing specific
goals to reduce water demand.

Background

In many countries, market price structures for
residential water and electricity are based on
block pricing systems. This has come about
due to income distribution policies with pro-
gressive pricing systems, where poor homes
that consume less pay the lowest prices.
The entities responsible for supplying water
services not only seek economic efficiency
but other objectives as well, such as equity
and local acceptance (Ruijs, 2009). There is
currently an extensive amount of literature
about estimating demand functions for these
systems. There is also consensus that residen-
tial water demand is inelastic, as shown by
Dalhuisen et al. (2003) in a meta-analysis of
price elasticity from studies dating back to
1963 and 1998, in which a mean elasticity of
-0.41 was found. Elasticity differs according
to place, time and estimation techniques.
Methods used include ordinary least squares
(OLS), instrumental variables and discrete
continuous choice models (DCC) in order
to address simultaneity problems presented
by block prices (Hewitt & Hanemann, 1995).
The data used by these techniques basically
consists of micro-data applied in cross-section
or data panels.

For studies that use macro-data, or ag-
gregate data, estimation techniques consist
of OLS, the Generalized Method of Moments
(GMM) (Ruijs, 2009) and cointegration mod-
els with error correction. Using this method,
Martinez-Espifieira (2005) found that con-
sumption, price and virtual income levels
were not stationary, unlike first-differences.
This indicates an order of integration, I(1),
which is important to consider in the process
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of generating information at the time of the
econometric specification. In addition to
prices, the literature also considers other fac-
tors as determinants of demand, including
climate, demographics (make-up and size of
households), socioeconomics (income level)
and culture (Howe & Linaweaver, 1967; Bill-
ings & Agthe, 1980; Renzetti, 1992), among
others. Recently in Mexico, interest has grown
in the study of the water demand function for
residential use. Using micro-data, Jaramillo
(2005) estimated price demand sensitivities
of -0.22 using the discrete continuous choice
method and -0.58 with instrumental variables
(IV). Garcia-Salazar and Mora (2008) found
elasticities of -0.18 and -0.2 for the Torreon
Coahuila region using IV. In another study,
developed by Sisto (2010) in La Laguna met-
ropolitan area, elasticities between -0.47 and
-0.53 were found with ordinary least squares
models. Meanwhile, with the IV and OLS
methods, Salazar and Pineda (2010) deter-
mined an elasticity of -0.33 using aggregate
data on a local scale with 134 localities— the
highest price demand elasticity, in absolute
terms, of those reported with micro-data by
the empirical literature on residential water
demand in Mexico.

The empirical evidence suggests that
measurements and a block pricing structure
reduce water usage. Nevertheless, there is
considerable differences between developed
and developing countries in measuring in-
struments. Yepes and Dianderas (1996) found
85 to 90% usage in developed countries, while
50% was found in developing countries. In
the case of Mexico, micro-measurements
are limited. Nevertheless, an important
statistic is that only 46% of water intakes
are measured while 54% are not (based on a
sample of 39 cities with populations over 50
000 inhabitants), according to the National
Water Commission (Conagua, 2008). This
lack of investment in micro-measuring instru-
ments brings into question the principles of
economic efficiency and equity in the supply
of water in Mexico, with its discriminatory

pricing between homes with measurements
and those without. This situation could
result in subsidiaries for the consumer, in
which the price per cubic meter for homes
without micro-measurements may be lower
than the price paid by homes with measure-
ments, bringing about inequity and lowering
incentives to efficiently use the resource. The
lack of measurements also affects financial
operating deficits. This has encouraged the
estimation of short- and long-term water
demanded for residential use in the city of
La Paz, Baja California Sur (BCS). In this city,
micro-measurements are low (40%) and the
operating entity has a financial deficit (two
characteristics which are representative of the
national situation). Problems also exist related
to the sustainability of the water supply due
to overexploitation of the aquifer (the only
supply source), which is subject to seawater
intrusion. For these reasons, the objective
of this work was to estimate the short- and
long-term price elasticity of the residential
water demand in the city of La Paz, in order
to measure the impact of a block pricing struc-
ture on the efficient use of water. To this end,
the hypothesis proposed was that, with an in-
crease in micro-measurements, an adequately
designed block pricing fee structure can con-
tribute to managing water demand through
pricing signals that result in the efficient use
of the resource (decreasing its consumption)
and thereby attain the objectives related to
equity, economic efficiency and sustainable
use of residential water.

Materials and Methods
Study Area and Description of the Data

The urban area of the city of La Paz was se-
lected because: a) it is located in a semi-arid
region where no surface water bodies exist
and precipitation is scarce, which has resulted
in the need to extract groundwater through
pumping of coastal wells, resulting in over-
exploitation of the aquifer and indirectly
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causing the intrusion of seawater; b) homes
represent the sector with the highest demand,
with 60.86% of the total water extracted from
the aquifer (30 018 597 m?®). According to
Cruz-Falcon (2007), the aquifer has an area
of 200 km?, the water deficit is 9 million cubic
meters annually and the infiltration of seawa-
ter ranges from 150 to 200 meters annually.
Figure 1 shows the location.

Schematic Description of the Methodology

Figure 2 presents a flow diagram of the meth-
odology used.

Determination of the Sample Size and
Description of Variables

The distribution of demand at the La Paz
OOMSAPAS, by type of user, was 94.28%

domestic, 5.47%
industrial in the year 2008. Increases in the
fee structure from 2003 to 2008 can be seen in
Figure 3 (OOMSAPAS, 2009).
Cross-sectional and time series data
were used to estimate elasticity. The cross-
sectional data were obtained from a survey
administered in 2008. For the time series
estimation, official data were obtained con-
taining individual identification codes from
household consumer bills. This information
was used to calculate average monthly con-
sumption and the average marginal price.
The strategy to obtain the cross-sectional
information was to analyze the distribution
of water household consumption within 11
consumption ranges in order to estimate the
optimal sample size based on the consump-
tion estimator. The analysis of the distribu-
tion showed that 93.96% of the homes with
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Figure 1. Location of the study area, delimitation of the basin, distribution of extraction wells and City of La Paz, Baja California

Sur, Mexico.
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Figure 2. Flow diagram of the methodology.
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Figure 3. Block fee structure for domestic usage, La Paz, Baja California Sur, period 2003- 2008.

micro-measurements fell into the first three
blocks, 27 568 of which had a consumption
range between 0 and 17 m® monthly, 9 515
had a range of over 17 to 24 m® monthly and 5
485 were in the range of over 24 to 35 m®. The
optimal size of the sample was obtained using
a stratified random method with proportion-
ate allocation , with an error of 4% and a 95%
confidence interval. This resulted in a sample
size of 594 homes, which was adjusted to 600.
Table 1 shows the description and descriptive
statistics of the variables obtained from the
survey.

Given that 93% of the homes with micro-
measurements fell in the 35 m® consumption
block, the econometric strategy was limited to
working with data from homes with micro-
measurements that consumed up to 50 cubic
meters during the period 2003 to 2008, since
these represented over 95%. This avoided
problems with statistical interference by
eliminating atypical consumption data. The
time series database contained monthly
variables from 2003 to 2008, including: a)
aggregate consumption by households with
micro-measurements (thousands of cubic
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Table 1. Description of sociodemographic and economic variables and physical characteristics of the households surveyed.

t t:
Variable Description Units Mean Standard Variable Descripcién Units Mean Standard
error error
Monthly famil Marginal pri
Income ONTY MY 6000 / mes | 83645 | 7702.05 |p4 ABMAPIICE | esos/ms | 8.4 -
income block 4
Education of head Marginal pri
Education of ;:szslzl:ocl’ q ea Categorical 3.67 117 5 blzZElga L pesos/m? 12.2 -
Age of head of . Marginal price 5
Age hoasehold Ordinal 39.32 12.61 | p6 block 6 pesos/m: 16.6 -
Number of Marginal pri
Members mzrr:llbz:so Ordinal 412 147 7 blzZiI;a price pesos/m3 | 20.31 -
Water Marginal price
3 3 3 -
Cm consumption m? / day 0.7 0.31 P8 block 8 pesos/m: 33.84
Lnprice Log of price $/me 172 029 [p9 Marginal price | esos/me | 2311
1 SO : ' 4 block 9 B :
. Square meters of Marginal price
M2 2 4.7! 23.67 1 3 | 452 -
construction building m 84.73 3.6 p10 block 10 pesos/m: 5.26
X i Marginal price
Yard Homes with yard Binary 0.63 0.48 pll pesos/m? | 48.81 =
block 11
Number of Virtual income
Baths inal 1. .74 irtual2 1 124.
athrooms bathrooms Ordina 53 0 yvirtua in block 2 $000/year 09 65
Homes with Virtual income
i Bi .71 4 i I 109.77 124.74
Cistern P inary 0 0.45 yvirtual3 in block 3 $000/year | 109
Virtual i
Faucets Number of faucets Ordinal 3.7 1.5 yvirtuald |, irtual income $000/year | 109.77 124.74
in block 4
Rationed Virtual income
1 tricti Bi .51 . irtual 110.2. 124.
allocations Supply restriction inary 0.5 0.5 yvirtualb in block 5 $000/year 0.23 8
H ith wat Virtual i
Storage omes WER WA 1 Binary 0.79 04 |yvirtuale | o0 MM 6000 /year | 11186 | 125
storage in block 6
. . . Virtual income
Length of time | Age of home Ordinal 14.46 13.17 | yvirtual7 | . $000/year | 112.81 125.12
in block 7
. Knowledge of the . . Virtual income
Information . . Binary 0.67 0.46 yvirtual8 |, $000/year | 116.25 125.56
aquifer condition in block 8
Marginal price . Virtual income
1 2 4.31 - tual9 000 117.05 125.66
P block 1 pesos/m YV i block 9 3000/ year
2 Marginal price . Virtual income
7 2 3 5.34 - tuall0 000 119.16 125.95
4 block 2 pesos/m YR in block 10 5000/ year
Marginal price R . Virtual income
.37 - tualll 120. 126.07
p3 block 3 pesos/m: 8.3 yvirtual mblock 11 $000/year 0.06 6.0

Source: authors.
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meters, in logarithms); b) average marginal
price per cubic meter; ¢) maximum average
temperature and d) virtual income. These
were expressed in logarithms and shown in
Figure 4.

The economic variables were deflated
based on the National Consumer Price Index
(NCPI), obtained from the Bank of Mexico

(base 2002 = 100). Income was based on
weighted mean monthly salaries according to
the Salario Medio de Cotizacién (SMCIMSS)
of the population of permanent workers en-
rolled in the Mexican Social Security Institute
in Baja California Sur. This was obtained from
the National Minimum Salary Commission
(CONASAMI). This variable is included as



Avilés-Polanco et al,, Short-and Long-Term Price Elasticity of Residential Water Demand in an Arid Region. Case Study of La Paz, BCS,...

Logarithm of water consumption {thousands of ma)

13.64

13.4

ITWMIVI TMIVI IMIVI DIV DIV 1 TV
2008 2004 2005 2006 007 2008

Logarithm of average monthly temperature

TIIVI D WV I DOV TV TV 1 I IV
2003 2004 2005 2006 2007 2008

—

Source: authors.

Logarithm of price per cubic meter

—r 77777
ITIMIIIVI TV I TIIIVI OOV OOV I IV
2003 2004 2005 2006 2007 2008
Logarithm of virtual income (SMCIMSS + difference variable)
9000

8000

7 000

6000

5000

4000

— T
I TUIIVI TIIIV I TOIIVI DHOIVI OOV T IV
2003 2004 2005 2006 2007 2008

Figure 4. Time series corresponding to domestic consumption, price, temperature and income in logarithms registered in La
Paz, Baja California Sur, 2003-2008.

an indicator of family income in the state
since it has the advantage of being available
monthly and has also been used previously
in empirical studies in Mexico as a proxy for
family income (Islas & Moreno, 2011). Tem-
perature corresponds to the average monthly
temperature in the city of La Paz, obtained
from the National Weather System (Conagua,
2010).

Andlisis estadistico de series de tiempo
Statistical Time Series Analysis

Based on the non-stationary history of con-
sumption and prices reported by Martinez-
Espifieira (2005), the process of generating
information (PGI) was analyzed using the
Augmented Dickey-Fuller (ADF) test (Dickey
& Fuller, 1981), applying the procedure from

the general to the specific. This included
constants and trends and an evaluation of
its statistical significance. The results are
presented in Table 2.

Based on the values from the ADF tests,
the null hypothesis that the series have unit
roots was rejected (at a 5% statistical signifi-
cance), confirming the stationarity of levels,
which provides information for an adequate
econometric specification.

Theoretical Framework for Block Pricing
Structures

The theoretical framework on which the pres-
ent empirical study was based is described
in the literature related to block pricing
structures and segmented budget constraints
(Hausman, 1985; Moffitt, 1986; Hewitt &
Hanemann, 1995; Olmstead, Hanemann, &

Water
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Table 2. Descriptive statistics and unit root tests for consumption, price, income and temperature, in logarithms. Period 2003-
2008 with monthly frequency.

Unit root tests in levels

Variable ADF
Consumption log -4.31 (1)**
Price log -3.60 (2)**
Income log -8.21 (1)***

Temperature log -

Mackinon critical value 5% = -3.47 [***] rejects the null hypothesis at 5%, [**] rejects the null hypothesis at 1% (1) indicates
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lags.

Variable Mean Standard deviation Minimum Maximum
Consumption log 13.57 0.07 13.42 13.74
Price log 4.08 0.21 3.75 4.50
Income log 3.84 0.14 3.66 4.19
Temperature log 3.10 0.19 2.77 3.41

Source: authors.

Stavins, 2005) in supply industries (water,
energy, gas etc.) where it is common to have
non-linear fees with increasing or decreas-
ing pricing structures. Non-linear prices are
often used by the authorities responsible for
urban water supplies. Prices are selected at
constant rates up to a certain consumption
level, with increasing or decreasing rates per
block. With constant rates, consumers always
pay an equal amount per unit of consump-
tion. With increasing (decreasing) rates per
block, as consumption increases a higher
(lower) amount is charged for the last unit
consumed in each block. With block pricing
rates the demand function is not linear and
includes discrete jumps. To show a simple
case of non-linear structures with two blocks,
the following suppositions are considered:
a consumer with Y income maximizes the
quasi-concave utility function U(g,z), where
q represents the amount of water expressed in
cubic meters and z another good. The price of
z is normalized at 1 and water is sold based
on a two-block fee which may be increasing
or decreasing. With p, j = 1, 2, the price of
water in the j" block, and ¥ as the cutoff of the
first block, the budget constraint is defined by

two linear segments and can be described by
the following conditions:

I- pg+zqg<Xx 1)
ply_c+p2(q—3_c)+zq>3_c
Or also:
I- pg+zg<Xx @)

L+(p,-p,) T =pog + 29> X

In this sense, virtual income is denoted
by =y + (p, — p,)¥ and the term (p, - p,)¥
is equal to the implicit subsidy that the con-
sumer receives. This notion was introduced
by Taylor (1975). Later, Nordin (1976) adapted
this approach by including a difference vari-
able d = 2:(;7“1 -p )Ef , which indicates the
difference in payment if all the units are
charged the marginal price of the last block
and the current consumption payment. The
difference variable is positive with increas-
ing block rates and negative with decreasing
rates. The effects of the block pricing structure
is interpreted as an implicit tax when block
prices decrease and as an implicit subsidy
when they increase, as shown in Figure 5.
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The multi-block fees generate budget-
ary sets that are different than traditional
constraints in that they are non-linear and
may or may not be convex. Unlike the classic
maximization scheme in which the consumer
would have to equal the marginal price only
once for a marginal benefit, block prices have
a marginal price in each block, which in a
two-block structure increases the number of
consumption options to 3 (as seen in Figure
5), that is, one inside each block and another
one at the cutoff between them. To analyze the
behavior of the consumer in a block structure,
the choice made by the consumer needs to
be represented, which will be discrete and
continuous. This results in an estimation of
demand with conditional and unconditional
functions. The demand function is condi-
tioned and given by the choice the consumer
makes within a particular block. The equation
is expressed algebraically as follows:

=

qa(py,) sig<
q= X Siq=
q(p, v,) sig>

(3)

=l R

where (p,, p,) and (7,, ,) represent the
prices and virtual income, respectively, in
blocks 1 and 2. The unconditional demand

model is obtained using the combination of
the discrete and continuous choices:

alpoy,)  sig(p,y,)<x
q= X Siq(pzlyz)SJ_CZq( 1!]/1) (4)
q(p2v.) sig>X

Both increasing and decreasing block pric-
ing pose difficulties for empirical modeling
due to the endogeneity between price and
consumption.

Econometric Modeling for Cross-sectional
Data

The instrumental variables (IV) method
was used to estimate water demand. This
consists of two parts. First, the regression of
the average marginal price observed in the
characteristics of the block pricing structure is
estimated, with all the other exogenous vari-
ables. Second, the predicted prices are used in
order to take into account the simultaneous
determination of price and quantity, or more
accurately, the price and the block in which it
is consumed. This addresses the endogeneity
problem with estimators that theoretically
correspond to the relationship between price
and consumption level. The following model

\ Price in block 1 (P1)

Virtual income @)‘

/'

Cutoff between blocks (X) cubic meters of water ()

(a) Increasing fees

Source: developed based on Cavanagh, Hanemann and Stavins (2001).

Price in block 2 (P2)

Price in block 1 (P1)

Price in block 2 (P2)

Cutoff between blocks (¥) cubic meters of water (g)

(b) Decreasing fees

Figure 5. Budgetary restriction with two-block pricing fees with increasing and decreasing fees.

Water
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was used to estimate short-term demand:
Cm’® = exp(z0)p“ 7’ exp(¢) (5)

taking the logarithms, we get:
InCm’=z8+alnp+Inij+e (6)

where the theoretically expected sign of
the coefficient of the price logarithm (Inp)
is negative, while the amount (InCm?®) and
the income level (i) should be positively
related. The matrix contains the physical
and socioeconomic characteristics described
in Table 2 and ¢, the stochastic term. This
instrument corresponds to this same pric-
ing structure (variable amounts of marginal
prices) as Hewitt and Hanemann (1995) and
Cavanagh, Hanemann and Stavins (2001). The
contribution by this work is the incorporation
of the information variable as a dichotomic
variable, which indicates whether the head
of household is aware of the overexploita-
tion of the aquifer and the problem with the
intrusion of seawater. A very important aspect
is that the Inp and Iny coefficients cannot be
directly interpreted as elasticities due to the
non-linear budget constraint, since they do
not reflect the probability that the households
will change blocks in response to a change in
price or income level because the reaction of
households to increases in price and income
level depends on the consumption block.
Therefore, the coefficients will be interpreted
as a measurement of sensitivity. The coeffi-
cients corresponding to the physical charac-
teristics of the households and their make-up
will be interpreted as a proportional change
in water consumption given unit increases,
since these are exponentially included in the
demand function.

Econometric Modeling of Time Series Data

Long-term demand is estimated based on
the econometric contributions developed
by Cavanagh et al. (2001). The econometric
specification is:

X, =apt+[3(yt+dt)+6xt71+yzt+st (7)

Where x, is aggregate consumption; Yy, is
the average price; y, + d,corresponds to virtual
income with y, = income, yd, = E;ll(p — )Ej
, the consumption lag x, , is included since
the households are expected to adjust their
consumption level according to changes in
the marginal price per cubic meter one period
after the water bill payment (one month); z,
is the average temperature and ¢ , 18 the error
term. It is important to note that the instru-
ment used in this time series estimation is the
same as the one used for the cross-sectional
estimation. Another important aspect is that
only short-term elasticities are considered in
equation (7). To obtain long-term elasticities,
the following equation needs to be calculated:

6= ®

Where B is the price coefficient and 9 is
the autoregressive parameter. It is worth men-
tioning that this elasticity takes into account
temporality in terms of the process of adjust-
ing consumption over time in response to
changes in prices, that is, the statistical signifi-
cance of d. Its sign and magnitude indicate the
sensitivity of current household consumption
to the consumption and prices billed one or
more periods earlier. In order to obtain robust
estimators, the econometric strategy applied
the White test to detect heteroscedasticity, and
the Durbin-h test to detect serial correlation
with the inclusion of x, .

Results
Results from the Cross-Sectional Model

Table 3 shows the short-term coefficient esti-
mated using the ordinary least squares (OLS)
and IV methods.

Most of the estimators generated by the
OLS method were statistically significant.
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Of these, the positive sign of the Inprice
coefficient and its significance are notable.
This is more representative of the slope of
the data in the block pricing structure than
the demand curve. This occurred due to the
model’s endogeneity problem, which results
in biased and inconsistent coefficients. In
terms of the results from the IV method, they
confirm that the use of instruments corrects
the endogeneity problem related to price and
the amount demanded in the block pricing
structures. Thus, theoretically expected signs
are obtained at a statistical significance level
of 1%, as shown by the Inprice coefficient (1, =
-0.56), indicating that the households subject
to block pricing structures react by adjusting
consumption when the price increases. In
addition, the price inelasticity of residential
water demand is confirmed. The income
variable was not statistically significant. The
interpretation of the coefficients of the house-
hold characteristics requires a transformation,
since they are exponentially included in the
demand function. The transformation of the
coefficients with antilogarithms makes it
possible to interpret them as proportional
changes in water consumption in response
to unit increases. After performing this

transformation, it was found that adding
one more bathroom results in an increase in
water consumption of 16%, on average. The
households that have water storage as one of
their consumption habits consume roughly
1% less water than those without storage.
The effect of increasing one member in the
household represents an increase in water
consumption of 6.5%. The age of the home
is a determinant of consumption level, as it
indicates, and is squared since each yearly
increase in a home’s age corresponds to an
increase in water demand of 1.6%; although
older homes consume less than newer ones.
In terms of the effect of information about
the overexploitation of the aquifer, the coef-
ficient indicates that households with this
knowledge consume roughly 1% less water
than those that do not know about the over-
exploitation of the aquifer and the intrusion
of seawater.

Results from the Time Series Model

The results from the long-term estimation can
be seen in Table 4.

In the estimation of the time series, all the
coefficients had theoretically expected signs

Table 3. Results from the cross-sectional estimation using the instrumental variables method.

Variable Mco VI
Coefficient Standard error Coefficient Standard Error

Lnprice 0.85 0.044454 -0.56 *** 0.0575
Lnincome 0.02 0.01814 4.73E-07 2.53E-07
Lbathrooms 0.08 0.031702 0.14*+* 0.0417
Storage -0.01 0.023803 -0.07* 0.0467
Lmembers 0.04 0.027821 0.06*** 0.015
Lage 0.03 0.015599 0.016*** 0.0047
Lage? -0.0000633 0.0000358 -0.0003*** 0.00009
Information 0.015 0.019168 -0.097** 0.0403
Constant -2.205 0.229326

Note: (*) indicates a 10% significance; (**) a 5% significance; (***) a 1% significance. Estimations of robustness in heteroscedasticity by the White

method.
Source: authors.
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Table 4. Results from the estimation of the time series using the instrumental variables method.

Variable Coeficiente Error estandar Estadistico-t Prob.
Log of constant 7.33 1.34 5.48 0.00
Log of consumption (-1) 0.44 0.10 4.29 0.00
Log of price -0.51 0.08 -6.11 0.00
Log of temperature 0.11 0.02 4.99 0.00
log of income 0.17 0.05 3.70 0.00
Adjusted R-squared 0.85 F-statistic 93.18
White test 13.61 (Prob.(0.00))
Durbin-h Test 0.20 T=72

Source: authors.

and were statistically significant at a level of
1%. The short-term price elasticity is inelastic
and indicates that the increase in the marginal
price has the effect of a decrease in demand
which is less than proportional to the increase
in the price. That is, when increasing the
price 10%, the consumption decreases 5.1%
monthly, on average. The consumption coeffi-
cient with a lag indicates that the households
adjust their consumption one period after
paying the water bill. The virtual income
coefficient shows that increases in income
and the implicit subsidy result in an increase
in demand. The temperature variable affects
demand, that is, an increase of 1% in average
maximum temperature will have the effect
of increasing the monthly water demand by
0.11%.

The price elasticity of long-term demand
was -0.90, higher than short-term elasticity
(-0.51) in absolute terms. This result is con-
sistent with the empirical literature and sug-
gests that households adjust their long-term
consumption level in response to permanent
increases in the pricing structure. The result
from the Durbin-/ serial correlation test was
0.20, less than the normal distribution (1.64),
and therefore the null hypothesis of a lack
of a serial correlation cannot be rejected (5%
significance level).

Discussion

The short- and long-term elasticity estimators
presented above demonstrate consistency
between the cross-sectional and time series
estimations (-0.56 and -0.51, respectively).
This was the case with previous studies in
Mexico related to the inelasticity of demand.
Nevertheless, the results from this work differ
from the others in terms of the magnitude of
the elasticity. This can be seen when compar-
ing this work with other studies, for example,
with Garcia-Salazar and Mora (2008) who
studied the Torreon region (-0.2 to -0.18),
which indicates that an average increase of
100% in the price per cubic meter of water
will result in a 20% decrease in demand.
Meanwhile, in La Paz, a 100% increase in the
price will result in a 51% decrease in demand.
Another contribution by this study is the
inclusion of the information variable in the
cross-sectional estimation. The results show
that households with knowledge about the
overexploitation of the aquifer and the intru-
sion of seawater consumed less water than
those without this information. This is signifi-
cant to managing demand, since information
campaigns by the OOMSAPAS could more
efficiently affect consumption and thereby
decrease the pressure to overexploit aqui-
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fers. In addition, it is important to consider
that the elasticities represented in this work
and the studies described above show how
demand responds to price changes but do not
indicate the amount of water demanded that
would not respond to prices (that is, the level
of water consumption that is indispensable
to survival and, therefore, does not respond
to price). There is an evident need for future
investigations about this subject since this is
crucial to the design of mixed fee structures
that include a fixed consumption level with
no charges and block prices after a certain
consumption level. The implementation of
this type of fee structure would explicitly ad-
dress equity and access to water as a human
right.

Conclusion

This study is the first of its kind to estimate
the long-term price elasticity of residential
water demand in Mexico using a chronologi-
cal data series. The results are consistent with
the literature on demand functions pertain-
ing to block pricing and they contribute to
the study of the impact of pricing policies
on household consumption in developing
countries where the water supply is limited
by the geological characteristics of reservoirs
as well as by climatic factors. The results
show the importance of pricing structures
and permanent fee increases to adequately
manage water demand, which achieves the
efficient use of the resource. The long- and
short-term demand elasticities were greater
than the average reported in the national
empirical literature. This indicates that the
magnitude of the adjustment in water con-
sumption in response to sustained increases
in prices is greater in homes in the city of La
Paz than in other regions in Mexico, while
increases in temperature and income result
in a higher monthly water demand. These
results have implications for water use and
management policies in semi-arid regions
where the water supply is limited, as well as

for areas where the hydrological cycle may
be altered (overexploitation and intrusion of
seawater in coastal zones).

Plans to manage water resources in regions
with limited water supplies should consider
applying pricing instruments to manage ur-
ban water demand, since households adjust
their water consumption level when block
pricing structures are used to impose sus-
tained price increases. This would achieve
the efficient use of the resource. The results of
the estimations of short-term price elasticity
in the cross-sectional and time series models
resulted in -0.56 and -0.51, respectively, while
long-term price elasticity was -0.90, demon-
strating consistency between the estimators.
In addition, it is important to mention that
both estimations were performed with real
consumption and price data provided by the
operating entity. Thus, the study fulfills the
proposed objective and corroborates the hy-
pothesis that, along with the use of measure-
ments, the adequate design of fee structures
using block pricing contributes to managing
residential water demand, resulting in the
efficient use of the resource by decreasing
consumption in response to permanent price
increases in the fee structure over time.

Acknowledgments

The authors wish to thank the Municipal Drinking Water,
Sewage and Water Treatment Operating Entity of La Paz
(Organismo Operador Municipal del Sistema de Agua Po-
table, Alcantarillado y Saneamiento de La Paz (OOMSAPAS,
Spanish acronym) for providing consumption and pricing
data containing “individual codes,” without which this
work would not have been possible. In addition, we thank

the valuable comments from the anonymous reviewers.

References

Banxico (2010). Banco de Meéxico. Estadisticas de inflacion.
Recuperado de http:/ /www.banxico.org.mx/ politica-
monetaria-e-inflacion /estadisticas/inflacion/indices-
precios.html.

Water

'[m‘/umlug'\‘ and Sciences. Vol. VI, No. 4, ] uly-August, 2015, pp. 85-99




Technology and Sciences. Vol. VI, No. 4, July-August, 2015, pp. 85-99

123M

Avilés-Polanco et al,, Short-and Long-Term Price Elasticity of Residential Water Demand in an Arid Region. Case Study of La Paz, BCS,..

Bartoszczuk, P, & Nakamori, Y. (2004). Modelling Sustainable
Water Prices. Handbook of Sustainable Development
Planning: Studies in Modelling and Decision Support. En
M. Quaddus & A. Siddique (Eds.). Cheltenham: Edward
Elgar. Recuperado de http:/ /www.jaist.acjp/~bpawel/
BARTOSpopr8niew.pdf.

Billings, R., & Agthe, D. (1980). Price Elasticities for Water: A
Case of Increasing Block Rates. Land Economics, 56, 73-84.

Cavanagh, S. M., Hanemann, W. M., & Stavins, R. N.
(2001). Muffled Price Signals: Household Water Demand
Under Increasing-Block Price. Recuperado de http://
www.hks.harvard.edu/fs/rstavins /Papers/Cavanagh_
Hanemann_Stavins_ASSA_Paper.pdf.

Cibnor (2011). Mapa de la Cuenca de La Paz, B.C.S., México.
La Paz, México: Unidad de Laboratorios de Servicios y
Apoyo (ULSA) del Centro de Investigaciones Bioldgicas
del Noroeste.

Conagua (2008). Estadisticas del agua en México. México , DF:
Comisién Nacional de Agua.

Conagua (2010). Temperatura por entidad federativa. México,
DEF: Servicio Meteoroldgico Nacional,. Recuperado de
http:/ /smn.cna.gob.mx/ climatologia/ temperaturas /
tmaximas.html.

Cruz-Falcén, A. (2007). Caracterizacion y diagnéstico del
acuifero de La Paz, B.C.S., mediante estudios geofisicos y
geohidroldgicos. La Paz, México: Instituto Politécnico
Nacional-Centro Interdisciplinario de Ciencias Marinas.

Dalhuisen, J., Florax, R., De Groot, H., & Nijkamp, P. (2003).
Price and Income Elasticities of Residential Waterdemand:
A Meta-Analysis. Land Economics, 79, 292-308.

Dickey, D. A, & Fuller, W. A. (1981). Likelihood Ratio
Statistics for Autoregressive Time Series with a Unit Root.
Economeétrica, 49, 1057-1072.

Elnaboulsi, J. C. (1999). A Model for Constrained Peak-Load
Water and Wastewater Pricing and Capacity Planning
Can. Water Resources Journal, 24(2), 87-96.

Garcia-Salazar, J. A., & Mora, J. S. (2008). Tarifas y consumo
de agua en el sector residencial de la Comarca Lagunera.
Region y Sociedad, 40, 119-132.

Hausman, J. (1985). The Econometrics of Non-Linear Budget
Sets. Econometrica, 53, 1255-1282.

Hewitt, J. A., & Hanemann, W. M. (1995). A Discrete/
Continuous Choice Approach to Residential Water
Demand under Block Rate Pricing. Land Economics, 71,
173-192.

Howe, C. W., & Linaweaver, F. P. (1967). The Impact of Price
on Residential Water Demand and its Relation to System
Demand and Price Structure. Water Resources Research, 3,
13-32.

Islas, C. A., & Moreno, G. (2011). Determinantes del flujo de
remesas en México, un andlisis empirico. EconoQuantum,
7,9-36.

Jaramillo, L. A. (2005). Evaluacién econométrica de la
demanda de agua de uso residencial en México. El
Trimestre Econémico, 286, 267-390.

Klawitter, S. A (2003). Methodical Approach for Multi Criteria
Sustainability Assessment of Water Pricing in Urban Areas.
Paper presented at the 2003 Berlin Conference on the
Human Dimensions of Global Environmental Change.
Recuperado de http:/ /www.fu-berlin.de/.

Martinez-Espifieira, R. (2005). An Estimation of Residential
Water Demand Using Co-Integration and Error Correction
Techniques. Munich Personal RePEc Archive. Recuperado de
http:/ /mpra.ub.uni-muenchen.de/615/.

Moffitt, R. (1986). The Econometrics of Piecewise-Linear
Budget Constraints. Journal of Business and Economic
Statistics, 4, 317-328.

Nordin, J. A. (1976). A Proposed Modification on Taylor’s
Demand-Supply Analysis: Comment. The Bell Journal of
Economics, 7, 719-721.

Olmstead, S. M., Hanemann, M. W., & Stavins, R. N. (2005).
Do Consumers React to the Shape of Supply? Water Demand
under Heterogeneous Price Structures Resources for the
Future. Recuperado de: http:/ / www.rff.org.

OOMSAPAS (2009). Base de datos internos sobre facturacion por
clave de usuario. Proporcionados por la direccién general
del H. XII Ayuntamiento de La Paz, Baja California Sur.
Organismo Operador Municipal del Sistema de Agua
Potable y Alcantarillado de La Paz, B.C.S. México.

Renzetti, S. (1992). Evaluating the Welfare Effects
of Reforming Municipal Water Prices. Journal of
Environmental Economics and Management, 22, 147-163.

Ruijs, A. (2009). Welfare and Distribution Effects of Water
Pricing Policies. Environment Resources Economics, 43, 161-
182.

Salazar, A., & Pineda, N. (2010). Factores que afectan la
demanda de agua para uso doméstico en México. Regidn
y Sociedad, 49, 3-16.

Sisto, N. (2010). Manejo sustentable del uso de agua y
crecimiento urbano. Ensayos Revista de Economia, 1, 23-38.

Soto, G., & Bateman, I. (2006). Scope Sensitivity in
Households” Willingness to Pay for Maintained and
Improved Water Supplies in a Developing World Urbana
Area: Investigating the Influence of Baseline Supply
Quality and Income Distribution Upon Stated Preferences
in México City. Water Resources Research, 42, 1-15.

Taylor, D. (1975). The Demand for Electricity: A Survey. The
Bell Journal of Economics, 6, 74-110.

Yepes, G, & Dianderas, A. (1996). Water & Wastewater
Utilities. Washington, DC: World Bank.



Avilés-Polanco et al,, Short-and Long-Term Price Elasticity of Residential Water Demand in an Arid Region. Case Study of La Paz, BCS,...

Institutional Address of the Authors

Gerzain Avilés-Polanco
Victor Herndndez-Trejo

Universidad Auténoma de Baja California Sur (UABCS)
Departamento Académico de Economia

Carretera al sur, km 5.5

Apartado Postal 19-B

23080 La Paz, Baja California Sur, Mgxico

Teléfono: +52 (612) 1238 800, extensién 3210
gaviles@uabcs.mx

victorh@uabcs.mx

Marco A. Almendarez-Herndndez
Luis Felipe Beltrdn-Morales

Centro de Investigaciones Biol6gicas del Noroeste
(Cibnor)

Instituto Politécnico Nacional 195

Playa Palo de Santa Rita Sur

23096 La Paz, Baja California Sur, México
Teléfono: +52 (612) 1751 230, extensién 5123
malmendarez@cibnor.mx

Ibeltran04@cibnor.mx

Water

Technology and Sciences. Vol. VI, No. 4, July-August, 2015, pp. 85-99







Estimate of the Impact of Climate Change on

Soil Fertility and Coffee Production in Veracruz,
Mexico

e Juan Gabriel Brigido* ® Tourii Nikolskii ® Liliana Terrazas ®
* Sergio Santiago Herrera
Colegio de Postgraduados, México

*Corresponding Author

Abstract

Brigido, J. B., Nikolskii, I, Terrazas, L., & Herrera, S.S. (July-
August, 2015). Estimate of the Impact of Climate Change
on Soil Fertility and Coffee Production in Veracruz, Mexico.
Water Technology and Sciences (in Spanish), 6(4), 101-116.

Estimates of the vulnerability of crops to climate change
typically ignore the possible alterations in the fertility of the
soil caused by this phenomenon. The primary objective of
the present work was to estimate the role of alterations in soil
fertility in the predictions of coffee production (Coffea Arabica
L.) for the end of the 21st century in 6 of the largest coffee
producing regions in the state of Veracruz, Mexico. Three
global circulation models were used with two radiative
forcing scenarios. A crop development model was applied
according to the biological and climate characteristics
proposed by IIASA/FAO. The model is extensively used
worldwide. The calculations of cherry coffee production
based on current climate conditions and their comparison
with data reported by SAGARPA indicate that the yields
calculated are reliable. The correlation coefficient between
the calculated and observed yields is 0.93 with a standard
error of 0.08. By the end of 21st century, as much as a 34%
reduction in coffee production is expected. This varies
among coffee regions primarily due to changes in rainfall
, and to a lesser extent to increases in air temperature. A
lack of knowledge about alterations in soil fertility caused
by climate change can create errors as high as 40% in the
estimation of coffee production. This factor should therefore
not be overlooked.

Keywords: Vulnerability, agriculture, local hydrothermal
index, integral soil fertility index, climate change scenarios,
state of Veracruz of Mexico.

Resumen

Brigido, ]. B., Nikolskii, 1., Terrazas, L., & Herrera, S. S. (julio-
agosto, 2015). Estimacién del impacto del cambio climdtico sobre
fertilidad del suelo y productividad de café en Veracruz, México.
Tecnologia y Ciencias del Agua, 6(4), 101-116.

La estimacion de la vulnerabilidad de los cultivos agricolas al cambio
climdtico se hace principalmente ignorando la alteracion posible de la
fertilidad del suelo atribuible al mismo cambio climdtico. El objetivo
principal del presente trabajo fue estimar el papel de la alteracion de
la fertilidad del suelo en las predicciones sobre la productividad del
cultivo de café (Coffea Arabica L.) al final del siglo XXI para seis
de las regiones cafetaleras productoras mds inmportantes del estado de
Veracruz, México. Se han considerado tres modelos de circulacion
global bajo dos escenarios de forzamiento radiativo. Se ha aplicado
un modelo de desarrollo del cultivo en funcion de sus caracteristicas
biolégicas y las caracteristicas climdticas propuesto por IIASA/
FAO y utilizado ampliamente en el mundo. Los cdlculos de la
productividad de café cereza para las condiciones climdticas actuales
Yy su comparacion con los datos reportados por la SAGARPA serialan
que los rendimientos calculados son confiables. El coeficiente de
correlacion entre los rendimientos calculados y observados es igual a
0.93 con error estdndar de 0.08. Al final del siglo XXI se espera hasta
un 34% de reduccion en la productividad de café, variando entre
regiones cafetaleras debido principalmente al cambio al cambio en
la precipitacion y, en menor grado, al incremento de la temperatura
del aire. La ignorancia de la alteracion de la fertilidad del suelo
atribuible al cambio climdtico puede causar errores en la estimacion
de la productividad de café de hasta un 40%, por lo que este factor no
debe ser desestimado.

Palabras clave: vulnerabilidad, agricultura, indice hidrotérmico
local, tndice integral de fertilidad del suelo, escenarios de cambio
climdtico, estado de Veracruz, México.
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Introduction

Several recent studies have indicated that
climate changes recorded over recent years
are particularly unusual (Jacoby & D”Arrigo,
1997; Mann, Bradley, & Hughes, 1998, 1999;
Rodney & Freddy, 2002; Caballero, Lozano-
Garcia, Vazquez-Selem, & Ortega, 2010).
Some factors that can produce changes in the
climate are known, although not precisely.
While some believe we are experiencing a
natural event which is part of a cycle, most
suggest that climate changes is entirely or
partially caused by human activities, espe-
cially carbon emitted into the atmosphere
from the use of fossil fuels and deforestation
(Gonzalez et al., 2003; Magaria, 2004).

The climate changes that are currently
being observed are expected to inevitably
affect natural resources in the future and,
in turn, agricultural yields, including coffee
crops. Investigations performed around the
world and in Mexico about the vulnerability
of coffee to climate change consider only the
direct effect of changes in solar radiation, air
temperature and precipitation, neglecting the
indirect effect of a possible alteration in the
fertility of soil due to climate change.

Veracruz is the second largest coffee
producing state in the country, with 153 000
hectares, directly benefiting 300 000 families
who work in this industry (Contreras, 2010).
Several studies have been performed about
the vulnerability of coffee crops (mostly with
Coffea arabica L.) to climate changes expected
during the 21% century. Most of these studies
have been qualitative (Camargo, 2010; Villers,
Arizpe, Orellana, Conde, & Herndndez, 2009;
Haggar & Schepp, 2012) and indicate how
some of the physiological processes related to
the crop will be affected, but do not contribute
to identifying the percentage change in coffee
yields. Other studies have quantitatively esti-
mated the potential impact of climate change
on coffee yields based on empirical regression
models of the relationship between coffee

yields and climate factors, and even certain
economic factors related to managing this
crop (Fontagro, 2011; Haggar & Schepp, 2012;
Laderach et al., 2011; Lin, Perfecto, & Van-
dermeer, 2008; Paavola, 2008; Heakin, Gay,
Estrada, & Conde, 2004; Jaramillo et al., 2011).
Theoretical models (mainly the IIASA-FAO,
2012) have also been used to study the rela-
tionship of coffee production to the biological
factors and climate conditions expected over
the 21* century (Bunn et al., 2013; Davis, Gole,
Baena, & Moat, 2012; Rivera-Silva et al., 2013).
These have determined a reduction in coffee
yields (Coffea arabica L.) of 10 to 25% in the
state of Veracruz during the 21* century, de-
pending on the climate change scenario and
models used for the analysis.

Nevertheless, these studies have ignored
another possible factor— the potential alter-
ing of the fertility of the soil due to long-term
climate change. Over recent years, several
studies have been conducted in Mexico to
quantitatively estimate the role of climate
change on soil fertility and its effect on crop
yields (Nikolskii, Bakhlaeva, Contreras, & Or-
daz, 2001; Contreras et al., 2002; Castillo et al.,
2007; Terrazas, Nikolskii, Heerera, Castillo, &
Garcia, 2010). Nevertheless, these works only
estimated the vulnerability of wheat, corn and
beans to climate change.

The objective of the present study was
to evaluate the vulnerability of coffee crops
(Coffea arabica L.) in the state of Veracruz to
climate change by the end of the 21% century.
The theoretical IIASA /FAO (2012) model was
used, taking into account not only the physi-
ological processes involved in the growth of
the crop but also the effect of possible changes
in the soil’s fertility as a result of climate
change.

Materials and Methods

The present study was conducted in the
central region of the state of Veracruz, in 20
municipalities distributed throughout the



Brigido et al., Estimate of the Impact of Climate Change on Soil Fertility and Coffee Production in Veracruz, Mexico

six principal coffee-producing regions in the
state: Atzalan, Coatepec, Cérdoba, Huatusco,
Misantla and Tezonapa. Ninety percent of the
state’s coffee producers and 93% of the state’s
total crop area is located in this area (Moguel
& Toledo, 1999; Lépez, Diaz, & Martinez,
2007).

These regions are located between lati-
tudes 18° 36" and 20° 4'with altitudes rang-
ing from 600 to 1 500 masl. Annual mean
precipitation is 1 717.3 mm and annual mean
temperature is 20.2 °C. The predominant soil
types are andisols, cambisols, lithosols and
luvisols. The slopes of the terrain range from
0 to 30% (SMN, 2013; INIFAP, 2012).

The typical climate conditions at the begin-
ning of the 21 century were obtained from
climatological normals corresponding to each
of the weather stations selected, published in
the National Weather Service webpage (SMN,
2013). The climate conditions for the end of
the century were obtained from estimations
by the Atmospheric and Environmental
Sciences Information Unit, at the Center for
Atmospheric Sciences, National Autonomous
University of Mexico (UNAM, Spanish acro-
nym). These were generated from 3 of the
15 global circulation models available from
the interoperability models project, phase 5:
MPI-ESM-LR (Max-Plank Institute), GFDL-
CM3 (Geophysical Fluid Dynamics Labora-
tory) and HADGEM2-ES (Met Office Hadley)
(Ferndndez, Zavala, & Romero, 2014).

Two radiative forcing scenarios were used:
RCP 4.5 (650 ppm of CO,) and RCP 8.5 (1370
ppm); the RCP 6.0 (720 ppm) forcing was not
analyzed because it was considered to be
an intermediate value between the selected
values.

These three models were used for the fol-
lowing reasons:

— Although the simulation of monthly tem-
perature and precipitation values by the
various models are not very different, the
three models selected correspond to the

group with the best performance results,
according to the evaluation by Cavazos et
al. (2013).

— The 15 models in the final report contain-
ing updated climate change scenarios for
Mexico (one of the products from the Fifth
National Communication) had a spatial
resolution of 0.5° x 0.5° (approximately 55
x 55 km) (Cavazos et al., 2013). Neverthe-
less, the models were restructured at 30”
x 30” (approximately 926 x 926 m) using a
scale reduction process with the 1950-2000
scenario developed by Hijmans, Cameron,
Parra, Jones and Jarvis (2005) as a refer-
ence. This incorporated the effect of to-
pography and therefore provided a better
spatial distribution of the climate change
variables studied. It is very important to
use models with these characteristics to
calculate coffee yields in mountainous
regions in the state of Veracruz, where the
climates in the coffee-producing regions
vary greatly.

— The purpose of the present work was to
estimate the possible degree of change in
soil fertility and coffee yields in function
of the expected changes in temperature
and precipitation in the state of Veracruz
at the end of the 21% century. The hypoth-
esis is that the vulnerability of coffee pro-
duction to climate change can be ignored
if there are no significant differences in
the yields calculated. On the other hand,
if the yields significantly depend on the
changes in temperature and precipitation
simulated by the models selected, then it
will be necessary to perform a more in-
depth and detailed investigation of this

type.

The current climate characteristics of the
coffee-producing regions in Veracruz are
shown in Table 1. The impact of climate
change on cherry coffee production (Coffea
Arabica L.) by the end of the 21% century was
estimated.
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Table 1. Average annual temperature (T?*), precipitation (Pr***), net radiation (N*®) values and the climate index (HT*®) for

the beginning of the 21st century at the coffee-producing (Coffea Arabica L.) sites mentioned in the state of Veracruz.

Coffee-pl:oducing Ty % P2 R1_12°°° ) HTI.2000
region Q) (mm year') | (M]Jm?year’) | (dimensionless)
Atzaldn 16.1 1947.32 3900.42 0.8
Jalacingo 157 1678.52 4116.88 0.98
Atzaldn
Las Minas 17.9 1492.89 2886.38 0.77
Martinez de la Torre 23.6 1986.44 3 958.62 0.79
Naolinco 22.6 1046.63 5056.40 1.92
Coatepec 19.6 1746.85 4917.40 1.12
Jalcomulco 24.5 1090.12 5334.82 1.95
Coatepec Teocelo 20.6 2026.2 419141 0.82
Jilotepec 19.4 1663.32 3191.18 0.76
Cosautlan de Carvajal 19.8 2 111.96 3 880.33 0.73
Emiliano Zapata 23.2 935.6 4102.23 1.75
Ixhuatlén del café 20.2 1900.15 4.820.26 1.01
Cordoba
Atoyac 24.5 2116.74 4039.01 0.76
Comapa 23.1 1078.74 4 373.95 1.61
Huatusco Tenampa 19.8 1 681.69 3457.04 0.82
Huatusco 17.2 1960.59 3870.28 0.79
Vega de Alatorre 24.2 1578.69 3967.41 1
Misantla Misantla 24.7 1715.56 4 407.86 1.02
Acatlan 15.3 144224 3171.50 0.88
Tezonapa Tezonapa 24.1 2755.07 5292.12 0.76

Note: the HTI climate index is described by equation (1).

As can been seen, precipitation ranged
from 935.6 mm year? to 2 755.07 mm. Mean
annual temperature ranged from 15 to 25°C.

According to Budyko (1974), Volobuev
(1974), Aydarov (1985), Nikolskii et al. (2001),
Contreras et al. (2002), Castillo et al. (2007)
and Terrazas et al. (2010), the annual climate
conditions for year j can be characterized by
the local hydrothermal index (HTI):

1T - R (1)
AP

Where R/ is the average annual net radia-
tion (MG m? year); A is the latent heat from
water evaporation (2.512 MJ m? mm™) and
Prl is annual mean precipitation (mm year™).

The HTT values are dimensionless and
range from 0.4 to 1 in humid tropical regions
in Mexico, 1 to 3 in semi-humid and semi-arid
regions, and 3 to 8 in arid regions in northern
Mexico. As seen in Table 1, the HTI?® values
for the reference regions for coffee produc-
tion in the state of Veracruz range from 0.73
to 1.95, which corresponds to a semi-arid
climate.

Estimation of Coffee Yields (Coffea arabica L.)

Cherry coffee yields were calculated for the
climate scenarios mentioned previously and
for climate conditions at the beginning of
this century, using an equation proposed by
ITASA /FAO (2012):
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Y/ =Y/ *INSH'*F (2)

Where Y'_ is the coffee yield (Coffea arabica
L.) (in kg ha' year? of cherry coffee) corre-
sponding to the reference sites for the base
scenario at the beginning of the 21 century
(j =2000) and at the end of the 21 century (j
=2075-2099); Y/__ is the potential maximum
yield, or the agro-climate of the economi-
cally attainable yield of dry matter, in which
healthy plants can be produced with an ad-
equate water and nutrient supply (in kg ha'!
year™) for the base scenario (j = 2 000) at the
beginning of the 21st century and at the end
of the century (j = 2 075-2 099); F_ = integral
soil fertility index for the base scenario at the
beginning of the 21* century (j = 2000) and the
end of the 21* century (j = 2 075-2 099), which
can be presumed to be different at the end of
the century due to a certain dependency of
the fertility of the soil on climate conditions
(Contreras et al., 2002; Castillo et al., 2007; Ter-
razas et al., 2010).

Of course the model does not consider
the potential effect of infestations or disease
(which can also be presumed to be dependent
on climate change) since existing mathemati-
cal models used to predict the effect of climate
change on diseases and/or infestations are
empirical (Van der Vossen, 2005). That is, they
were developed based on observations related
to particular reference sites and are therefore
not representative of other regions or climatic
zones. In addition, these models contain a
large number of empirical parameters and it
is not known how to apply these to the case
of Veracruz. Thus, the present investigation
did not use these models.

Estimation of Potential Yields (Y/ )

The biomass and potential or maximum yield
(Y7 ) of the crops were calculated using a
model based on eco-physiological principles
(ITASA /FAO, 2012):

Y! =Bn*CI ®)

Where Bn is the net biomass of the total
dry matter (in kg ha™') and CI is the crop
index or the fraction of Bn corresponding to
the agricultural product (dimensionless). The
value of Bn (in kg ha?) is calculated by the
following equation:

0.36 bm L (4)

= i +025¢,

Where b, is the maximum brute biomass
production of a reference crop with a Leaf
Area Index (LAI) equal to 5 (in kg ha™ day™);
b,,, primarily depends on the photosyntheti-
cally active radiation and the concentration
of CO, in the atmosphere; L is the fraction of
the maximum growth rate of the crop with
incomplete land cover when the leaf area in-
dex (LAI) is under 5 (LAI<5, dimensionless);
n is the duration (in days) of the normal crop
cycle for coffee (Coffea Arabica L.) (which is 270
days) (IIASA /FAO, 2012); C, is the fraction of
the brute biomass production rate (as CH,0)
that is lost due to maintenance respiration,
which depends on the type of crop (legumi-
nous versus non-leguminous) and mean air
temperature (kg day™).

To obtain the values of bgm, the maximum
biomass production rate (Pm) was estimated
(in kg CH20 ha-1 h-1) using the following
expressions:

For Pm?® =20 kg CH,O ha™ h™:

b =N(0.8+0.01P,)b, + (1-N) (0.5+0.025P, )b. (5)

&

For Pm <20 kg CH,O ha' h™:

b =N(0.8+0.01B, )b, +(1-N)(0.5+0.025P, )b,
(6)
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Where N is a dimensionless parameter
dependent on the theoretical photosyntheti-
cally active radiation (Ac), or daily potential,
cn, with a completely clear sky (in MG m?
day™) and the global shortwave radiation (Rg,
in m? day™). This equation assumes that the
real photosynthetically active radiation (RFA)
is half of the global radiation and is 20% of the
theoretical Ac on a cloudy day:

N = Ac-0.5Rg

0.8Ac @)

b, is the brute rate of dry matter production
for a hypothetical reference crop (kg CH,O
ha' h') on completely cloudy days, with a
canopy covering the entire land and a maxi-
mum biomass production rate of 20 kg ha' h;
b..is the brute production rate of dry material
for a hypothetical reference crop (kg CH,O
ha?’h') on completely clear days, with canopy
entirely covering the land and a maximum
biomass production rate of 20 kg ha* h™.

The correction factor for partial land cov-
erage (L) is calculated as follows:

If IAF<5
L =0.3424+0.9051Log,, (LAI) (8)
If IAF=5,then L=1

The values of C, can be calculated with the
following equation:

C, =Cy(0.0044+0.0019 T+0.0010T%)  (9)

Where T is the mean monthly air tem-
perature during the crop cycle; C, is the rate
of loss in the brute biomass production due
to maintenance respiration at 30° C (0.0108
for non-leguminous plants, as is the present
case).

The information regarding CI, N, LA],
photosynthetic route, Pm, b, b and regional
data about the beginning and end of the crop

cycle for coffee in Mexico were obtained from
publications by IIASA /FAO (2012) and De
Wit (1965).

The following considerations were in-
cluded in the calculation according to the
period corresponding to the climate change
scenarios for the for the end of the 21* century
(j =2 075 -2099): 1) The CI was practically
independent of climate change and therefore
no change was considered. In addition, no
change in the LIA was considered (Cure &
Acock, 1986; Anthony & Ziska, 2000); 2) No
change was considered in the duration of the
crop cycle (N) since the methodology did not
consider changes in coffee crops because of
a lack of reference research about this fac-
tor in our country; 3) No significant change
in the transmissivity of the atmosphere was
considered because of its diathermal property
and, therefore, the parameters b, and b_did
not change.

Estimation of the Soil Water Availability
Index (SWAT)

The Water Demand Satisfaction’ Index (WDSI)
was calculated according to the annual water
balance in the plants’ radicle area (accumula-
tive). To this end, a monthly scale was used
based on the equation proposed by Frere and
Popov (1986):

MD)

n

WDSI! = WDSI! | *100  (10)

WD’

Where WDSI, is the Water Demand
Satisfaction Index for month i during year
j, WDSI_ is the Water Demand Satisfaction
Index for the month prior to that same year,
MD' is the absolute moisture deficiency for

month i of year j; »" WD’ is the sum of the
water demanded by the crop during year j
from month i to n, during its crop cycle (270
days, from February 15 to November 15)
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when the biomass of the plant is produced
(ITASA /FAO, 2012). The evapotranspiration
of the crop (ETc /) for month i of year j was
included when calculating the WDSJ', and
MD/; values as well as water infiltration into
the soil (Inf’) for month i of year j.

Allen, Santos, Raes and Smith (2006) de-
fined the water demanded (WD) or needed by
the crops as the amount of water required to
compensate for loss due to the evapotranspi-
ration (ETc) by the crop. For the present case,
the evapotranspiration of the crop (ETc/) was
calculated based on their recommendations
using minimum climatological values. Refer-
ence evapotranspiration (ET,) was calculated
per month using the CROPWAT 8.0 program
(FAO, 2013). The value obtained was then
multiplied by the transfer coefficient Kc = 1.1
(Allen et al., 2006).

Water infiltration into the soil was obtained
according to the difference between monthly
precipitation and surface runoff (SARH, 1991;
CNA, 2002). The depth of the water stored
that is usable and available for the crops
was determined according to soil texture at
a depth of 70 cm, which corresponds to the
radicle area of coffee plants.

Of course some coffee plants are located in
the shade, in which case a possible effect from
the reduction of evapotranspiration needs to
be considered using the pertinent calculations
found in the literature for the distribution of
net radiation under tree canopies (Chang,
2001). Nevertheless, according to experimen-
tal observations related to changes in micro-
climates and coffee yields in shade (Siles, Har-
mand, & Vaast, 2010), while the temperature
of the leaves is lower competition for water
from the soil also occurs, resulting in similar
coffee yields for plants with full exposure and
those in the shade. Since the main objective of
the calculations was to estimate the relative
change in yields at the end of the 21* century
(Y2075209) as a fraction of the yield at the be-
ginning of the century (Y*™), the following
relative values were calculated: WDSI?7>20%/

WDSIZOOU, ETZU75-2099/ ETZOOU and Pr2075-2099/ PRZOOU'
The final conclusion was that the effect of the
shade can be ignored, while assuming that the
structure of the vegetation will significantly
change over time.

Estimation of the Integral Soil Fertility Index
(")

The Integral Soil Fertility Index (F/) for the
base scenario was calculated according to the
formula proposed by Pegov and Jomyakov
(1991), and adapted by Bakhlaeva, Romdn-
Calleros and Maslov (2006):

F-046-M9 028 LL+O.263( 2 )(11)
Momax Pmax Kmax

Where F/_is the soil fertility for the base
scenario at the beginning of the 21% century
(j =2000); MO, K and pH are the modal val-
ues of the organic matter, phosphorous and
potassium contents in the soil that are avail-
able to the crop and the pH values typical of
soils in coffee fields, with the same HTI index
for the base scenario at the beginning of the
21% century (j = 2000); MO__, P__and K__
are maximum observed MO, P and K values
in the study area (j = 2000).

The value of F_ is dimensionless and

X

ranged from 1 to 0.1, corresponding to soil
that is potentially most fertile (where 0 is
completely degraded and infertile soil).
Equation (11) is useful because it uses a small
amount of information about some of the soil
properties in Mexico from data from INEGI
(1988, 2004) and INIFAP (2012).

The change in soil fertility due to climate
change was estimated based on the Law of
Geographic Zonality for Soil (Budyko, 1974;
Volobuyev, 1974). According to this law, the
regional modal values of some of the chemi-
cal, physical and biological properties of
geomorphologically homogeneous (same
topography, geological and hydrogeological
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conditions, texture, mineralogy of the subsoil
and formation time) virgin soils depend pri-
marily on the typical HTT index for the base
scenario at the beginning of the 21 century
(j = 2000) and at the end of the century (j =2
075 - 2 099) (Volobuyev, 1974; Aydarov, 1985;
Nikol’skii et al., 2006; Castillo et al., 2007).

Equation (12) was used to calculate net
radiation (R ) in the calculation of the HTI:

R,=(1-0)R -R, (12)

Where a is the albedo or the crop’s reflec-
tion coefficient (dimensionless), with a value
of 0.15 (Jaramillo & Goémez, 1989; Jaramillo,
2005); R, and R, are the incoming solar ra-
diation (or global radiation) and the net
longwave radiation for year j (M] m?day™),
respectively.

The HTI values were spatially interpolated
for the base scenario (j = 2000) for the entire
coffee-producing region using the Kriging
method with ArcGis version 10 software
(ESRI, 2010).

The quantitative relation of the modal
values of F *” in function of the HTI*® index
was determined based on the existing data-
base of the current distribution of soil proper-
ties for virgin soil and coffee fields in Mexico.
According to the Law of Geographic Zonality
for Soil it can be presumed that the relation
of F 2 (HTP*) will remain the same at the
end of the 21* century when regional climate
index values change (HT*>**). This consid-
ered an annual average climate change that is
slow enough for the F *® (HT[*) relation to
remain the same. Then, knowing the values
of HTI*7>2% corresponding to the coffee pro-
duction at the reference sites, the change in
the fertility factor F *® can be estimated for
these sites using the relation represented by
the graph of F 2% (HT[*®).

Figure 1 shows the schematic explanation
of the existing relation between fertility and
the HTI currently and for possible changes in
the future.

The procedure to determine the F2%
(HTP*™) relation has been described by
Nikolskii et al. (2001, 2006) and Contreras et
al. (2002). The present work mainly includes
the following stages:

1. Selecting and systematizing geographic
sites and data related to the properties
of the virgin soils and those from coffee
fields in Mexico, as mentioned, using the
set of charts from the INEGI (2004) and
INIFAP (2012). In the present work, the
processing of the edaphological informa-
tion was automated using ArcGis 10.0
software. The analysis used the INEGI
Continuous Mexican Elevations 3.0 (CEM
3.0) with a resolution of 15 m, and georef-
erenced databases of soil properties from
auger holes (INEGI, 2004, 2013; INIFAP,
2012).

2. Processing of the data related to the soil
properties, obtaining modal values (X)
of the fertility index and determining
confidence intervals (X + 20, where o cor-
responds to the standard deviation of the
natural logarithms of partial values for
each property) for each of the intervals in
the HTI*™scale. Previous investigations
established that the statistical distribution
of each property is lognormal (Nikolskii
et al.,2001; Contreras et al., 2002).

3. Determining the best fit of the F2*
(HTP*) curves to the modal values for
this property using the CurveExpert 1.4
program (Hyams, 2010) and calculating
confidence intervals.

4. Estimating the HTI*7>?* climate index
value for each reference site and the cor-
responding fertility index value F 27>20%,

The direct effect from the increase in con-
centrations of CO, in the atmosphere at the
end of the 21% century on changes in organic
matter contents and the fertility index was
not included because it was not significant
(Bazzaz & Sombroek, 1996; Knorr, Prentice,
Holland, & House, 2005).
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Figure 1. Prediction of change in the Integral Fertility Soil Index F, in the reference coffee-producing region in funciton of the
climate change index HTI during the course of the 21st century. The graph of F (HTI) corresponds to the dependency between
regional modal values of F_on regional average annual HTI values at the beginning of the 21st century. HT*™ and HTI""*
correspond to a reference site at the beginning of the century. The pair HTI*”2** and F">*** and the pair HTI,*"***”and P>
2% correspond to possible climate change scenarios HTI?7>*° or HTI?”>**) at the same reference site for the end of the 21st
century and the respective soil fertility index values (F2752%% or F27520%),

Lastly, the relative change in the coffee
yield at the end of the 21% century (AY, in %)
was estimated based on the selected scenarios
with the following equation:

2000
calc

2075-2099 2000
AY = (Ycalc - Ycalc )100

2075-2099 2075-2099 172075-2099
Y2520 AT F
= 2 2
SW A I 000 FS 000

2000
Ymax

—1)100 (13)

Relative changes in the models’ yield com-
ponents were also estimated: AY__, AWDSI
and AF_using the following equations:

AY =

2075-2099 2000
( Ymax — Yma

i )100 (14)

SWA12075—2099 _ SWAIZOOO
AY = ( SWAJ2® )100 (15)
2075-2099 2000
AY = (F - L )100 (16)

Results and Discussion

In order to verify reliability of the model’s
prediction of coffee yields, the annual average
cherry coffee production during the period
2003-2011 was compared to the mean of the
municipalities in the study (SIAP, 2013).

The regression equation obtained with the
CurveExpert 1.3 program (Hyams, 2010) is:
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YZOOO YZ 000
real — calc
—rmal_ _0,07+0.99 (17)
real max calc max

Where Y22’ and Y2 are the observed and
calculated annual average yields, respectively,
at the beginning of the 21 century for the ref-
erences sites in the state of Veracruz: Y252, of
2471.1 kg ha' year™ and Y ma of 2 059.5 kg
ha' year™.

The difference between Y2 .. and Yo ..
can be explained by not having included
several factors in the process to calculate the
yields, such as economic and technological
aspects involved in managing the crops,
daily fluctuation in air temperature and risk
of infestation and disease, among others.
Nevertheless, for our analysis it is important
to compare the relative yields, that is, the
fraction of maximum yields at the end of the
21st century. Since there is a good correlation

between relative values Y22 and Y2X .. and
Y2%and Y200 (Figure 2), we considered the
estimations of the relative change in produc-
tivity expected in the future to be reliable.

Figure 3 shows the dependence of the
modal values of the soil fertility index F 2
on the climate index HTI*®, which is typical
for coffee-producing soils in the state of Vera-
cruz and for virgin soils in different climatic
regions in Mexico in flat and hilly terrain with
different slopes ranging from 0 to 30%. The
95% confidence intervals (+20) of the modal
values are also shown.

The preliminary comparison shows
similarity between the regional graphs of
F 20(HTP™) representing coffee-producing
soils in the state of Veracruz and those of the
virgin soils located on flat and hilly terrain
with forest vegetation and slopes between 0
and 30%. The distribution of the values of the
fertility index, F ™, for coffee-producing soils

2000 2000
real / Yreal max

Y;

2000
Ycalc max

Figure 2. Comparison of observed yield fractions and estimate with the ITASA /FAO model for climate conditions from
2003 - 2011.
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Figure 3. Dependence of the modal values of the soil fertility index in function of the typical climate index for coffee-producing

soils in the state of Veracruz and virgin soils located in different climatic regions in Mexico, in flat and hilly terrains with forest

vegetation and diffferent slopes within a range of 0 30%. Confidence intervals (+ 20 are also shown for the modal values at 95%.

The average annual climate indices for the coffee-producing regions of Veracruz are 0.73 < HTI*® < 1.95.

in Veracruz in function of the HT* are within
the F 2™ ranges found for virgin soils. Figure
3 presents a general distribution graph. The
generalized graph of F *(HTI*™) is presented
to obtain more certainty in the estimation of
the relative change in the fertility index, F, for
coffee-producing soils in Veracruz in function
of the climate change index HTI at the end of
the 21* century.

The coffee-producing soils studied in
the state of Veracruz correspond to average
climate indices of 0.73 < HTT? < 1.95, which
according to Figure 3 represents very fertile
soil.

The climate change scenarios indicate the
following predictions: an average annual in-
crease in temperature of 11 to 25% (from 2 to
4°C) at the end of the 21* century, a decrease
in precipitation of 10% (100 to 250 mm year™)
depending on the scenario and the reference

site; and an increase in global radiation from
4 to 10% (200 to 400 Mj m? year").

Table 2 shows the results expected from
the changes indicated by the modeling of
climate change. This presents the estimation
of the relative change in yields (AY_, ) and in
the yield components (AY__ , AWDSI and AF))
of the coffee crop (Coffea arabica L) at the end
of the 21* century (2075-2099).

The analysis of the information in Table
2 shows that the change in coffee yields esti-
mated (AY_ ) for the end of the 21st century
depends on the climate change scenario and
the scenarios related to the increase in CO,
concentrations in the atmosphere. The coffee
yield at the end of the 21* century is expected
to be less than current yields, with losses from
10% to 34%. The different models show an
overall difference of 30% in the estimations
of the coffee’s vulnerability to climate change.
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Table 2. Estimate change in coffee yields (Coffea arabica L.) (AY

calc.

) and its components (AY, . ., ASWAI and AF)) in coffee-
producing region in the state of Veracruz for the end of the 21st century (period 2075-2099) considering climate change
scenarios developed by the GFDL CM3, HADGEM2 and MPI ESM LR models for two trajectories in the increase in CO2 in the
atmosphere at the end of this century: up to 650 ppm and 1370 ppm.

Coffee- RCP 4.5 RCP 8.5
. Climate
Pmd"lcmg ikl AY, . |AWDSI| AF |AY_ | oF AY, ~|AWDSI| AF, | AY,,. OF (%)
IESION (%) (%) %) | o) | (%) (%) (%) (%) (%)
GFDL CM3 -2.19 -4.57 554 |-12.59 | 35.88 -6.15 -4.39 7.85 | -17.89 | 35.31
Atzaldn HADGEM?2 -2.38 -8.86 514 |-15.14 | 31.50 -6.91 -3.36 594 | -11.94 | 20.76
MPIESMLR | -1.34 -0.80 1.70 | -9.50 | 42.82 -4.35 -0.77 3.65 | -11.75 | 30.07
GFDL CM3 -5.75 -12.20 | 0.28 |-25.71| 38.78 -9.84 -14.18 | -0.45 | -33.65 | 36.38
Coatepec HADGEM?2 -5.99 -14.51 096 |-25.94 | 37.17 | -10.37 -11.94 1.70 | -25.55 | 30.53
MPIESMLR | -4.12 -9.49 2.69 |-20.54 | 35.63 -8.04 -10.31 0.99 | -24.63 | 287
GFDL CM3 -0.94 -7.38 -0.68 | -18.86 | 38.79 -5.21 -5.88 3.14 | -21.98 | 35.07
Coérdoba HADGEM?2 -1.19 -10.53 | -0.82 |-20.17 | 36.01 -5.91 -11.12 1.64 | -21.36 | 17.2
MPI ESM LR 0.68 -5.99 -4.51 |-16.19 | 34.81 -3.49 -5.99 0.82 | -17.69 | 19.37
GFDL CM3 -9.10 -9.13 1.96 |-25.03| 21.97 | -11.39 -12.10 229 | -31.57 | 24.73
Huatusco HADGEM2 -7.57 -10.87 | 1.90 |-23.62 | 24.03 | -11.94 -11.74 3.53 |-2549 | 11.64
MPIESMLR | -5.74 -6.52 157 |-17.76 | 11.79 -9.63 -6.95 1.96 |-22.74 | 14.34
GFDL CM3 -4.76 -2.14 464 |-13.30| 14.51 -9.15 -6.00 476 |-23.73 | 817
Misantla HADGEM2 -4.85 -1424 | 464 |-2231| 7.27 -9.85 -1.58 4.60 | -14.56 | 22.51
MPIESMLR | -3.67 -0.44 3.11 |-10.41 | 39.68 -6.42 -0.42 4.64 | -12.37 | 34.82
GFDL CM3 -9.34 -10.39 | 14.75 | -16.90 | 14.04 | -14.40 -10.39 | 18.03 | -23.06 | 16.31
Tezonapa HADGEM?2 -9.59 -12.99 | 13.11 | -18.89 | 18.66 | -16.36 -14.29 | 16.39 | -22.67 | 0.88
MPI ESM LR -7.81 -9.09 9.84 | -14.66 | 843 -11.92 -9.09 14.75 | -17.20 | 0.51

Note: ¢F is the potential error in the prediction of coffee yields when neglecting changes in the soil’s fertility due to climate change.
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The vulnerability of the coffee crops (Cof-
fea arabica L) to climate change is expected
to be greatest in the regions of Coatepec and
Huatusco where a decrease in yields (AY)
of 25 to 30% is expected. A deficiency in the
water needed to grow the crop was found to
have the greatest impact on changes in yield.
The expected change in the water demand
satisfaction index (AWDSI) due to a decrease
in precipitation and an increase in evapo-
transpiration in some regions is estimated to
be 10 to 15%. Meanwhile, maximum potential
yields are expected to be 2 to 6% less than the
current yields in the same regions due to an
increase in temperature and solar radiation.

The analysis indicates that climate change
will alter the fertility of the soil. The changes

in the integral soil fertility index (F) will
range from a 5% decrease to a 15% increase
depending on the region, CO, concentrations
in the atmosphere and the corresponding
climate.

The potential error in the prediction of
changes in coffee yields (¢F) when neglecting
changes in soil fertility due to climate change
was estimate as follows:

- AY207572099 (Wlthlz;) Ay207572099(without1:a)

cale cale

¢F AY2075_2099 (Wlth F;)

cale

100 (18)

Where AYa”*™ (with F) is the value of the
estimated change in yields when including



Brigido et al., Estimate of the Impact of Climate Change on Soil Fertility and Coffee Production in Veracruz, Mexico

fertility in the model and AYZ™** (without
F) is the change when not including fertility
in the model.

The estimations indicate an error of as
much as 50% in coffee yields calculations for
the end of the 21% century when not including
changes in soil fertility due to climate change.
Furthermore, even the sign of AY could
change, indicating that this factor should not
be ignored.

Conclusions

1. Cherry coffee (Coffea arabica L.) yields in
the central portion of the state of Veracruz
are estimated to decrease between 10 and
34% by the end of the 21* century. This
range depends on the coffee-producing
region, scenarios for increases in CO,
concentration in the atmosphere and the
model used to predict the climate change
scenario.

2. The coffee crops most vulnerable to cli-
mate change in this state are located in the
regions of Coatepec and Huatusco.

3. The analysis of the vulnerability of the
components of coffee yields (potential
yield (Y__ ), water needs satisfaction index
(WNSI) and integral soil fertility index (F)
showed that each one influences the total
calculated yield and they are essential to
more accurately determining changes in
yield based on climate change scenarios.

4. Neglecting modifications in the fertility of
the soil due to climate change can cause
errors of as much as 40% in coffee yield
predictions for the end of the 21* century
and, therefore, this factor should not be
ignored.
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Abstract

Esquivel, G., Cerano, J., Sanchez, I, Lopez, A., & Gutiérrez,
O. G. (July-August, 2015). Validation of the ClimGen
Model to Estimate Climate Variables when Lacking Data
for Modeling Processes. Water Technology and Sciences (in
Spanish), 6(4), 117-130.

Many hydrological and environmental models often require
meteorological information corresponding to different
time intervals as input data. This information is often not
available at the sites of interest. At most weather stations,
data registry periods are frequently insufficient for a good
modeling of processes. A series of restrictions exist in
their application when meteorological data is not directly
available. The present study evaluated the use of the
ClimGen weather generator to estimate missing temperature
and rainfall data for three sites with low, medium and
high rainfall. The parameterization and calculation of the
missing data performed for the Riito weather station, which
represents dry conditions, resulted in 1 values for maximum
temperature of 7 = 0.96, minimum temperature > = 0.95
and rainfall > = 0.98. The Tepehuanes and El Tarahumar
stations represent medium rainfall conditions, and resulted
in 12 values for maximum temperature of 7 = 0.98, minimum
temperature 1> = 0.90 and 7> = 0.99, and rainfall 7> = 0.96 and
r? = 0.93, respectively. Lastly, The Francisco Rueda stations
represented high rainfall conditions and resulted in * values
for maximum temperature of 7> =0.96, minimum temperature
72 = 0.98 and rainfall 7> = 0.97. The results indicate that the
data estimated by the weather generator are representative
of historical climate data at the study sites.

weather

Keywords: Process modeling,

precipitation, temperature, ClimGen.

generators,

Resumen

Esquivel, G., Cerano, |., Sdnchez, 1., Lépez, A., & Gutiérrez, O.
G. (julio-agosto, 2015). Validacion del modelo ClimGen en la
estimacion de variables de clima ante escenarios de datos faltantes
con fines de modelacion de procesos. Tecnologia y Ciencias del
Agua, 6(4), 117-130.

Diversos modelos hidrolégicos y ambientales con frecuencia requieren
informacion meteoroldgica, como datos de entrada a intervalos de
tiempo variable, que a menudo no estdn disponibles en los sitios de
interés. En la mayoria de las estaciones meteoroldgicas, el periodo de
registro de datos es a menudo insuficiente para permitir una buena
modelacion de procesos, por lo tanto existe una seria restriccion
en su aplicacién si no se dispone de manera directa de los datos
meteoroldgicos. En este estudio, el generador climdtico ClimGen
fue evaluado para la estimacion de datos faltantes de temperatura
Y precipitacion para tres sitios con baja, media y alta ocurrencia de
precipitacion. Se realizo la parametrizacion y cdlculo de datos faltantes
para la estacion meteoroldgica Riito, que representa la condicion seca,
obteniendo valores bajo el criterio de r* para la variable temperatura
mdxima de > = 0.96, temperatura minima > = 0.95 y precipitacién
1’ =0.98. Las estaciones Tepehuanes y El Tarahumar, que representan
la condicién media de humedad, obtuvieron valores para la variable
temperatura mdxima de > = 0.98; temperatura minima > = 0.90 y
1?=0.99; y precipitacion r* = 0.96 y r* = 0.93, respectivamente. Por
tiltimo, la estacién Francisco Rueda, que representa la condicién
hiimeda, obtuvo 1* = 0.96 para temperatura mdxima; r* = 0.98 para
temperatura minima, y 1> = 0.97 para precipitacion. Los resultados
indican que los datos estimados por el generador climdtico son
representativos de los datos histéricos del clima en los sitios de estudio.

Palabras clave: modelacién de procesos, generadores climdticos,
precipitacion, temperatura, ClimGen.
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Introduction

Climate variables such as precipitation and
temperature have a large influence on the
hydrological cycle. Changes in these variables
can affect evaporation and runoff patterns
and the amount of groundwater and water
stored in glaciers, wetlands lakes and lakes
(Sarangi & Kumar, 2006). They are determi-
nants in agriculture, especially in cultivation
systems commonly found in arid and tropi-
cal regions (Tingem, Rivington, Azam- Alj,
& Colls, 2008). Therefore, their variability
contributes to hydrological processes that can
generate extreme events such as floods and /
or droughts.

In terms of simulation processes, hy-
drological and environmental models have
become important tools for the planning,
management and administration of natural
resources. Nevertheless, these models require
several types of input data (maximum and
minimum temperatures, precipitation, solar
radiation, wind speed and runoff, among oth-
ers) corresponding to different time intervals.
This information is often not available from
the sites of interest (Safeq & Fares, 2011). Most
weather stations often have an insulfficient pe-
riod of records for good modeling processes.
Therefore, a series of limitations exist in the
application of models when meteorological
data is not directly available (Hoogenboom,
2000). This situation highlights the impor-
tance of expanding data registries by generat-
ing climate data from short-term observations
using various statistical procedures.

Mathematical models known as stochas-
tic generators have addressed this problem
(Richardson & Wright, 1984). These models
simulate time-series corresponding to climate
variables. They provide data to expand a reg-
istry at a site as well as climate information
when measured data are not available, by
interpolating the model parameters. These
models have several interconnected compo-
nents and generally simulate multiple vari-

ables using observed historical meteorological
information as input data. They generate
estimated meteorological data that is statisti-
cally similar to observed weather records
(Hoogenboom & Soltani, 2003).

WGEN was one of the first weather gen-
erators developed to model soil erosion and
water quality (Richardson & Wright, 1984),
and others have been developed since then.
The CLIGEN weather generator, part of the
Water Erosion Prediction Procedure model
(Flanagan & Livingston, 1995), is based on
WGEN's weather generation methods (Nicks,
Richardson, & Williams, 1990). Additional
weather generators include USCLIMATE
(Johnson, Hanson, Hardegree, & Ballard,
1996), CLIMAK (Danuso & Della, 1997) and
ClimGen (Stockle, Campbell, & Nelson, 1999).

Databases of climate records in Mexico
generally do not contain large enough se-
ries to analyze climate variability on a time
scale of more than 60 years. In addition, the
records have a high percentage of missing
data (IMTA, 2009), creating a large problem
with reliability when used in climatological,
hydrological, environmental and paleoclima-
tological studies. Thus, the objectives of the
present study were to: 1) evaluate the capacity
of the ClimGen weather generator (version
4.06.06) (Stockle, Nelson, Donatelli, & Cas-
tellvi, 2001) to estimate data that is missing
from weather stations and 2) improve and
expand the weather records from the stations.

Materials and Methods
Study Area

The present work was based on three sites
in Mexico subject to different environmental
conditions (low, medium and high rainfall)
(Figure 1). The Riito station, in the municipal-
ity of San Luis Rio Colorado, state of Sonora,
is located between 32° 08’ 00” latitude north
and 114° 54’ 05” longitude west. Average
annual precipitation is 52.5 mm and annual
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Figure 1. Geographic location of the weather stations studied.

Conagua, 2012). tained for each of the stations studied (Table

mean temperature is 22.1°C. The altitude is Climatological Information

13 meters above sea level (masl). The Tepehu-

anes and El Tarahumar weather stations are The historical weather records were obtained R
located in the Sierra Madre Occidental, in the from the Rapid Weather Information Extractor 2
state of Durango, between 25° 20" 00” and 25° III, version 2.0 (Extractor Rdpido de Informacién l:
37’ 01”7 latitude north and 105° 43’ 00” and Climatoldgica; ERIC, Spanish acronym) (IMTA, Et
106° 19" 28” longitude west, respectively. The 2009). Each of the data series was analyzed S
altitudes range from 1 680 to 3 120 masl, with for consistency in the information in order to Zr
an annual precipitation of 676 mm and an an- detect atypical data due to errors in data entry Z
nual mean temperature of 13.5°C. Lastly, the or from other sources (for example, maximum E
Francisco Rueda station, in the municipality temperature with values of 0, maximum ;
of Huimanguillo, Tabasco, is located at 17° 50’ temperature under the minimum, months :
12” latitude north and 93° 56" 30” longitude with duplicate records, etc.). This was aimed E
west, with an average annual precipitation of at improving the quality of the input data ;
2 414 mm, annual mean temperature of 26.3 and, thus, decreasing errors in the validation ;
°C and an altitude of 7 masl (IMTA, 2009; process. Descriptive statistics were also ob- 3
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1). The methodology by Castro and Carbajal
(2010) was used to discard inconsistencies in
each variable: maximum temperature (fmax),
minimum temperature (fmin) and precipita-
tion (PP).

Description of ClimGen

ClimGen is a stochastic weather genera-
tor used to estimate data series at the daily
level, including precipitation, maximum
temperature, minimum temperature, solar
radiation, relative humidity and wind speed.
The statistical results from ClimGen are
similar to historical weather data (Tingem,
Rivington, Azam-Ali, & Colls, 2007) and
each station can be parameterized (Safeeq
& Fares, 2011). ClimGen uses the Weibull
distribution (Weibull, 1951) to represent daily
precipitation, and the approximation curve is
an improvement over the Fourier series used
by other weather generators (for example,
CLIGEN) to simulate seasonal variations in
weather data.

Precipitation

The number of precipitation events was
generated with a second-order Markov chain
model (Nicks et al., 1990). The combination of
conditional probabilities for the two states in
the Markov chain (a=rainy day followed by
a dry day, p=dry day followed by rainy day)
was calculated on a monthly scale and indi-
vidually for each station based on observed
historical data (Nicks et al., 1990):

P(W/D)=a
P(D/D)=1-a
P(D/W)=8
P(W/W)=1-
Where:

P (W/D)= the probability of a day with rain
when it does not rain the previous
day.

Table 1. Descriptive statistics for the weather stations in the study.

Station Riito Tepehuanes El Tarahumar Francisco Rueda
Years of data 1949-2008 (59 years) | 1922-1988 (66 years) | 1964-2009 (45 years) | 1965-2007 (42 years)
= Mean 31.2 26.4 19.1 31.6
E \..% Standard deviation 8.5 5.5 4.6 4.2
%,; £ Variance 72.9 30.4 21.1 17.8
E % Maximum 50 40 325 45
= Minimum 8 7.5 4 15
= Mean 12.9 7 1 20.7
E E Standard deviation 7.8 6.2 6.7 2.8
§ £ Variance 614 38.9 4.3 8.1
5 :é Maximum 33 20 17 27
& Minimum 6.5 112 19 9
- Mean 0.14 1.3 25 6.5
2 | Standard deviation 17 43 6.9 155
=) Variance 29 189 477 240.1
E Maximum 80 785 120 1875
Minimum 0 0 0 0
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P (D/D) = the probability of a day without
rain when it does not rain the
previous day.

P (D/W)= the probability of a day without
rain when it does rain the previ-
ous day.

P (W/W) = the probability of day with rain
when it does rain the previous
day.

ClimGen uses a two-parameter Weibull
distribution to calculate the magnitude of
the precipitation on rainy days. In terms of
daily precipitation, the Weibull distribution
has been shown to be superior to other prob-
ability distribution functions (Selker & Haith,
1990).

Temperature

According to Richardson (1981), temperature
and solar radiation data are easier to statisti-
cally model than precipitation since a smaller
proportion of their values are equal to 0 and
the distribution of these values is much less
biased than with precipitation data. Clim-
Gen'’s technique to generate maximum and
minimum temperatures is similar to that of
WGEN and is based on the supposition that
temperature is a weak stationary process
(Matalas, 1967).

This approach considers maximum and
minimum temperatures to be a continuous
stochastic multivariate process with daily
means and standard deviations that depend
on the precipitation (rainy or dry) during the
day (Richardson, 1981). The time-series of
the residuals of the maximum and minimum
temperatures are obtained by eliminating the
periodic means and adjusting the standard
deviations. The residuals are analyzed for de-
pendency on time and with cross-correlation
(Castellvi & Sockle, 2001; Stockle & Nelson,
2003; Stockle et al., 2001).

Calibration and Validation of ClimGen

Generally for the weather stations in Mexico
contained in the ERIC III, maximum and

minimum temperatures, precipitation and
evaporation data cover considerable time
periods, unlike other variables such as wind
speed, solar radiation and relative humid-
ity, among others. Therefore, ClimGen was
validated and calibrated specifically using
temperature and precipitation data (Table 1).
This computing tool is free and can be ob-
tained by registering at the website http://
sites.bsyse.wsu.edu/cs_suite/ClimGen/
documentation/demos.html.

The ClimGen interface used to generate
weather data involves two main procedures:
1) the site to be analyzed and 2) the generation
of the data. For the first procedure, an output
directory is selected to which the results will
be directed. Once this is done, the site to be
analyzed is parameterized by inputting the
following information: a) geographic location
of the site, that is, its coordinates (latitude-
longitude, decimal degrees or UTM) and
altitude; b) the location of the region with
respect to altitude above sea level (ClimGen
contains a global database from which the
country can be chosen) and c) brief descrip-
tion of the weather station.

In this section, historical data must be en-
tered manually for each year until the histori-
cal record is complete. This is the part of the
computing process that takes the most time,
since the information to be inputted is reiter-
ated. The advantage of this process is that
after inputting the records (complete or in-
complete) for one year, the data can be viewed
in table format or graphically (timeline) and
a second exploratory graphic analysis of the
information can be performed. Once all the
historical records are inputted, ClimGen per-
forms a statistical analysis (mean, standard
deviation, maximum value, minimum value,
sum) to determine whether or not the data
can be generated. A minimum of 10 years is
needed for the estimation of temperature and
25 years for precipitation.

After the above is completed, the second
procedure is the generation of data. The file
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generated by the previous procedure and the
period to be generated are selected. ClimGen
offers two simulation options: a) generate the
missing data while keeping historical data
and estimating only the missing values and
b) completely replace all the ClimGen records.
The output data can be generated in differ-
ent formats depending on the users’ interest
(CropSyst | SWAT, LARSWG, among others).
The LARS-WG format was used by the pres-
ent work since it generates data tables, which
helps to manipulate the information.

The model was validated by parameter-
izing the Tepehuanes weather station (Figure
1). Years with the historically highest and
lowest precipitations were identified (1923
with 756 mm and 1929 with 242.6 mm) and
records were randomly deleted in order to
evaluate the predictive capacity of the miss-
ing data in the series. Both of the options
offered by ClimGen were used: a) generating
the missing data while keeping historical
data and estimating only the missing values
and b) completely replacing all the ClimGen
records. The corresponding simulations were
run and only the observed data versus cal-
culated data were graphed. In addition, the
statistical parameters of the observed versus
calculated data were obtained as well as
those generated by the SPSS v. 17.0 statistical
program, in order to validate the efficiency
of the weather data estimation for a one-year
period (1923, the year considered to have the
highest precipitation and 1929 which had the
lowest precipitation according to the histori-
cal records).

Alonger period of time was consecutively
parameterized —66 years of observed data for
the Tepehuanes station (10084) and 45 years
for El Tarahumar station (10026). Stockle et
al. (1999) suggest a minimum of 20 years
of historical weather data to complete the
parameterization of meteorological variables
to be produced by a weather generator, and
preferably 30 to 45 years. Therefore, the
available records fulfilled the requirements

needed to estimate the missing temperature
and precipitation data for the two stations.

The previously validated stations reflected
the mean precipitation (676 mm). To evaluate
the efficiency of the model under different
environmental conditions, the Riito station
in Sonora (average annual precipitation of
52.5 mm) and the Francisco Rueda station in
Tabasco (2 414 mm annual average precipita-
tion) were analyzed (IMTA, 2009). For the
stations analyzed, the period with the largest
amount of missing information was 3 months,
with one month of missing data inter-annual-
ly. Lastly, scatter plots were generated and the
statistical parameters of the observed histori-
cal values and those calculated by ClimGen
were obtained.

Results
Estimation of Missing Data from One Year

A notable similarity was found between the
trends in the observed and calculated data for
two years with different climate conditions—
the year with the largest precipitation records
(Figure 2a) and the one with the smallest
records (Figure 2b), both corresponding to
the Tepehuanes weather station in the state
of Durango.

The statistical parameters of the observed
data versus the calculated data and data gen-
erated by ClimGen for the year 1923 showed
that the variances of the observed data and
the calculated data remained the same, but
not for the data generated by ClimGen (Table
2). Meanwhile, the variance of the generated
data decreased (Table 3).

Estimation of Missing Data for More
than One Year

The 7 criterion was calculated for longer peri-
ods of missing data (66 years for Tepehuanes
and 45 years for El Tarahumar station). The
findings for the Tepehuanes station were: >
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Figure 2. Annual temperature and precipitation series, observed and simulated by GlimGen for the T

epehuanes station.

= 0.98 for maximum temperature, r* = 0.90
for minimum temperature and r* = 0.96 for
precipitation (Figure 3). For the El Tarahumar
station: ¥ = 0.98 for maximum temperature,
r? = 0.99 for minimum temperature and r* =
0.93 for precipitation (Figure 3). When keep-
ing the historical records and only calculating
missing values, the variance of the observed
data remained the same as the that of the data
calculated by the weather generator (Table 4).

Based on the scatter plots of the Riito
station ( state of Sonora) and the Francisco

Rueda station ( state of Tabasco), which are
the two stations with environmental condi-
tions different than those of Tepehuanes
and El Tarahumar: at the Riito station 7> =
0.96 for maximum temperature, 1> = 0.95 for
minimum temperature and > = 0.99 for pre-
cipitation, and at the Francisco Rueda station
r? = 0.96 for maximum temperature, r* = 0.98
for minimum temperature and r* = 0.97 for
precipitation (Figure 4). For all four of these
stations, when keeping the historical records
in the database and only generating missing
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Table 2. Statstical parameters of the observed data versus both the calculated and generated data for year 1923.

N Mean Variance [S)te::::tai::l Maximum | Minimum R R?
Tmax_o 365 25.26 29.65 5.44 37
Tmax_c 365 25.45 30.36 551 37 0.97 0.95
Tmax_g 365 26.71 33.91 5.82 44 12 0.52 0.27
Tmin_o 365 8.38 33.87 5.82 18 -7
Tmin_c 365 8.36 34.31 5.85 18 -7 0.98 0.97
Tmin_g 365 7.27 42.40 6.51 20 -7 0.78 0.61
PP_o 365 2.1 37.55 6.12 70 0
PP_c 365 2.12 37.53 6.12 70 0.99 0.98
PP_g 365 0.99 12.23 3.49 42 0.07 0.005
0" refers to observed data..
278" refers to data calculated by ClimGen.
97¢" refers to data generated by ClimGen.
Table 3. Statstical parameters of the observed data versus both the calculated and generated data for year 1929.
N Mean Variance ;::;:;Zi Maximum | Minimum R R?
Tmax_o 365 25.26 29.65 5.44 37 9
Tmax_c 365 25.45 30.36 5.51 37 9 0.97 0.95
Tmax_g 365 26.71 33.91 5.82 44 12 0.54 0.30
Tmin_o 365 8.38 33.87 5.82 18 7/
Tmin_c 365 8.36 34.31 5.86 18 -7 0.98 0.97
Tmin_g 365 7.27 42.40 6.51 20 -7 0.71 0.50
PP_o 365 2.10 37.55 6.13 70 0
PP _c 365 2.12 37.53 6.13 70 0 0.86 0.75
PP_g 365 0.99 12.23 3.50 42 0 0.16 0.026

o

refers to observed data..
278" refers to data calculated by ClimGen.
3”g” refers to data generated by ClimGen.

data, the variance of the observed data and
that of the data calculated by the weather
generator remained roughly the same (Tables
4 and 5).

Discussion

The use of ClimGen was successful due to its
multiple applications to generate time series,
as a step prior to the application of other
models (for example, CROPWAT) (Sarangi &
Kumar, 2006; Bal, Choudhury Sood, Jalota,

& Singh, 2008; Tingem et al., 2007; McKague,
Rudra & Ogilvie, 2003) used to estimate
climate variables (Sarangi, Madramootoo, &
Koundal, 2008; Carbajal et al., 2010; Safeq &
Fares, 2011). Nevertheless, few works have
focused on evaluating the efficiency of the
model when estimating missing data in a data
series (Moradi, Nosrati, & Eslamian, 2007;
Carbajal et al., 2010).

In Iran, Moradi et al. (2007) evaluated
the estimation of maximum and minimum
temperatures at five weather stations. The



Esquivel et al,, Validation of the ClimGen Model to Estimate Climate Variables when Lacking Data for Modeling Processes

¥ 31
@

H 29
s 27
(4]

g 25
[

= 23
< 21
£
g 17
g 15
5 13
=

S PR W OO N ®C O

Maximum estimated temperaturea (°C)

y=0.9911x + 0.2041
R%2=098

Station: Tepehuanes

31
291
27 1
25 1
231
211

y = 0.9869x + 0.2258
R2=098

17 1
151

Station: El Tarahumar

13

Station: Tepehuanes

13 15 17 19 21 23 25 27 29 31 13 15 17 19 21 23 25 27 29 31
Maximum observed temperature (°C) Maximum observed temperature (°C)
y=0.9357x + 0.432 y=09357x+0432 g
R*=0.90 o o R*=0.90 6
o 00 4
o 2
o 8 6 4 209 2 4 6 1
-4
-6
Station: Tepehuanes 1’? Station: Tepehuanes
0 1 2 3 4 5 6 7 8 9 10 -
Minimum observed temperature (°C) Minimum observed temperature (°C)
1800
| ¥=0.9763x + 16.091 y=0.972x + 37.97
R2=0.96 OO0 R .93
’ 1400 1 ’
1200 1 o
1000 1 © S
800 1
o 600 1
400 1
200 1

Station: El Tarahumar

0 200 400 600 800 1000 120014001600 1800 0 0

Observed precipitation (mm)

Observed precipitation {mm)

200 400 600 800 1000 12001400 1600 1800

Figure 3. Observed climate variables (maximum temperature, minimum temperature and precipitation) and those setimated by

ClimGen based on the 7 criterion.

Table 4. Descriptive statistics of the observed data versus data calculated by ClimGen for the El Tarahumar and Tepehuanes

weather stations.

Tepehuanes
Maximum Temperature Minimum temperature Precipitation
Observed Calculated Observed Calculated Observed Calculated
Mean 26.5 26.4 6.9 6.9 472 477
Standard Deviation 1.95 1.94 0.83 0.82 110.86 110.23
Variance 3.79 3.78 0.69 0.67 12 289.74 12 151.19
El Tarahumar
Mean 19.1 19.1 1.0 1.0 914 926
Standard Deviation 1.43 1.43 2.02 2.04 218.09 218.83
Variance 2.06 4.08 47 565.33 2.03 4.16 47 888.62
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Figure 4. Observed climate variables (maximum temperature, minimum temperature and precipitation) and those setimated by
ClimGen based on the 7*criterion.

E Table 4. Descriptive statistics of the observed data versus data calculated by ClimGen for the El Tarahumar and Tepehuanes
;;; weather stations.

‘:f" Riito

:éb Maximum Temperature Minimum temperature Precipitation

/i Observed Calculated Observed Calculated Observed Calculated
2 Mean 312 312 13.0 129 49 50

2 Standard Deviation 1.73 1.67 1.40 1.40 39.63 39.28

E Variance 3.00 2.78 1.97 1.95 1570.50 1543.12
’f Francisco Rueda

5 Mean 31.6 31.6 20.6 20.6 2189.2 2235.8
é Standard Deviation 1.32 1.22 1.17 1.12 755.24 773.44

Variance 1.74 1.49 1.38 1.26 570 388.82 598 213.57

=
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correlation coefficients indicated a good fit
between the observed and estimated data
(r=0.82,r=0.72,r=0.79 and r = 0.78, except
for minimum temperature at one station, r =
0.10). Nevertheless, they recommended its
use to estimate missing data in regions with
medium to low precipitation.

Safeq and Fares (2011) evaluated the model
with four stations under tropical conditions,
finding that its estimation efficiency varied
according to the site and the weather vari-
able (for example, precipitation, wind speed,
temperature). Of the four sites, ClimGen was
able to reproduce observed precipitation for
only one station and it underestimated this
variable for two stations. On the other hand,
its estimations of maximum temperature,
minimum temperature and wind speed were
reasonable.

In the case of the Tepehuanes weather sta-
tion, the analyses of a one-year period showed
that ClimGen is able to produce statistically
significant estimations of maximum tempera-
ture, minimum temperature and precipitation
for the year with the highest precipitation
(in 1923, where 2 = 0.95, ¥> = 0.97 and 7% =
0.98, respectively) as well as the year with
the lowest precipitation (in 1929 according to
historical records, where 7> = 0.97, ¥*= 0.95 and
12 =0.75, respectively). These estimations were
obtained by keeping the historical data in the
time series. When not keeping the observed
data, the variability differed significantly for
all the variables corresponding to the year
1923 (r* = 0.27 for maximum temperature,
r* = 0.61 for minimum temperature and
r*=0.005 for precipitation) and the year 1929
(r*=0.30 for maximum temperature, r*= 0.50
for minimum temperature and r*= 0.026 for
precipitation).

Even though the two years analyzed had
the highest and lowest historical precipitation,
the model satisfactorily estimated these two
environmental conditions and the variances
of the observed data and calculated data re-
mained the same. Nevertheless, the estima-

tion efficiency decreased when not including
existing data and generating the complete
365 days. This corroborates the results found
by Moradi ef al. (2007) and Safeq and Fares
(2011), who reported obtaining good esti-
mations with some climate parameters and
substantial errors for particular study sites.

When considering periods of over one
year, the scatter plots and the corresponding
r? values indicated good predictive efficiency
for maximum temperature (r*= 0.98 for both
stations), minimum temperature (r* = 0.90 for
Tepehuanes and 1* = 0.99 for El Tarahumar
) and precipitation (> = 0.96 for Tepehuanes
and 72 = 0.93 for El Tarahumar). These values
show that the weather generator estimated
good quality values for regions with medium
precipitation, which represents the climate in
the study area.

For the Riito weather station (state of So-
nora) in northern Mexico, with annual aver-
age precipitation of 52.5 mm, representative
of arid conditions in the country: > = 0.96 for
maximum temperature, > = 0.95 for minimum
temperature and r? = 0.99 for precipitation.
For the Francisco Rueda station in the state
of Tabasco, with average annual precipitation
of 2 414 (representing rainy conditions), good
efficiency was obtained in the estimation of
maximum temperature (12 = 0.96). For both
stations, r* = 0.98 for minimum temperature
and r? = 0.97 for precipitation. These results
show the viability of the climate generator in
the estimation of missing data, regardless of
the environmental conditions at the stations
studied. Nevertheless, it is important to
remember that the estimations were primar-
ily attributable to two factors: a) amount of
historical information in the databases and
b) amount of missing data. The maximum
periods for which data was missing was
3 consecutive months, with one month of
missing data inter-annually, found at the
beginning, middle and end of the year. The
generator was not evaluated for one or more
years with information missing since this did
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not correspond to the objectives of the study.
Nevertheless, it is important to remember
that according to the results, the variance
decreased when generating a complete year.

The results are quite acceptable when
compared to other works that evaluated the
efficiency of the weather generator. For ex-
ample, an evaluation the ClimGen’s capacity
to estimate missing data in the Peruvian high
plains obtained values of ¥ = 0.70 and r* =
0.71 for two stations and r*> = 0.40 for a third
station (Carbajal et al., 2010). Safeq and Fares
(2011) demonstrated that the performance
of the generator varied even among stations
in the same geographic region and with cer-
tain climate variables, and obtained reliable
estimations with other climate variables (for
example, maximum temperature, minimum
temperature and wind speed).

A strength of having an extensive and
complete series of historical weather records
is the ability to parameterize models that do
not permit missing data in data series (Es-
quivel et al., 2013a; Esquivel, Bueno, Sénchez,
Veldsquez, & Delgado, 2013b). It also helps
to calibrate studies in which weather sta-
tions perform a key role (Cerano, Villaueva,
Cervantes, Trucios, & Guerrero, 2013). The
comparison between observed and calculated
data is crucial to the validation of the model
since this provides valuable information
about the behavior of the data and determines
whether or not it can function adequately.
Overall, ClimGen demonstrated that it
functioned well for the stations studied. A
larger amount of observed data and a smaller
amount of missing data in the database was
found to strengthen the parameterization of
the model and increase the quality of the data
estimations.

Conclusions

ClimGen mostré6 un buen desempefio al
calcular datos faltantes de la serie de tiempo
histérica, lo cual indica que los datos esti-
mados por el generador climatico son repre-

sentativos de los datos histéricos del clima.
Al calcular datos faltantes, es importante
conservar los datos histéricos observados
de la estacién y sélo calcular los datos fal-
tantes; esto permite conservar la varianza de
los datos calculados (temperatura méxima;
ClimGen was shown to perform well when
calculating missing data from a historical time
series. This indicates that the data estimated
by the weather generator are representative
of the historical climate data. When calculat-
ing missing data, it is important to keep the
station’s observed historical data and only
calculate the missing data, rather than com-
pletely generating all the data. Keeping the
historical data makes it possible to preserve
the variance of the calculated data (> = 0.95
for maximum temperature versus r* = 0.27 for
maximum temperature when completely gen-
erating all the data). This type of procedure
makes it possible to expand the observed his-
torical records from a particular station which
increases the ability to use weather stations
for hydrological, ecological, paleoclimatologi-
cal and agricultural studies, among others.
Nevertheless, it is important to mention that
the data generated by the model should be
used with care and analyzed graphically to
identify data that significantly overestimate
or underestimate historical records before
using them as input data in a particular
application. Another important aspect of
the algorithm presented in this study is the
prior validation of the climate information
used, since the quality of this data affects the
information generated. The study also dem-
onstrates the ability to use annual records of
climate variables when data is missing. Thus,
the common practice of discarding this data
can be abandoned and the information can
be expanded for the purpose of modeling
processes.
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Abstract

Cruz-Bautista, F., Zermefno-Gonzélez, A., Alvarez—Reyna, V.,
Cano-Rios, P, Rivera-Gonzélez, M., & Siller-Gonzélez, M.
(July-August, 2015). Modeling to Estimate the Dimensions
of the Wet Bulb in Trickle Irrigation. Water Technology and
Sciences (in Spanish), 6(4), 131-140.

The shape and volume of the wet soil resulting from the
application of water by emitters is the most important factor
in the design of trickle irrigation systems. The wet soil volume
represents the amount of stored water, and the extension,
depth and diameter should coincide with the radicle system
of the plants and the spacing between emitters and irrigation
lines. Therefore, the objective of this work was to develop
equations to describe the advance of water in the wet bulb
with a trickle irrigation system. Information related to soil
wetting patterns and physical and hydraulic characteristics
were used with three different textures to develop two
equations. The results show that these equations describe the
lateral and vertical advance of the water in the wet bulb of
sandy-loam, clay-loam and silty-loam soils with a reliability
of 90 to 94%. These equations show that the extension of
the wet bulb depends on the volume of water applied, the
flow of the emitter, the saturated hydraulic conductivity,
initial and residual moisture contents of the soil and the silt
content. The results demonstrate that these equations can
be used to estimate the extension of the wet bulb in the soil
with a localized irrigation system, and thereby determine
the number of emitters needed to moisten the volume of soil

required.

Keywords: Mathematical model, wetted soil volume, drip
irrigation, wetting-pattern.

Resumen

Cruz-Bautista, F., Zermeiio-Gonzilez, A., Alvarez—Reyna, V., Cano-
Rios, P, Rivera-Gonzilez, M., & Siller-Gonzilez, M. (julio-agosto,
2015). Modelo para estimar la extension del bulbo de humedecimiento
del suelo en riego por goteo. Tecnologfa y Ciencias del Agua, 6(4),
131-140.

La forma y el volumen de suelo mojado que se obtiene cuando los
emisores aplican el agua es la caracteristica mds importante en
el diserio de los sistemas de riego por goteo. El volumen de suelo
mojado representa la cantidad de agua almacenada, mientras
que su extension, profundidad y didmetro deben coincidir con el
sistema radicular de la planta y espaciamiento entre emisores y
lineas regantes. Por esta razén, el objetivo del presente estudio fue
desarrollar ecuaciones para describir el avance del agua en el bulbo de
humedecimiento del suelo en un riego por goteo. Se usé informacion
de patrones de humedecimiento de suelo y caracteristicas fisicas e
hidrdulicas de tres diferentes texturas para el desarrollo de dos
ecuaciones. Los resultados mostraron que estas ecuaciones describen
el avance lateral y vertical del agua en el bulbo de humedecimiento
de suelos de textura franco-arenoso, franco-arcilloso o franco-limoso,
con una confiabilidad de 90 y 94%. Estas ecuaciones muestran que
la extension del bulbo de humedecimiento es funcion del volumen de
agua aplicada, caudal del emisor, conductividad hidrdulica saturada,
contenido de humedad inicial y residual del suelo, y contenido de limo
en el suelo. Los resultados demostraron que estas ecuaciones pueden
utilizares para estimar la extension del bulbo de humedecimiento
del suelo en un sistema de riego localizado, asi como el niimero de
emisores necesarios para humedecer el volumen de suelo requerido.

Palabras clave: modelo matemitico, volumen de suelo mojado,
riego por goteo, patrén de humedecimiento.
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Introduction

The design and operations of trickle or drip
irrigation systems requires knowing the
distribution of the water under the emitters,
given that the shape and volume of wet soil
resulting from the application of water by the
emitters are the most important characteris-
tics in the design of this type of system. The
volume of wet soil represents the amount of
water stored in the soil, while the dimension,
depth and diameter should coincide with the
depth of the root system of the plants and
the spacing among emitters and irrigation
lines (Zur, 1996; Maia, Luiz, Francismar, &
Dantas, 2010 ). The volume of wet soil and
its dimension depends on the soil’s texture
and structure, the saturated hydraulic con-
ductivity and the initial moisture content, in
addition to the flow of the emitter and the
total volume of water applied (Kandelous &
Simunek, 2010; Nafchi, Mosavi, & Parvanak,
2011). Other factors affect the movement of
water in the soil, such as the relative position
of the emitters, the amount and frequency of
irrigation and temporal and spatial changes in
the moisture content of the soil, among others
(Mmolawa & Or, 2000; Ruiz-Canales, Plana,
Ruiz-Sdnchez, Franco, & Abrisqueta, 2005;
Kandelous & Simunek, 2010). If the distribu-
tion of the water in the wet soil is known, then
the emitter or emitters can be arranged and
operated in such a way as to guarantee the
precise placement of the water and nutrients
in the root zone of plants (Ruiz-Canales et
al., 2005; Amin & Ekhmaj, 2006; Elmaloglou
& Diamantopoulos, 2009). Nevertheless, few
field studies exist that show the dynamics of
water distribution in soil using trickle irriga-
tion.

Therefore, the objective of this study was
to develop equations to describe the lateral
and vertical advance of water in the wet bulb
in soil located under an emitter using a sur-
face trickle irrigation system.

Theoretical Considerations

The water distribution pattern in soil sig-
nificantly affects the design of local irrigation
systems. Several studies have been performed
using sophisticated analytical and numerical
models to determine the distribution and
pattern of moistening of the soil by water
(Dasberg & Or, 1999). Many empirical, ana-
lytical and numerical models have also been
developed to predict wetting patterns in soil
with trickle irrigation using experimental ob-
servations and by solving the Richards equa-
tion (Cook, Fitch, Thorburn, Charlesworth, &
Bristow, 2006; Kandelous & Simunek, 2010).
Nevertheless, most of these models make
predictions based on variables such as the
flow of the emitter, volume of water applied
and the hydraulic properties of the soil. Many
of these models do not directly apply to the
design and management of local irrigation
systems and are based on highly limited so-
lutions (Kandelous & Simunek, 2010; Nafchi
et al., 2011, Ramirez de Cartagena & Sdinz-
Sénchez, 1997). Meanwhile, empirical and
semi-empirical models typically developed
through regression analyses or field observa-
tions are more convenient for the design and
operation of these irrigation systems (Ramirez
de Cartagena & Sdinz-Sdnchez, 1997; Amin &
Ekhmaj, 2006; Kandelous & Simunek, 2010;
Nafchi et al., 2011).

Given the background provided above and
in accordance with the approaches introduced
by Shwartzman and Zur (1986) and Amin
and Ekhmaj (2006), equations (1) and (2) were
proposed to identify the explanatory vari-
ables related with the advance of water in wet
bulbs. These equations comes from a selection
of variables using the Stepwise method and
the non-linear relationship among them can
be expressed as:

r=B,VPK"0" (1)

7= Bovﬁ1Qﬁzegsefq SFS (2)
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where r = lateral advance (L); Z = vertical
advance (L); B, B,, B, B, B, and B, are the
regression coefficients; V = volume of water
applied (L%); Q = flow of the emitter (L* T");
K = saturated hydraulic conductivity (L T*);
0 = initial moisture content of the soil (L T?);
0 = residual moisture content of the soil (L’
T3); S, = silt content (%).

Materials and Methods

This study was performed with three soil
textures located in the lagoon regions of
Coahuila, Mexico. One texture was silty-
loam located in an experimental field at
the Antonio Narro Autonomous Agrarian
University-Lagoon Unit, the other was clay-
loam at the Technological Institute of Torreon
and a third was sandy-loam at the National
Research Institute for Forestry, Agricultural
and Livestock, in Matamoros, Coahuila.

Surface trickle irrigation equipment was
installed in the field to perform the wetting
tests. It included a water container, irrigation
head and irrigation line. The irrigation system
was composed of a polyethylene hose 12.7
mm in diameter, a 6.35 mm diameter poly-
ethylene tubing and emitters. The tubing was
placed on the irrigation lines 1.5 m apart. An
emitter was installed at the end of each tube.

Three wetting tests were performed with
each soil texture to obtain the wetting pattern
of the bulbs that formed under the emitters.
The tests consisted of applying three different
water volumes to the soil with the irrigation
equipment described. The first test was con-
ducted with emitters having a nominal flow
of 2 liters per hour (Iph) and an irrigation time
of 0.5, 1.0, 1.5, 2.25, 3.0, 4.0, 5.0, 6.5 and 8.0
hours. The other two tests were performed
with the same procedure using emitters with
nominal flows of 4 and 8 Iph.

Variables Measured

Physical and Hydraulic Soil Parameters

The proportion of solid particles from each of
the soils was determined with the Bouyoucos

hydrometric method and the texture was clas-
sified according to the soil texture triangle.
The moisture content of the soils was also
determined before each test using the gravi-
metric method at the depths shown in Table
1. The Guelph permeameter was used to cal-
culate saturated hydraulic conductivity in situ
using hydraulic loads of 5and 10 cm accord-
ing to the procedure described by Reynolds
and Elrick (1985) and Reynolds et al. (2002).
In addition, the parameters of the water
retention curve and the saturated hydraulic
conductivities used (Table 2) were modeled
with the ROSETTA program, version 1.2
(Schaap, Leij, & Van Genuchten, 2001) based
on the Van Genuchten (1980) and Mualem
(1976) equations (Skaggs, Trout, Simunek, &
Shouse, 2004; Kandelous & Simunek, 2010):

r

6(h)= (1+ oh

i 3)
6, h=0

where 0 (1) represents the water contents for
a determined hydraulic potential (); 6, and 6,
are the saturated and residual water contents,
respectively; a and n are parameters that af-
fect the shape of the water retention function:

K(h)=KS" [1 -(1 -se%x)m]2 )

and K (h) is the unsaturated hydraulic con-
ductivity, where L is the connectivity among
pores, K_is the saturated hydraulic conductiv-
ity and S is the effective saturation, defined
as:

0-0
S ,om=1-Y 5
=5 % 5)
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Wetting Pattern of the Bulb

The wetting pattern of the bulb under the
emitters was obtained in the field by directly
measuring the wetting front (lateral and
vertical advance) in the soil immediately
after irrigation was finished, according to the
following procedure:

a) The wet area of the soil under each emitter
was measured after completing irrigation
times of 0.5, 1.0, 1.5, 2.25, 3.0, 4.0, 5.0, 6.5
and 8.0 hours.

b) A quarter-circle of the wet soil area was
excavated and a grid was laid out on the
(x, z) and (y,z) coordinates and centered at
the tip of the emitter.

c) The length of the wetting front was then
measured in the horizontal and vertical
directions.

Analysis of Data

The field measurements of the lateral and
vertical advance of the water in the wetting
bulb were used to determine the coefficients
of equations (1) and (2). Physical and hy-
draulic data from the three types of soil in
the wetting tests (Tables 1 and 2) were also
used. As previously mentioned, the variables
in equations (1) and (2) and the dependent
variable presented a non-linear relationship
and, therefore, they were log-transformed
to make them intrinsically linear in order to
facilitate the analysis and obtain coefficients
using multiple linear regression (Amin &
Ekhmaj).

Results

Equations to Predict the Distribution of
Water in Wet Bulbs

Equations (6) and (7) present the coefficients
obtained for the variables proposed in equa-
tions (1) and (2). These variables affect the

advance of the water in the wet bulbs, with a
confidence level of 90 and 94%, respectively,
expressed by:

r= 014 V0.353KS—0.1106;0.387 (6)

Z = 7906 V0.458Q—0415262438692.349Si—04421 (7)

where r = lateral advance (m); Z = vertical
advance (m); V = volume of water applied
(m®); Ks = saturated hydraulic conductivity
(m s7); Q = emitter flow (m®s™); 6 = initial
moisture content of the soil (m* m?); 6 =
residual moisture content of the soil (m® m?);
S. = silt content (%).

Equation (6) shows that the lateral ad-
vance (r) depends on the volume of water
applied, the saturated hydraulic conductivity
and the initial moisture contents of the soil.
The significant partial coefficients (- test) for
these variables were 24.85, -3.93 and -7.45,
respectively, with a multiple determination
coefficient of 0.90 and P(F > 209.26) <= 0.01
. The vertical advance (Z) of the water in
the wet bulb is explained by the volume of
water applied, the flow of the emitter, the
initial and residual moisture contents of the
soil and the silt content, according to equa-
tion (7). The partial correlation coefficients
for these variables were 20.06, -4.55, 4.10,
3.92 and -8.31,respectively, with a multiple
determination coefficient of 0.94 and P(F >
194.74) < = 0.01.

Shape and Dimension of the Wet Bulbs under
the Emitter

With respect to the shape and dimension of
the wet bulbs, only one side of the wetting
front is shown (Figure 2) since the advance
of the front is assumed to be symmetrical.
Table 3 shows the variation in the lateral and
vertical advance of the water in the wet bulbs
according to the soil textures and volume of
water applied.
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Table 1. Physical and hydraulic properties of the soils where the wetting pattern tests were performed.

Textural class Depth Clay Silt Sand n:::st:zie A;e I:;:;lt Satucl'::‘e;ulc-lg‘:lilt';ulic
(cm) (%) (%) (%) (cm3cm?) (g cm?) (cm h)

Silty loam 0-20 28 46 26 0.098 1.146 2.050
20-40 24 54 22 0.105 1.154
40 - 60 30 52 18 0.127 1.241

Clay loam 0-20 26 22 52 0.066 1.139 3.283
20 - 40 36 32 32 0.075 1.113
40 - 60 44 30 26 0.103 1.362

Sandy loam 0-20 11 12 77 0.030 1.468 2.803
20-40 11 9 80 0.048 1.538
40 - 60 8 8 84 0.063 1.526

Figure 1. Shape and size of the wet bulb under an emitter: a) application of wter by the emitter; b) surface of the wet soil; ¢)
profile of the wet soil; d) extension of the wet soil (x, y, z grid with separations of 5 cm) centered at the tip of the emitter.
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Table 2. Hydraulic parameters of the soils where the wetting pattern tests were performed, obtained using the ROSETTA
program, version 1.2 (Schaap et al., 2001).

Textural class Depth (cm) (cm3e ém‘3) (cm? ém‘s) cnII(ir‘ c;" n IL
Silty loam 0-20 0.071 0.495 1.928 0.013 1.351 -0.357
20-40 0.062 0.480 2.210 0.009 1.413 0.207
40-60 0.075 0.482 1.173 0.008 1.384 -0.046
Clay loam 0-20 0.071 0.507 3.944 0.034 1.294 -1.611
20-40 0.087 0.531 2.183 0.022 1.271 -1.472
40-60 0.081 0.483 0.434 0.014 1.227 -1.439
Sandy loam 0-20 0.041 0.401 5.152 0.050 1.416 -1.337
20-40 0.043 0.386 4.797 0.051 1.435 -1.359
40-60 0.037 0.386 7.336 0.056 1.499 -1.212

6. and 6, represent the saturated and residual water contents; k,, represents the saturated hydraulic conductivity, a the inverse relationship between
the entrance of air and the soil; n the measurement of the distribution of the size of the soil pores and L is the connectivity among pores. These

Technology and Sciences. Vol. VI, No. 4, July-August, 2015, pp. 131-140

are the parameters that affect the retention of water.

Discussion

Equations (6) and (7) present the variables
that affect the advance of the water in the
wet bulb, with a confidence level of 90 and
94%, respectively. The lateral and vertical
advance (r and Z) of the water is explained
by the relationships among the volume of
water applied (V), the flow from the emitter
(Q), saturated hydraulic conductivity (Ks),
initial and residual moisture content of the
soil (6 and 6 ) and the silt content (S). The
volume of water applied (V) is the variable
that most contributed to the lateral and verti-
cal movement of water in the wet bulbs, as in-
dicated by the partial correlation coefficients
(t- test) for V, which were the highest (24.85
and 20.06, respectively). In addition, the cor-
relation coefficients of V with respect to the
dependent variables r and Z were 0.905 and
0.910. These results agree with information
reported by Schwartzman and Zur (1986), Gil-
Marin (2001), Amin and Ekhmaj (2006) and
Nafchi et al. (2011). Therefore, the dimension
of the wet bulb obtained when emitters ap-
ply water to soils with sandy-loam, clay-loam
and silty-loam textures depends, in order
of importance, on the volume of water ap-

plied, irrigation time, emitter flow, saturated
hydraulic conductivity, initial and residual
moisture contents and the silt content of the
soil.

The variables shown in equations (6) and
(7) are significant for a total of 9 variables
that were considered to explain the lateral
and vertical advance (r and Z) of water in
the bulb. Other variables also included in
the selection process were apparent density
and sand and clay contents. The physical
and hydraulic properties of the soils (Tables
1 and 2) were analyzed for each soil profile
stratum separately, as suggested by Ramirez
de Cartagena and Sdinz- Sdnchez (1997).

The Stepwise method did not consider
saturated hydraulic conductivity (Ks) to be
a variable that affects the vertical advance
of water in the wet bulb, as proposed by
Schwartzman and Zur (1986), Amin and
Ekhmaj (2006) and Kandelous, Liaghat and
Abbasi (2008) in their models, which is also
expected. Nevertheless, a detailed analysis
detected that Ks is inversely proportional to
the initial and residual moisture contents (6,
and 6)), and the silt content (S,), which were
considered since the hydraulic and physical
properties of soil vary according to depth.
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Figure 2. Advance of the wet front in the soil bulbs after 1.0, 2.25, 4.0 and 6.5 hours of irrigation.

The contrary occurs with the lateral or radial

advance of the water when the soil has a cer-

tain amount of homogeneity and infiltration

is presumed to be vertical.

Furthermore, the water applied by the

emitters generally creates truncated ellipsoi-

Water

015, pp. 131-140

2

)

Technology and Sciences. Vol. VI, No. 4, July-August,




Technology and Sciences. Vol. VI, No. 4, July-August, 2015, pp. 131-140

13M

Cruz-Bautista et al., Modeling to Estimate the Dimensions of the Wet Bulb in Trickle Irrigation

Table 3. Differences in the lateral and vertical advance of water in the wet bulb according to soil texture and the water volume

applied.
Q Silty-clay Loam Silty-sandy Loam Clay-sandy Loam
(m*h™) (%) (%) (%)
Lateral Vertical Lateral Vertical Lateral Vertical
0.002 0.3 7.3 0.5 10.8 0.8 3.9
0.004 0.8 9.1 1.0 10.2 0.8 5.6
0.008 1.0 16.6

dal bulbs. The dimensions of these increase
until the water absorption capacity of the soil,
a function of r and Z, equals the velocity of
water applied by the emitter. At first, when
the soil is dry the penetration speed is quicker
but if water continues to be applied, and as
the porous spaces are filled and the clays
expand, this penetration speed stabilizes. In
this case, if the speed at which the water is
applied exceeds the infiltration capacity of the
soil, the lateral or radial advance of the water
in the bulb increases. Figure 2 shows elliptical
bulbs with horizontal elongations when ap-
plying low water volumes or flows, even with
sandy-loam soil. But if the water is applied for
a longer period of time— that is, the applied
water volume (V) is increased —the vertical
advance becomes more pronounced and the
bulbs become vertically elongated in all three
soil textures. This is consistent with findings
by Cote, Bristow, Charlesworth, Cook and
Thorburn(2003); Lazarovitch, Warrick, Fur-
man and Simunek (2007) and Hao, Marui,
Haraguchi and Nakano (2007). That is, as
the application time of the water increases
the lateral advance stabilizes and the vertical
advance increases (Li, Zhang, & Li, 2003). This
increase in the vertical advance can also be
seen in Table 3, where the lateral advance in
the bulb is roughly 1% and the vertical ad-
vance ranges from 4 to 17% when applying
the same volume of water to each soil. With
this process of penetration and redistribution
of water in the soil, a wet bulb is obtained

from different combinations of lateral and
vertical advances. It is therefore important to
mention that knowledge about the shape and
dimension of the wet bulbs obtained under an
emitter will enable determining the number
of emitters needed to wet a given volume of
soil.

Conclusions

The equations developed by this work de-
scribe the lateral and vertical distribution of
water in a wet bulb in sandy-loam, clay-loam
and silty-loam soils at a confidence level of
90% for lateral and 94% for vertical distribu-
tion.

The dimension of the wet bulbs obtained
when the emitter applies water on any of these
soils depends on, in order of importance, the
volume of water applied, the emitter flow,
saturated hydraulic conductivity, initial and
residual moisture contents of the soil and the
silt content of the soil.

When applying a small volume of water,
elliptical bulbs with a horizontal elongation
are obtained. The ellipse elongates in the ver-
tical direction when increasing the application
time of the water or the flow of the emitter.

Knowledge about the shape and dimen-
sion of the wet bulb obtained under an emit-
ter will make it possible to determine the
number of emitters needed to wet a given
volume of soil.
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Abstract

Ifiguez-Covarrubias, M., Flores-Velazquez, J]., Ojeda-
Bustamante, W., Diaz-Delgado, C., & Mercado-Escalante,
R. (July-August, 2015). Comparison of Venturi Tube-Meter
Experimental Data with Computational Fluid Dynamics
Simulations. Water Technology and Sciences (in Spanish), 6(4),

141-152.

Irrigation systems require defining the total energy line of
the water flow in order to prevent variations in pressure and
flow at delivery and control points. Special equipment are
installed at these points, including Venturi gauges. These
devices have not been widely studied in terms of sizes,
shapes, materials or functioning conditions, and the operating
recommendations are derived from experimentally obtained
characteristics. Thus, modeling their functioning with
computational fluid dynamics (CFD) simulations would
be practical, economical and reliable. The objective of this
work was to validate the CFD simulation of the functioning
of a Venturi device based on laboratory observations. The
comparison of the experimental results and those obtained
with the CFD were highly satisfactory for the mean velocity
(1.53 m s), flow (0.027 m®s™) and pressure in the differential
manometer (15 cm de Hg). After the model was validated,
8 operating scenarios were simulated with variations in
flow from 0.005 m® s to 0.040 m® s* which simplified the
modeling of the head loss flow rate relationship of the
Venturi, with a quadratic equation, thereby eliminating the
uncertainty related to the discharge coefficient required by
the experimental analysis. The characteristic values of the
device were a minimum hydraulic head of 0.4 kg cm? at the
contraction of the Venturi and a total pressure loss of 0.075
of 0.040 m® s. Lastly, the
design of Venturi devices using CFD is recommended to

kg cm? in the Venturi for a Q__
obtain reliable information for its installation in irrigation
systems.

Keywords: (CFD),

Computational ~Fluid Dynamics

venturimeters, irrigation systems.

Resumen

Iiiiguez-Covarrubias, M., Flores-Velazquez, ]., Ojeda-Bustamante,
W., Diaz-Delgado, C., & Mercado-Escalante, R. (julio-agosto,
2015). Comparacion de resultados experimentales de un Venturi
con simulacion de dindmica de fluidos computacional. Tecnologia
y Ciencias del Agua, 6(4), 141-152.

En los sistemas de riego es necesario definir la linea de energia
total del flujo de agua para evitar variaciones de presion y gasto
en los puntos de entrega y control. En estos puntos se instalan
equipos especiales, entre los que se encuentran los aforadores
Venturi. Estos dispositivos han sido poco estudiados en relacién con
tamarios, formas, materiales o condiciones de funcionamiento, y las
recomendaciones de operacién provienen de caracteristicas obtenidas
de modo experimental. Asi, modelar su funcionamiento a través de
simulacion con dindmica de fluidos computacional (DFC) resultaria
prdctico, econdmico y confiable. El objetivo del trabajo consistio en
validar la simulacién de funcionamiento con DFC de un dispositivo
Venturi con base en observaciones de laboratorio. La comparacion
de los resultados experimentales y mediante DFC fueron altamente
satisfactorios para los valores de velocidad media (1.53 m s7),
gasto (0.027 m® s) y presion en el manémetro diferencial (15 cm
de Hg). Una vez validado el modelo, se simularon ocho escenarios
de operacion, con variacién de gasto desde 0.005 m?® s™ hasta 0.040
m?® s, lo cual simplificé el modelo de la relacion gasto-pérdida de
carga del Venturi, con una ecuacion cuadrdtica y ast eliminar la
incertidumbre del coeficiente de descarga requerido en los andlisis
experimentales. Los valores caracteristicos del dispositivo fueron
un requerimiento de carga hidrdulica minima en la contraccion del
Venturi de 0.4 kg cm™, y una pérdida de carga total en el Venturi de
0.075 kg cm? para Q, . de 0.040 m* . Por diltimo se recomienda
disefiar dispositivos Venturi con DFC y con ello obtener informacion
confiable para su instalacion en sistemas de riego.

Palabras clave: dindmica de fluidos computacional (DFC),
aforador Venturi, sistemas de riego.
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Introduction

When designing and operating hydraulic
structures for many types of facilities (pump-
ing and treatment plants, hydroelectric and
micro-hydroelectric plants and irrigation
systems, among others), in order to prevent
undesired fluctuations in pressure and flow
at delivery and control points the total energy
line must be known as accurately as possible,
and controlled when applicable. In effect,
these points are hydraulically suitable for the
installation of special devices that measure
flow, including Venturi meters. Nevertheless,
few studies have been conducted about these
devices in terms of their size, shape, operating
conditions and materials, particularly because
of the high cost of laboratory experiments for
each one of the various options.

Concepts and models involving fluid
mechanics can be used to design gauges
installed in pipes (Levy, 1957; White, 1994).
This requires first defining the discharge or
volumetric flow rate of the fluid through the
pipes (SARH, 1973). Then, the appropriate
lengths need to be selected and the site and
operating conditions of the device defined.
This process involves reviewing the size of
the gauge based on the kinetic currents, the
characteristics of the material and the internal
speed of the water.

The velocity of a fluid through a pipe can
be determined when the flow is constricted,
or choked, and pressure from the increase in
velocity at the constricted site is measured.
The flow gauges that operate based on this
principle are known as differential pressure
flow meters. These measuring devices include
Venturi, orifice plates and nozzles, among
others. They basically consist of an element
that constricts the flow and creates a change
in the piezometric head, which translates into
a loss in energy.

Chow (1959) reported that in order to
define the operating recommendations for
hydraulic equipment, particularly when

studying special devices such as Venturi me-
ters (White, 1994), losses in head between the
points of interest must be determined. These
calculations use the conservation of energy
equation:

2 2 2
zl+&+v—1=zz+&+v—2+2hf (1)
Y28 y 28 ¢

Donde v = velocidad del agua (m s?);
Where v = velocity of the water (m s); ¢
= acceleration of gravity (m s?); z = elevation

2
head (m); Eh = total loss in energy between

1

sections 1 and 2 (m); an= pressure head at
2

point n (m): ;4 = velocity head at point n

(m); and vy specific weight of the fluid (kg m?).
In the majority of flow applications the
equation is solved in its integral form, with
average variables such as the mean velocity
(m s™) in the section studied. This model has
been applied to all types of hydraulic struc-
tures used in engineering (SARH, 1973).

The Venturi meter can be divided into four
zones for its analysis (Figure 1): (a): the inlet,
which provides a uniform distribution of the
flow lines inside the unit and uniform veloc-
ity when it reaches the constricted section
(b): the convergence zone (converging cone)
is the part of the structure where diameter is
reduced to a size less than the inlet diameter
to produce the choked flow (c): the diver-
gence zone is a transition section between the
smaller diameter and a diameter equal to or
larger than the inlet diameter (d): the outlet
zone is straight, with no changes in diameter
and directs the flow to the pipe being used.

The components of the Venturi meter are
designed with different sizes, shapes, oper-
ating conditions and type of material. The
convergence and divergence zones can be
curved or straight depending on the proposed
design. An angle is defined for each device
which determines the minimum length of
the divergence needed to normalize the flow
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at the outlet of the device. One of the most
critical ratios in the Venturi meters is the de-
gree of choking (m) represented by the ratio
of the contracted section (throat) (A,) to the
inlet (A,); that is, m = A,/ A,. Measuring the
loss in energy from the choked flow between
two zones is recommended (Figure 1)— one
measurement right at the end of the inlet, D,
and the other right between where the con-
striction ends, D,, and the divergence begins
(ASME,1983). A methodology exists using
available laboratory equipment to measure
the fall in the energy line between these two
zones. Nevertheless, the use of a differential
mercury manometer installed at the points
mentioned is the most recommended method.

On the other hand, the ASME (1983) pres-
ents a mathematical model derived using
equation (1) to determine the volumetric flow
rate based on the discharge coefficient, with
knowledge of the pressure distribution line
or piezometric line beginning at the center
tube. In addition, given that the loss in energy
between the inlet and convergence zones is
represented by h=(z,+0’/2¢)-(z, +v2/2g)
and when substituting / in the conservation
of mass equation A, = A, v,/v,,, equation (2)
is obtained:

2gh

=CA
Q=CA, 1—(m)2

()

Where the coefficient C, is the known
discharge coefficient which is determined
by experimental laboratory tests. Sotelo-
Avila (1979) reported two tables presented
by Smetana (1957) to determine the C,
coefficient— one based on the choked flow
equation m = A,/ A, and the other based on
the Reynolds number corresponding to the
throat section.

Ranald (1978) and ASME (1983) present
different tables and figures to calculate flow
measurements in pipes when using a Venturi
device. It is worth mentioning here that both

present very similar discharge coefficient
values. Meanwhile, the USDI (1979) and the
IOS (1991) present standardized procedures
to be followed to correctly measure flows
with Venturi meters.

Traditionally, to calculate the parameters
that are characteristic of flow and because of
the complexity of hydraulics, it was necessary
to discretize the system of equations while
leaving some of the flow characteristics fixed.
General balance of mass and energy equa-
tions were then applied and, in particular, the
equation that describes its movement. Nev-
ertheless, in the majority of these cases this
description would be punctual and not permit
the spatial representation of the system. This
inconvenience was solved with computa-
tional fluid dynamics (CFD) (Anderson, 1995).
CFD makes it possible to spatially view the
study phenomena by obtaining a numerical
solution to problems involving the movement
of fluids. A high degree of accuracy has been
found when validating the proposed model
with experimental data, which has improved
the understanding of hydraulics and of fluid
mechanics in general.

In actuality, CFD and experimental analy-
ses are complementary, in which the use of
CFD reduces the number of experimental
laboratory analyses needed. For example,
valves (Davies & Stewart, 2002), pumps
(Zheng, 2000) and open canals (Wu, Rodji,
& Wenka, 2000) have been analyzed in hy-
draulic engineering. In protected agriculture,
CFD has been used to model climates inside
greenhouses and thereby suggest manage-
ment strategies involving auxiliary cooling
or heating systems (Flores-Veldzquez, Mejia,
Rojano, & Montero, 2011). For pressured ir-
rigation systems, applications can be found to
analyze irrigation emitters (Palau, Arviza, &
Frankel, 2004) and fertilizer injection devices
(Manzano & Palau, 2005).

Various authors have simulated the hy-
draulic behavior of weirs and gauges using
CFD techniques after validating them with ex-
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perimental data. Gharahjeh, Aydin and Altan-
Sakarya (2015) simulated flow of water for a
thin-crested weir , while Naghavi, Esmaili,
Yazdi and Vahid (2011) simulated a circular
weir. Temeepattanapongsa, Merkley, Barfuss
and Smith (2014) validated a CFD model and
fitted generic algebraic equations for a variety
of gauges without throats (cutthroat flumes)
based on simulated head-discharge data un-
der free and submerged discharge conditions.
With CFD, equations that define the
movement of a fluid are solved by combining
fluid dynamics, programming and numerical
methods. In general, the movement of a fluid
is primarily based on physical processes that
can be described in mathematical terms by a
series of partial derivative equations that nu-
merically represent flow components. Given
an incompressible fluid (water) in the domain
Q C Rn over a time interval [0, t], the dynamic
of the flow at each point (x, y) at a specific
moment t is determined according to the
state, density of mass p(x, t), velocity field u
(x, t) and its energy e (x, t). The differential ap-
proach applies the principles of conservation
of mass, momentum and energy to a control
volume , which are characteristics included in
the Navier-Stokes (N-S) equations. Solving for
this results in its differential form. Continuity
momentum equations are expressed by equa-
tions (3) and (4), which are generalized for x,
y, z (White, 1994; Cengel & Cimbala, 2012) :

Continuity equation:

Momentum at x:

Ju Jdu ou ou
pl —+—u+—v+—w
ot dx Jdy 0z

ap  (du du du
=pg — L +ul—+—4—= 4
e ™ ( ax® oyt 9z’ @

Where a_u’ a_v’ 9 is the volumetric

ax dy oz
deformation of the finite volume analyzed
(V = uvw) with respect to the x, y and z axes; p

is the density (kg m®); v is the kinetic viscosity

(v =% when u is the dynamic viscosity; ¢ is

the time (s) and g the acceleration of gravity.

The objective of the present work is to
provide information about the functioning
of a Venturi device by obtaining differential
and integral equations using devices with
specific characteristics and experimental labo-
ratory data reported by Sotelo-Avila (1979).
An additional objective was to compare the
experimental data with those obtained by
CFD simulations to determine operating and
installation parameters for irrigation systems.

Materials and Methods

The Venturi Device Studied

El dispositivo descrito por Sotelo-Avila (1979)
corresponde al estudio reportado por Smetana
(1957) y esquematizado en la figura 1. Tiene un
didmetro en la zona inicial de D, = 0.15 m y un
didmetro en la zona de estrangulamiento de
The device described by Sotelo-Avila (1979)
corresponds to the study reported by Smetana
(1957), shown in Figure 1. The diameter of the
inlet zone is D, = 0.15 and the diameter of the
throat section is D, = 0.075 m. The transition
between these diameters is represented by the
convergence zone which is conical. The diver-
gence zone widens from the end of the con-
vergence zone until again reaching the value
of diameter D,. Sotelo-Avila (1979) propose
an angle (0) of 2.5 to 7° in order to determine
the length needed for the divergence leading
to the outlet in order to normalize the flow. In
the deflection of the differential manometer
between diameters D, and D,, Al =0.15m of
Hg, as shown in Figure 1, where the specific
weight of mercury is v, = 13 595 kg m* and
the kinematic viscosity of the water at 10°C is
v=0.013cm’s™".
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istribution of pressures

Al =Ap/yhg

Mercury manometer

S £ YL (S V.- |- - I S D S ot
Vs
l e |
Inlet Convergence Divergence Outlet

Figure 1. Venturi meter in a tuve with fow under pressure.

The kinetic current is the main variable
studied by this work because of its affect
on the functioning of the Venturi meter. An
inadequate design of the inlet and outlet
zones would be reflected by excessive flow
velocity and the generation of dead zones
or turbulence. According to Webber (1971),
the diameter D, of the constriction should be
large enough so that the pressure does not fall
more than 2 water column meters below the
absolute pressure, since air bubbles tend to
be created at that pressure which presents the
risk of cavitation in the walls of the device.

The Venturi shown in Figure 1 has a differ-
ential mercury manometer. The experimental
laboratory observation provided the value of
Ah and the volumetric flow rate (Q) can be
determined with equation (5) (Sotelo-Avila,
1979):

Q=C,A, |2 gAh(% _ 1) 5)

Where A, is the area of the convergence
zone (m?); g is the acceleration of gravity (m
5%), Yy, 18 the specific weight of mercury (kg
m?); y is the specific weight of water (kg m*);
Ah is the deflection of the mercury manom-
eter (m); and C, is the discharge coefficient
(dimensionless).

Table 1 shows the geometric characteristics
of the meter as reported by Sotelo Avila (1979)
and Smetana (1957), where the lengths of the
inlet and outlet are over four times the value
of D,.

The volumetric flow rate is then deter-
mined based on the experimental results from
the Venturi meter with the characteristics
mentioned above. To this end, the informa-
tion reported by Sotelo-Avila (1979) was used
indicating an initial velocity of V, = 1.533 m
s' and a throat constriction of m = 0.25, with
which the values of the Reynolds number
remain over 1 x 10°. It is worth mentioning

Table 1. Geometric characteristics of the Venturi studied (Sotelo-Avila, 1979).

Length
Diameter (m) Ratio Area (m?) Relation Convergence e(nn?)
Radi Angl
Inlet=D, |Constriction (throat) =D,| D,/D, A, A, m=A,[A, ?ml)u S ( de;rge:s) Divergence
0.150 0.075 0.50 0.01767 | 0.0044 0.25 0.0375 35 0.6131
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that for the installation of Venturi meters in
irrigation systems, the important operating
parameters that need to be known are the
loss in total energy generated by the device
and the absolute pressure in the convergence
zone. According to Webber (1971), it is recom-
mended that the line of energy be measured
at a distance of 4D, before the convergence
and up to 4D, after the divergence, at the
point at which the flow behaves as a fully
developed flow.

Computational Fluid Dynamics (CFD)

As mentioned, numerical tools such as CFD
have been show to be efficient in the design
and simulation of flows using modeling tech-
niques with approximate solution methods
for equations that govern the mechanics of
fluids (equations (1), (3) and (4)) and numeri-
cal solution methods (finite volume), with
their corresponding processing algorithms.
Thus, CFD follows a series of steps that can
be described by three overall stages:

a) Preprocessing. Generation of 3D digital
representations of the geometry of the
physical model of the device studied (Fig-
ure 2a). This step is crucial to define the
mesh for the analysis (Figure 2b), in which
the computational domain is divided into
a finite number of prismatic elements to
which the equations for the conservation
of energy, mass and linear momentum are
applied.

b) Process. After the geometry is generated,

it is imported into the processor, where
the values are assigned of the boundary
conditions (Figure 2c), the left side of the
inlet and the right side of the outlet. The
corresponding hypotheses with respect to
the Solver to be used are also established
and the solution is obtained with the
Reynolds-Averaged Navier-Stokes Simu-
lations and the Pressure-Based method.
The momentum equations for u, v and
w are solved separately, followed by the
energy equations. The most commonly
used K-¢ turbulence model is then solved
and the attributes from the processing are
incorporated into the CFD software (Table
2).

c) Post-processing. The results are graphi-
cally shown to scale in Figure 2d. It
is worth noting that the CFD used by
the present work was the commercial
program ANSYS Workbench v 14.5 (Flu-
ent, 1998), which contains the interfaces
needed to generate the geometry of the
device (Design Model), the Meshing and
the corresponding numerical simulator
(Fluent).

Results and Discussion

Review Method for the Venturi tested in the
laboratory

The discharge coefficient C, was determined
according to the methodology proposed by
Sotelo-Avila (1979) and the laboratory infor-
mation related to initial velocity v, =1.533 m s™

Table 2. Initial conditions and calculation hypothesis.

Simulation Hypothesis
Solver Segregated Pressure-Based
Formulation Implicit
Time condition Stationary

Turbulence model

K-¢ of two equations

Simulation scenarios

Flow Velocity
Simulation Scenarios

Constant (velocity)
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Entrada
Velocity in

0.000 0.300 0.600 (m)
0.150 0.450 2¢)

2b)
10059.75

94600
| 887625
828450
769275
7101.00
6509.25
591750
530575
473400
414225
3550.50
2958.75
2367.00
1775.25

118350 2d

Figure 2. Stages in the construction of the computational model.

(Figure 3). This value was obtained based on
the ratio of the constriction of m = 0.25 (Table
1) to the discharge coefficient C,=1.009. As
reported by Sotelo-Avila (1979), the labora-
tory observation of the height of the mercury
column in the deflection of the differential
manometers was Ah= 0.15 m, and equation
(5) was used to determine the volumetric flow
rate Q = 0.02698 m® s™. The conservation of
mass equation was used to determine the
velocity in the convergence zone V, = 6.13 m’

sl Lastly, the Reynolds number R = % was
used to obtain the value R = 3.54 x 10°, which
meets the recommendation that it be larger
thanR =1x10°.

Figure 3 is a substitute for the graphs
reported by Smetana (1957). The objective of
this graph is to show the mathematical model
of the ratio of the degree of constriction (m)
to the discharge coefficient (C,). Note that the
model resulted in a determination coefficient
R?=0.9972.

The conventional experimental procedure
described shows that each time there is a

Relationship of choked flow-discharge coefficient

1.18

116
14 y=0.611x*-01037x + 09937/

T R2=10.9972 /
1.10 /
Los /

1.06 /

1.04 /

1.02 v

1.00 /

0.98

0.96 T T T T T T ]
000 010 020 030 040 050 060 070

Degree of constriction

Discharge coefficient

—&— Constriction coefficient e Polynomial model

Figure 3. C, coefficient in relation to the degree of
constriction ().

change in the initial velocity at the inlet of
the Venturi, it is necessary to measure the
corresponding change in the height of the col-
umn of the differential mercury manometer
and calculate the volumetric flow rate with

Water
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the new conditions. That is, the volumetric
flow rate is related to the Al of the column of
mercury, which results in only one equation
with two unknowns. Therefore, with this
experimental procedure it necessary to know
the initial velocity (at the inlet of the device),
the value of Al in the differential manometer
and the value of the constriction (throat) m,
in order to graphically obtain the correspond-
ing value of the discharge coefficient C, and,
lastly, calculate the value of the volumetric
flow rate. The main inconvenience of the ex-
perimental procedure described is that any
change in flow conditions requires obtaining
new experimental and observed data.

Review Method for the Venturi with CFD

Figure 4 shows the results obtained from the
CFD simulation for the magnitude of the flow
velocity vectors corresponding to each point
(identified by circles) in the different zones
in the Venturi meter: point D,, convergence,
divergence and the outlet of the device. The
magnitudes of the velocity are represented by
a colored graphic scale. Figure 5 shows punc-
tual values of the flow velocity and pressure
in relation to their location in the section of
the tube in the inlet zone; that is, null velocity
in the device walls up to a maximum of V =
1.8 m s in the center of the cross-section of
the pipe and pressure values of P = 78.7 cm
of Hg in the wall of the pipe and P = 78.4 cm
of Hg in the center of its cross-section. This
information was used to determine the mean
flow velocity and pressure at the inlet point
with the help of equations (6) and (7):

V- VA +V,A +..+V A

f " (6)

total

Where V= mean velocity of the flow in
the section; V = punctual velocity in circle
lupton; A =areain circle 1 up to n; A=
total area of the cross-section of the pipe:

482N
4.48
414 S 3

3.81 = SRS N

347 =

313 & N
2.80

246 3
212
179
1.45 N

11 -
0.78 \
0.44
Lz X

0.10

Apr 02,2014

Velocity vectors colored by velocity magnitude {m/s) ANSYS Fluent 145 (3d, pbue, ske)

Figure 4. Distribution of velocities.

P PA +PA,+..+PA,

; A )

total

Where P, = mean flow pressure in the sec-
tion; P, = punctual pressure in circle 1 up to n;
A =areaincircle 1 up ton; A, = total area
of the cross-section of the pipe.

This procedure is repeated for the sections
corresponding to the convergence and outlet
zones of the device. The average flow velocity
in the zones studied are presented in Table 3.

According to the calculation of the ab-
solute relative error |e | (equation (8)), the
values obtained from the experimental values
reported by Sotelo-Avila (1979) and those ob-
tained using the CFD (Table 3) were virtually
the same: mean velocity in the inlet zone (1.53
m s’ where |e | =0.013), volumetric flow rate
(0.027 m® s from conservation of mass, where

|e.| =0.013) and pressure in the differential
manometer of 15 cm of Hg (difference in pres-
sure between the inlet zone and the conver-
gence zone, in cm of Hg, where |e | =0.100):

_ |observed value - simulated value | ®)

r

| observed value ‘

After validating the model constructed
with the CFD, eight additional scenarios were
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Figure 5. Velocity and pressure profiles (inlet zone).
Table 3. Results from the simulation of the experimental Venturi using CFD.
Inlet zone Convergence zone Outlet zone
Mean pressure Mean Pressure Mean Mean pressure Mean
m velocity om velocity m velocity
2 -2 -2
Pascal Rt kg cm et Pascal o kg cm et Pascal At kg cm e
104658 | 78.5 1.07 1.55 86 639 65 0.88 5,55 101326 | 76 1.033 1.52

simulated with mean velocities between 0.028
and 2.264 m s, corresponding to a variation
in the volumetric flow rate from 0.005 to 0.040
m® s. Table 4 shows the results from eight
simulated scenarios (E2 through E9), where
pressure is expressed in pascals, cm of Hg and
kg cm?, and the mean velocities in the inlet,
convergence and outlet zones are shown in
ms’.

Based on the analysis of the results ob-
tained by the simulations of the volumetric
flow rate ranges of the operating Venutri (Q
=[0.005 m*s?; Q =0.040 m®s™]), and reported
in Table 4, a regressive mathematical model
was constructed of the volumetric flow rate
(Q in m® s™) and head loss (Ah in cm of Hg)
variables in the convergence zone of the

Venturi device. This model is represented by
a second-order equation and a determina-
tion coefficient of R? = 1 (Figure 6). This is
fully congruent with the genesis of the local
hydraulics in the convergence zone, given
the fall in pressure resulting from the abrupt
change in the flow velocity, in addition to lo-
cal losses from friction also related to the flow
velocity. This model reduces uncertainty by
eliminating the need to select the discharge
coefficient C, when calculating the volumetric
flow rate for any other initial velocity within
the range modeled. That is, the problem
is simplified to an equation with only one
unknown. For example, using the graph of
Figure 6 and considering the pipe diameter
in the case study (D, = 0.15 m), if the read-
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Table 4. Results from the CFD simulations for the eight scenarios proposed.

Inlet zone Convergence zone Outlet zone
Pressure Velocity Pressure Velocity Pressure Velocity

Version | Pascales em of kg cm? mean Pascales cmof | kg mean Pascales em of kg cm? mean
Hg ms? Hg cm? ms? Hg m s’

E2 101478 | 76.1 1.04 0.285 100 828 75.6 | 1.03 1.042 101 325 76.0 | 1.033 0.258
153} 101829 | 76.4 1.04 0.577 99 319 745 | 1.01 2.082 101 323 76.0 | 1.033 0.569
E4 102419 | 76.8 1.04 0.866 96 791 72.6 | 099 3.122 101 322 76.0 | 1.033 0.867
E5 103223 | 77.4 1.05 1.140 93 237 69.9 | 095 4.161 101327 | 76.0 | 1.033 1.126
E6 104206 | 782 1.06 1.424 88908 66.7 | 091 5.164 101 321 76.0 | 1.033 1.454
E7 105397 | 79.1 1.08 1.725 82770 62.1 | 0.84 6.202 101 326 76.0 | 1.033 1.690
E8 106 740 | 80.1 1.09 1.993 76 394 573 | 0.78 7.278 101 320 76.0 | 1.033 2.045
E9 108301 | 81.2 1.10 2.268 69 015 51.8 | 0.70 8.316 101 319 76.0 | 1.033 2.234

Head Loss-Flow Relationship
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Head loss in cm of mercury

0 T
0.035  0.04
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Figure 6. Determination of the losses in the convergence
zone based on the value of the volumetric flow rate.

ing of the differential pressure manometer is
Ah =0.15 cm of Hg a volumetric flow rate of Q
=0.027 m® s is obtained, which corresponds
to a velocity of 1.53 m s™.

On the other hand, with the information
provided by the CFD simulations, another
mathematical model can be constructed to
estimate total head loss in the Venutri meter
for the range of volumetric flow rates studied.
In effect, as in the previous case, the value
of the fall in pressure between the initial and

final zones of the device is taken into account
by the relationship between this pressure dif-
ferential and the volumetric flow rate at the
inlet of the Venutri. The model presents pres-
sure losses ((Ah in cm) of the water column
versus the volumetric flow rate (Q in m®s™), as
shown in Figure 7, which has a determination
coefficient R? over 0.99. It is worth noting that
this type of model cannot be constructed with
conventional experimental laboratory studies
alone.

Thus, for example, using the model from
Figure 7, with a maximum volumetric flow
rate of 0.040 m® s, a total head loss along the
length of the Venutri of 0.075 kg cm™ was ob-
tained. This total head loss corresponds to the
distance between +4D, from the convergence
section to D,, the inlet zone of the device.

Lastly, three other important results stand
out which can only be obtained with the
CFD simulation: a) the hydraulic head in the
convergence of the operating Venturi should
have a minimum pressure of 0.4 kg cm™ for a
maximum volumetric flow rate of 0.040 m*®s™
and thereby satisfy the conditions to prevent
transient cavitation, as suggested by Webber
(1971); b) because of the above conditions,
the upper limit of the volumetric flow rate
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Figure 7. Determination of the total losses in the Venturi
device between the initial and final sections.

for the dimensions and operating conditions
is precisely 0.040 m® s; and c) the total head
loss over the length of the Venutri is 0.075 kg
cm?for Q =040 m’s™.

Conclusions

This work used computational fluid dynam-
ics to model the functioning of a Venturi flow
meter. The mathematical model was con-
structed and validated based on the experi-
mental information obtained and reported
by Sotelo-Avila (1979). Very good agreement
was obtained between experimental and
simulated values for flow velocity, volumetric
flow rate and decrease in pressure in the dif-
ferential manometer. The CFD modeling was
performed with the Fluent program using the
finite volume method found in the ANSYS
Workbench software, v. 14.5.

Based on the analysis herein, the following
conclusions can be drawn:

1. Highly satisfactory agreement was found
between the experimentally measured
laboratory results and those obtained with
the CFD numerical simulation.

2. The results obtained from the hydraulic
scenarios modeled with the CFD contrib-
ute to a more in-depth understanding of

the functioning of the Venturi and the
determination of regressive mathematical
models for the variability in its operating
characteristics. The models obtained from
the results of the CFD make it possible
to determine the operating conditions
for non-experimental situations without
simulations, with a high level accuracy.

3. In particular, using the procedure pro-
posed herein, it was possible to use a
second-degree equation to model the
ratio of the volumetric flow rate to the
head loss in the convergence section of the
Venturi and thereby eliminate uncertainty
in the selection of the discharge coefficient
(C)). The relationship between volumetric
flow rate and total head loss in the Venturi
meter was also modeled, which is difficult
to perform with traditional laboratory
experiments.

4. CFD models can be used to design and de-
fine the optimal dimensions of a Venturi,
taking into account different sizes, shapes,
operating conditions and materials. The
limit conditions that create a transient
cavitation in the walls of the Venuturi can
also be determined.

Lastly, it is important to mention that
CFD modeling and laboratory experiments
are complementary analytical methods in
hydraulics and their combination is the best
strategy to determine technical, practical,
economic and reliable solutions, particularly
for Venturi flow meters and their installation
in irrigation systems.
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Abstract

Campos-Aranda, D. F. (July-August, 2015). Technical Note.
Fitting of GPA, GLO and GEV Distributions with Trimmed
L-moments (1,0). Water Technology and Sciences (in Spanish),
6(4), 153-167.

Statistical moments have been used to characterize
probability distributions and samples of observed data.
This work briefly describes the theory of L-moments and
trimmed L-moments (1,0), which can reduce the influence
of the lowest value in a sample, in order to improve the
fit and obtain more reliable extreme predictions. Recent
equations found in the statistical literature that estimate
the location, scale and shape of the probability distribution
functions are cited, which are often used to analyze the
frequencies of extreme hydrological data. These include
the General Extreme Values (GEV), Generalized Logistic
(GLO) and Generalized Pareto (GPA) equations. These three
distributions were fitted with the methods of L-moments
and trimmed L-moments (1,0) to 21 annual maximum flow
registries from Hydrological Region No. 10 (Sinaloa). The
quality of each fit was evaluated based on the standard error.
The analysis of the results indicate that the GPA distribution
provides the smallest fitting errors for 13 registries using the
trimmed L-moments (1,0) and for the rest of the registries
using L-moments. The conclusions suggest that the three
probabilistic models studied can be applied with the
trimmed L-moments (1,0) as an advanced version of the
L-moments procedure which is universally used.

Keywords: L-moments, trimmed L-moments (1,0),
probability distributions GEV, GLO and GPA, standard error
of fit, Hydrological Region No. 10 (Sinaloa).

Resumen

Campos-Aranda, D. F. (julio-agosto, 2015). Nota técnica. Ajuste de
las distribuciones GVE, LOG y PAG con momentos L depurados
(1,0). Tecnologia y Ciencias del Agua, 6(4), 153-167.

Los momentos estadisticos han sido utilizados para caracterizar
las distribuciones de probabilidad, ast como las muestras de datos
observados. En este trabajo se describe someramente la teoria de
los momentos L y de los llamados momentos L depurados (1,0),
que son capaces de reducir la influencia del valor mds bajo de la
muestra, para mejorar el ajuste y obtener predicciones extremas
mds confiables. Se citan las ecuaciones, recientemente expuestas
en la literatura estadistica, que permiten estimar los pardmetros
de ubicacion (u), escala (a) y forma (k) de las tres funciones de
distribucion de probabilidades mds utilizadas en los andlisis de
frecuencias de datos hidroldgicos extremos, que son la General de
Valores Extremos (GVE), la Logistica Generalizada (LOG) y la
Pareto Generalizada (PAG). Estas tres distribuciones se ajustaron
con los métodos de momentos L y momentos L depurados (1,0), a
los 21 registros de gasto mdximo anual disponibles en la Regién
Hidroldgica mim. 10 (Sinaloa). Se evalud la calidad de cada ajuste a
través del error estandar. El andlisis de los resultados indica que la
distribucion PAG conduce a los menores errores de ajuste en trece
registros con el método de los momentos L depurados (1,0) y en el
resto con el de momentos L. Las conclusiones sugieren la aplicacién
sistemdtica de los tres modelos probabilisticos utilizados y del método
de los momentos L depurados (1,0), como una version avanzada del
procedimiento de los momentos L, actualmente de uso universal.

Palabras clave: momentos L, momentos L depurados (1,0),
distribuciones de probabilidad GVE, LOG y PAG, error estdndar de
ajuste, Region Hidrologica niim. 10 (Sinaloa).
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Introduction

Statistical moments have been traditionally
used to characterize probability distribution
functions (PDF) or observed data series. The
more recent L-moments are linear combina-
tions of the expected values of the order sta-
tistics (Asquith, 2011). They are comparable
to conventional moments but have lower
sampling variances and are more robust to the
influence of dispersed or extreme values (out-
liers). Similar to statistical moments, first to
fourth L- moments also characterize location,
scale, skewness and kurtosis, respectively.
According to Karvanen (2006), the con-
cept of L-moments was introduced in the
late 1960s with various unconnected results
about linear combinations of order statistics,
culminating with works by Greenwood,
Landwehr, Matalas and Wallis (1979). Hosk-
ing (1990) unified the L-moments theory and
provided guides for its practical application
which have been used in hydrology, meteo-
rology, quality control and civil engineering.
Karavan (2006) also cited recent theoretical
advances, including: (1) Mudholkar and Hut-
son (1998) who replaced the expected values
of the order statistics with functionals which
provide quick estimators such as the median,
the Gastwirth estimator and truncated mean.
These analogs, called LQ moments, also exist
and are simple to evaluate. (2) Elamir and
Seheult (2003) introduced a natural extension
of L-moments, called trimmed moments (TL),
which means truncated or cut; (3) Elamir and
Seheult (2004) also derived the exact structure
of the sampling variance from L-moments.
Meanwhile, frequency analyses related
to hydrology, floods, maximum rainfall and
droughts primarily look for the values of
these data that are associated with low ex-
ceedance probabilities. These magnitudes,
called predictions, are obtained by fitting a PDF
to the available sample data. The PDF most
commonly used by these studies, and whose
application has even been established as a

rule, include General Extreme Values (GEV),
Generalized Logistic (GLO) and Generalized
Pareto (GPA) probabilistic models. Frequency
analyses have adopted these PDF because of
their heavy tail, which is the portion where
the predictions are estimated (El Adlouni,
Bobée, & Ouarda, 2008).

The objective of this work is to provide a
detailed presentation of theoretical aspects
related to trimmed L-moments, especially in
regard to the elimination of the lowest value
in a series or sample data and the fitting of
GEV, GLO and GPA distributions. This is
complemented with numerical comparisons
of 21 annual flood records from Hydrological
Region No. 10 (Sinaloa), where runoff is not
affected by reservoirs. These records con-
tained over 20 data corresponding to informa-
tion updated as of the year 2011, provided by
the National Water Commission (Conagua,
Spanish acronym).

Summary of the Operating Theory
Population Definition for L-moments

Let X be a random variable and ij one of
its order statistics, that is, a random variable
distributed as the j*" smallest element in
a random sample of size 1, taken from the
distribution of X. Then, the L-moments of X
are as follows(Hosking, 1990):

A= E(Xm) <y

1
A, = EE(Xzzz - Xl:z) 2)
A= %E (X35 -2X,,+X,5) 3)

A= iE(XZM -3X,,+3X,, - X1:4) @

whose general expression is:

E(X..,)

1Q, v [ r-1
A =251 .
<28y [

J
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In equation (5), the second parenthesis is
a quotient of the factorials which define the
number of possible combinations of m terms,
taking g in each arrangement. Its general
expression (Bhattarai, 2004; Asquith, 2011) is:

o

Conventionally, 0! = 1. Remembering
that the Gamma function is T'(m + 1) = m!,
which can be estimated with the Stirling
formula (Davis, 1965), as described below.
The expected values of the order statistics
represented by equation (5) will be estimated
with the expression (Hosking & Wallis, 1997;
Kottegoda & Rosso, 2008; Asquith, 2011):

for g<m (6)

n! P -1, (1 _ 7\
n_r)!{x(F) F'-(1-F)""dF )

where x (F) is the quantile function or inverse
solution of the accumulated probability dis-
tribution function F(x) = F.

Population Corresponding to Trimmed
L-Moments and the Sample

As was briefly indicated, L-moments are used
in ways that are similar to conventional mo-
ments and are relatively robust to the effects
of extreme values. In addition, the mean of
the distribution always exists, although some
higher order moments may not. Hosking
(2007) indicated that these two advantages
are not sufficient to manage certain data hav-
ing many outliers and PDF with very heavy
tails, since the first moment may not exist.
Trimmed L-moments are generalizations that
do not require the existence of the mean of
the supporting PDF, and is generally defined
as (Elamir & Seheult, 2003; Hosking, 2007):

}\'(rs,r) _ 13(_1)]' [T—‘l) E (Xr+s—ti+S+f) r=1,2,..0

r& j

where s and  are positive whole numbers.
The trimmed term, or truncated or cut, is
suitable given that the definition of 7»55") does
not involve the expected values of the order
statistics of s data or smaller values, or t
values larger than the sample size r + s + t;
that is, they are assigned a weight of zero. The
trimmed L-moment quotients T(,S't) = 7»(,”) / x(;'”
are dimensionless measurements of the shape
of the distribution. Hosking (2007) indicated
that one question to be decided is the ap-
propriate degree of trimming and that the
inspection of the data in the sample can help
with this selection. Recently, Elamir (2010)
found that the amount of trimming results
in the estimators having different variances.
Therefore, an optimal selection will be the
minimum sum of absolute errors between
the data and the estimates, by fitting the PDF
with these trimmed L-moments.

Given an ordered sample ( X, SX, s SX, ),
(s4)

r

can be estimated
in an unbiased manner with the following
expression (Elamir & Seheult, 2003; Hosking,
2007):

i( )!' (1’—1) ( i-1 ) (n—i)
lfsf” ln—t 4 j r+s—j-1) (t+] X
ri=s+1 ( n )
r+s+t (9)

the trimmed L moments A

Populations Corresponding to Trimmed
L-Moments (1,0) and the Sample

Ahmad, Shabri and Zakaria (2011b) reported
that trimmed L-moments were introduced
by Elamir and Seheult (2003) as an option to
use with outliers. They are easy to calculate
and more robust than L-moments to the pres-
ence of these atypical data, or outliers. They
also indicate that most of the works that
apply trimmed L-moments have focused on
symmetrical cases and generally suppress
the lowest and highest values in the concep-
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tual sample (s = t = 1). For example, Abdul-
Moniem and Selim (2009), and Bilkov4 (2014)
proposed the use of trimmed L-moments (1,0)
in which only the lowest value in a sample is
eliminated, in order to obtain a better fit of the
PDF to higher outliers. Based on equation (8)
and with s =1 and t = 0, the following four
first trimmed L-moments (1,0) are defined,
according to Ahmad et al. (2011b):

7»(11'0) =E(X,,) (10)
A0 %E(X&3 -X,,) (11)
1
}\4;1,0) = gE(X4:4 - 2X 3:4+X2:4) (12)

1
7‘511’0) = ZE(XS;s -3X 45t 3X3:5 - Xz:s) (13)

The the population quotients of trimmed
L-skewness and L-kurtosis are, respectively:

(1,0 7‘(31'0) (14)
T3 =0
}\'2
7\‘(1,0)
0= }\(41,0) (15)
2

The unbiased estimations of trimmed
moments (1,0) are based on a sample (x,) of
progressively ordered data and obtained us-
ing a modification of equation (8):

Qo wifr=1) (i-1] (n-i
Al
100 =292 LIV T o)

i=2 n
r+1

Abdul-Moniem and Selim (2009) applied
L-moments and symmetrical trimmed L-

moments (s = + = 1) by fitting the General-
ized Pareto. With known shape parameters
(k), the location (1) and scale (a) parameters
were estimated using synthetic samples of
size 10(10)40, with 10,000 replications each,
in which u = 2 and a4 = 0.20(0.20)1.40. They
found that the mean quadratic error (MQE)
between the estimated and real or assigned
values decreased as n and the scale parameter
increased, but this error was always less for
the estimations performed with trimmed L-
moments.

Ahmad et al. (2011b) also used the Gen-
eralized Pareto and with random simulation
found that the trimmed L-moments (1,0) re-
duced the probable influence of the smallest
datum in the sample when estimating events
with high return periods. Results from the use
of real data showed that trimmed L-moments
(1,0) are better than L-moments in some cases,
particularly to predict low- exceedance prob-
ability.

Ahmad, Shabri and Zakaria (2013)
compared GEV, GLO and GPA fitted with
L-moments and trimmed moments (1,0) and
(1,1), based on 12 annual maximum flow
records from northeast Malasia. They found
that trimmed moments (1,0) provide better
fits for most of the records processed.

Fitting the GEV, GLO and GPA with
L-moments

According to Hosking and Wallis (1997) and
their Table 5.1, when the shape parameter k
< 0 these three probability distribution func-
tions (PDF) have heavier tails than all the
others typically used to perform frequency
analyses with hydrological data. In addi-
tion, when k>0 their boundary is higher and
when k =0 two-parameter distributions are
defined (logistic and exponential Gumbel).
The use of L-moments to obtain the loca-
tion, scale and shape parameters (1, a and
k) corresponding to the GEV, GLO and GPA
distribution can be consulted in Stedinger,
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Vogel and Foufoula-Georgiou (1993), Hosking
and Wallis (1997), and Rao and Hamed (2000),
respectively. The mathematical formulas F(x),
inverse solutions or quantile functions x(F)
and the equations needed to estimate the
three fit parameters for each of these PDF will
be presented next.

General Extreme Values Distribution (GEV)

Interval of x: u + a/k < x o when k< 0; - 0o < x
<ocowhenk=0and - x <u +a/k when k> 0.

F(x)=e¢" (17)

where y is the reduced variable:

1 X—-u
=——In |1-k
yempin 1ok (52

fork=0 (19)

fork=0 (18)

x(F)=u+%[1—(—ln F)k] fork=0 (20)

x(F)=u-a-In(-In F) fork=0 (21)

c=—2__0.63093 22)
+t,

k =7.8590- c+2.9554 ¢ (23)

g bk (24)

(1-27)-T(1+k)

u=11-%[1-r(1+k)] (25)

The factorial Gamma function was es-
timated using the Stirling formula (Davis,
1965), which for large values of ¢ is quite ac-
curate, with an error near zero, and is given

by:

I‘(s) =e 2 \2n (26)

1 1 139 571
1+ + - == iR
12-¢ 288-¢° 51840-¢” 2488320-¢

Generalized Logistic Distribution

The interval of the GEV identified by the
interval of x:

F(x)= (27)

1+e™

where y is equal to equation (18):

(1-F)

a
x(F)=u+E{1— F

k
; fork=0 (28)

“(F)=u—a-In “;F) fork=0  (29)
k=-t, (30)
a_zz sin (k) (31)
-k
u=1-a %_ﬁ] (32)

Pareto Generalized Distribution

Intervalof : x: u<x<cowhenk<Qu<x<u
+ af/k when k>0

F(x)=1-¢" (33)

where y is equal to equation (18):

x(F)=u+Z[1-(1-F)'| for k=0 (34
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x(F)=u—a~ln(1—F) fork=0 (35)
(1-3t)

k= (1+t3) (36)

a=lz(l+k)-(2+k) 37)

u=ll—lz(2+k) (38)

Fitting of the GEV, GLO and the GPA
distributions with trimmed L-moments (1,0)

Ahmad, Shabri and Zakaria (2011a) and
Ahmad et al. (2013) obtained the expression
to estimate the three fit parameters of these
distribution based on trimmed L-moments
(1,0), these are:

General Extreme Values Distribution

k=0.4813-2.1364-t{"” + 0.6994 (t{”)*

-0.1991- (") (39)

-26) - 1 [1/ T (K)]

= 3 (2-3Y) (40)

L 41
u=1 k+2"-[1/F(k)] (41)

Equation (39) was obtained based on the
expression of ¢, in function of k as proposed
by Ahmad et al. (2013), which is valid in the
interval of k =-0.70 to 0.50. The reciprocal
of the Gamma function was estimated with
the following formula, from Euler’s infinite
product (Davis, 1965), which was evaluated
for np = 50. With this, its five decimal places
do not change:

o

1/F(z)=z-e“n

np=1

(1+i)-e'1/"”] (42)
np

where y = 0.5772156649, the Euler constant
with the indicated approximate value. The
function 1/ I'(z) is continuous and passes
through zero at points z=0, -1, -2, -3, ...

Generalized Logistic Distribution

9. 4(L0)
k= % (43)
. 1..7(1,0)

I T2k T(+k) -3 TGk T1+k)

u=lillo)_%_}_ﬂ'r(z—kz'r(l*—k) (45)

Generalized Pareto Distribution

_4-12-410 46

k= 443110 (46)

. L (1+k)-(2+k)-(3+k) 47)
3

(48)

_q(10) _ 3+k
u=h-a [—(1+k)-(2+k)

Quantitative Indicator of Fit

Coles (2001) indicated that the reason to fit a
PDF to data is to obtain conclusions about the
population from which the available values
are probably derived. Since the reliability of
these conclusions depends on the accuracy of
the fitted PDF, it is necessary to verify that
the probabilistic model can reproduce the
data used for the estimation (Flowers-Cano,
Flowers, & Rivera-Trejo, 2014).

In the mid 1970s, the standard error of
fit (SEF) was established as a quantitative
measurement that estimates the statistical
quality of the fit and also makes it possible to
objectively compare different probability dis-
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tributions that are tested or fitted to a sample,
since the units of the data are already known.
Its expression is (Kite, 1977):

where 7 is the number of data in the sample;
x, are the data in order of lower to higher; %,
the values estimated with the quantile func-
tion or the inverse solution using the three fit
parameters (u, a, k) which are tested for a non-
exceedance probability P(X < x), estimated
with the Weibull formula (Benson, 1962):

P(X<x)=—2 (50)
n+1
in which m is the order number of the datum,
where 1 is the smallest and 7 is the largest.
Lastly, npa is the number of fit parameters,
which is three for the GEV, GLO and PGA
distributions.

Qualitative Indicators of Fit

Two diagnostic graphs have recently become
popular— Probabilities and Quantities (Coles,
2001; Wilks, 2011). The probabilities graph
represents the empirical probability esti-
mated by equation (5) on the x-axis and the
probability that defines the model for each
available datum on the y-axis, in order of in-
creasing magnitude ( X,SX, 55X, which is
estimated with equations (17), (27) and (33)
for the GEV, GLO and PGA distributions,
respectively. The quantities graph represents

the value of the observed data ( X <X, s s x”)

on the x-axis and the value estimated with the
inverse solution of the model on the y-axis—
that is, equations (20), (28) and (34) for the
GEV, GLO and PGA functions, respectively,
for the empirical probability estimated with
equation (50). In summary, the x and y coor-
dinates of each graph are (Coles, 2001):

Probabilities

[(L,F(xi)):iﬂ, 2,---,11} (51)

n+1
Quantities

(xi,x(#)):zel, 2,-.m
n+1

Description of the Numerical
Application

(52)

Hydrometric Records Processed

The numerical application described uses 21
annual maximum flow records from Hydro-
logical Region No. 10 (Sinaloa). The runoff at
these hydrometric stations was not affected
by reservoirs and the records contained over
20 years of data from the BANDAS system
(IMTA, 2002). The records from the Huites
and Guamuchil hydrometric stations ex-
tended up to the year in which the reservoir
was built, which affected runoff. The data
from the San Francisco stations were taken
from Hydrological Bulletin 36 (SRH, 1975). This
hydrometric information had been updated
by the National Water Commission (Cona-
gua) and 12 records were expanded with data
up to the year 2011 (Santa Cruz, Jaina, Palo
Dulce, Ixpalino, Chinipas, Tamazula, Acati-
tan, Choix, Badiraguato, Zopilote, Chico Ruiz
and El Bledal stations). The first five columns
of Table 1 show the overall characteristics of
the records processed, in order of decreasing
basin size. The shortest record contained 23
years and the largest 60 years, with a median
of 33. Campos-Aranda (2014a) present a map
with the locations of the 21 hydrometric sta-
tions processed and their respective drainage
basins.
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Statistical Tests Performed with the Records

To verify the statistical quality of the hy-
drometric records that were processed, one
general test was applied as well as six specific
tests, The latter included tests for persistence
(Anderson and Sneyers), trends (Kendall and
Spearman), too much or too little variability
(Bartlett) and change in the mean (Cramer).
The general test used was the Von Neumann
test for randomness against unspecified de-
terministic components. All of these tests can
be found in WMO (1971), and Machiwal and
Jha (2008, 2012).

The Von Neumann test identified only
two non-homogeneous records (Choix and

Three records (Santa Cruz, Jaina and Acatitan)
had descending trends and one (Badiraguato)
had a slight increasing trend according to
the Kendall and Spearman tests. Given that
years were missing in the records that had a
descending trend (primarily during the last
periods from 1995 to 2011), they were consid-
ered susceptible for probabilistic processing
since this deterministic component can be
caused by the lack of continuity.

Trimmed L-Moments (1,0)
These moments were calculated based on

equation (16), which are shown in columns
6, 7 and 8 in Table 1. The last column in this

Pericos), both of which had persistence ac-
cording to the Anderson and Sneyers tests.

table presents the skewness quotient evalu-
ated according to equation (14).

Table 1. General characteristics and trimmed L-moments (1,0) for the 21 annual maximum flow records from the hydrometric
stations indicated, Hydrological Region No. 10 (Sinaloa).

No. Hydrometric Basin area | Years of records 12109 100) 1(10) 109) £00)
station (km?) (n) t ! 2 : :

1 |Huites 26 057 1942-1992 (51) 3328.333 4854.961 1706.992 802.426 0.4701

2 |San Francisco 17 531 1941-1973 (33) 1724.636 2444118 769.869 312.918 0.4065

3 |Santa Cruz 8919 1944-2011 (56) 972.500 1464.255 525.671 247.989 0.4718

4 |Jaina 8179 1942-2011 (60) 973.850 1441.582 519.757 259.900 0.5000

5  |Palo Dulce 6439 1958-1986 (26) 1083.423 1552.551 551.855 320.997 0.5817

6 |Ixpalino 6166 1953-2009 (46) 1191.891 1663.188 510.515 251.830 0.4933

~ 7 |La Huerta 6149 1970-1999 (28) 945.107 1272.204 258.448 10.619 0.0411
E 8 |Chinipas 5098 1965-2008 (33) 981.030 1310.680 308.185 81.948 0.2659
i 9 |Tamazula 2241 1963-1999 (33) 593.909 772.023 181.468 78.403 0.4321
f 10  |Naranjo 2 064 1939-1984 (45) 633.311 965.053 350.734 136.605 0.3895
;.\ 11 [Acatitdn 1884 1955-2008 (49) 797.878 1242.170 462.272 182.957 0.3958
a 12 |Guamtichil 1645 1940-1971 (32) 702.344 1003.141 319.356 141.162 0.4420
’: 13 |Choix 1403 1956-2005 (41) 334.927 469.731 143.144 66.263 0.4629
§ 14  |Badiraguato 1018 1960-1999 (40) 1033.350 1650.228 763.269 464.662 0.6088
‘Z; 15 |El Quelite 835 1961-2001 (33) 479.091 697.343 216.313 71.132 0.3288
= 16 |Zopilote 666 1939-2010 (60) 337.117 493.580 143.607 29.706 0.2069
:5 17 |Chico Ruiz 391 1977-2006 (23) 206.343 296.257 79.715 12.380 0.1553
g 18 |El Bledal 371 1938-1994 (57) 288.895 411.405 126.451 53.259 0.4212
E 19  |Pericos 270 1961-1992 (30) 250.800 336.685 81.431 22.299 0.2773
é 20 |La Tina 254 1960-1983 (24) 104.958 165.297 67.297 36.277 0.5391
EJJ 21 |Bamicori 223 1951-1983 (33) 189.182 280.225 94.765 33.181 0.3501

123M
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Standard Error of Fit

Based on the L-moments and their quotients
(Hosking & Wallis, 1997; Campos-Aranda,
2014a), the three fit parameters corresponding
to the GEV, GLO and PGA distributions were
obtained using equations (22) through (26),
(30) to (32) and (36 )to (38), respectively. After
using their inverse solutions, equations (20),
(28) and (34), estimations were performed
of INSERTAR SIMBOLO or the predictions
needed to apply equation (49), corresponding
to the standard error of fit (SEF). The results
are shown in Table 2 in the columns indicated
by “moL.”

In a similar manner but using the values
of the trimmed L-moments (1,0) from Table 1,
the three fit parameters were estimated for the

GEV, GLO and PGA functions with equations
(39) to (42), (43) to (45) and (46) to (48), respec-
tively. Next, based on their inverse solutions,
expressions (20), (28) and (34), the values of
%, were obtained to determine the standard
errors of fit, which are shown in Table 2 in the
columns marked as “moLD”.

Diagnostic Graphs

Figures 1 and 2 show the probability graphs
corresponding to the records from the San
Francisco hydrometric station, with n = 33, for
the GEV and PGA distributions. In general,
the PGA shows a better fit with all the data
from the sample, especially for low values for
which the GEV had the largest spread.

Table 2. Standard errors of fit (m?/s) obtained with the L-moments and trimmed L-moments (1,0), for the hydrometric stations

shown, Hydrological Region No. 10 (Sinaloa).

Standard errors of fit (SEF) Rl oo @i aff
No. Hydro%netric GEV GLO GPA the maxmium
station
moL moLD moL molLD moL moLD SEF (%)

1 Huites 979 925 1061 976 834 (822) 29.1

2 San Francisco 377 351 419 385 302 (295) 42.0

3 Santa Cruz 388 389 402 398 393 (378) 6.3

4 Jaina 349 352 369 362 337 (335) 10.1

5 Palo Dulce 745 763 767 765 (716) 743 7.1

6 Ixpalino 346 354 366 364 (335) 337 9.3

7 La Huerta 96 134 124 211 (53) 54 298.1

8 Chinipas 101 102 118 123 90 [90] 36.7

9 Tamazula 144 145 148 148 146 (142) 42
10 Naranjo 156 148 73 164 127 (124) 39.5
11 Acatitdn 189 191 210 207 176 (174) 20.7
12 Guamtichil 235 236 247 243 (225) 226 9.8
13 Choix 101 102 106 105 99 (98) 8.2
14 Badiraguato 838 836 888 829 808 (801) 10.9
15 El Quelite 87 86 98 98 74 [74] 32.4
16 Zopilote 51 56 63 79 28 (27) 192.6
17 Chico Ruiz 28 33 35 44 [17] 17 158.8
18 El Bledal 64 65 67 67 69 (64) 7.8
19 Pericos 29 28 33 34 (24) 25 41.7
20 La Tina 90 92 92 93 (87) 90 6.9
21 Bamicori 52 49 57 54 43 (41) 39.0
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Figure 1. Probability graph for the yearly floods records from the San Francisco hydrometric stations, by fitting the GEV
distribution with a SEF = 351 m3/s.
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Figure 3. Probability graph for the yearly floods records from the San Francisco hydrometric stations, by fitting the GLO
distribution with a SEF = 385 m?®/s.

The graphs of quantities for GLO and PGA
distributions are shown in Figures 3 and 4, for
the same records from the San Francisco sta-
tion. An excellent fit was found with the PGA
function for low values and neither functions
could reproduce high values in the records,
beginning with datum 28.

Analysis of the Results and Design
Predictions

The numbers in parenthesis in Table 2 repre-
sent the lowest standard error of fit values.
The PGA distribution resulted in the lowest
values for all the records and therefore its
predictions are presented in Table 3. Campos-
Aranda (2014b) describe several simple meth-
ods for the fit of the PGA function.

Three records (Chinipas, El Quelite and

Chico Ruiz stations) resulted in equal SEF
values and for these cases the highest pre-
dictions by the L-moments and the trimmed
L-moments (1,0) methods were adopted,
which are indicated in brackets in Table 2.
It is worth mentioning that in the first two
records cited, the fit of the PGA distribution
with trimmed L-moments (1,0) resulted in the
highest predictions for high return periods.

It is also worth noting that fitting the
PGA function with trimmed L-moments (1,0)
resulted in a lower SEF for over half (14) of
the 21 records processed. This shows that
the method gives more weight to larger data
values through a better fit of the PDF.

With trimmed L-moments (1,0) apprecia-
bly lower SEF were obtained from the fit of
the GEV distribution for some of the records
(Huites, San Francisco, Naranjo, Badiraguato
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Figure 4. Graph of quantities for annual flood records from the San Francisco station, by fitting the PGA distribution with

7.0-10%

6.0 1

5.0

4.0

3.0 4

2.0 4

1.0 1

20

30

1.0

T
2.0 3.0 4.0 5.0

Annual maximum observed flow in m3/s

a SEF =295 m?/s.

6.0

7.0-10%

and Bamicori). With the GLO function, this
also occurred with the same records in addi-
tion to those from Jaina and Guamuchil.

When individually comparing the predic-
tions shown in Table 3 with those adopted
by Campos-Aranda (2014a), corresponding
to the GEV, GLO and Log-Pearson type 3 dis-
tributions, a high similarity can be seen in all
the hydrometric stations up to a return period
of 100 years. Nevertheless, with some of the
records, the PGA function resulted in the low-
est predictions for high return periods (> 100
years). The last column of Table 2 shows the
maximum relative error of the SEF, calculated
with the following expression:

RESEFy=SEF, o

53
SEF (53)

where SEF,, and SEF, are the standard errors
of the maximum and minimum fits corre-

sponding to the six values calculated. The RE
from the La Huerta, Zopilote y Chico Ruiz
stations stand out, whose records lacked
outliers. This is because the from parameter
(k), estimated with the L-moments from the
PGA distribution, was positive for all three
stations. The GEV function also resulted
positive for La Huerta while for the other
two stations it was near zero. For these three
records, the fit of the GEV and GLO distri-
butions with the trimmed L-moments (1,0)
resulted in SEF that were higher than those
obtained with the L-moments method, which
indicates that it is not useful to eliminate the
lowest datum.

Conclusions

The numerical results from this work indicate
that the Generalized Pareto distribution is a
useful probabilistic model to test with flood
frequency analyses and other extreme hy-
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Table 3. Predictions (m®/s) obtained with the Generalized Pareto distribution for the 21 yearly flood records from the
hydrometric stations shown, Hydrological Region No. 10 (Sinaloa).

No. Hydrometric Fitting Return periods, in years
station method 5 10 25 50 100 500 1000
1 Huites moLD 4480 6760 10 612 14 326 18 909 34121 43 336
2 San Francisco moLD 2433 3500 5116 6515 8 086 12 525 14 840
3 Santa Cruz moLD 1346 2 047 3235 4383 5804 10 538 13417
4 | Jaina moLD 1278 1951 3146 4355 5910 11 464 15 058
5 Palo Dulce moL 1301 1973 3251 4 635 6526 14 025 19 350
6 | Ixpalino moL 1608 2307 3421 4433 5622 9236 11256
7 La Huerta moL 1521 1764 1935 2 002 2 041 2079 2 085
8 Chinipas moLD 1442 1853 2328 2 642 2921 3455 3 645
9 Tamazula moLD 754 1003 1398 1754 2171 3428 4125
10 | Naranjo moLD 979 1467 2184 2786 3445 5226 6115
11 | Acatitdn moLD 1251 1894 2848 3659 4555 7017 8 267
12 | Guamtchil moL 996 1438 2111 2696 3357 5237 6225
13 | Choix moLD 442 634 955 1261 1635 2853 3580
14 | Badiraguato moLD 1154 1966 3668 5691 8689 22 446 33516
15 | ElQuelite moLD 748 1047 1440 1734 2026 2 696 2981
16 | Zopilote moLD 579 759 943 1049 1133 1269 1309
17 Chico Ruiz moL 348 446 540 593 633 694 710
18 | ElBledal moLD 404 578 849 1089 1366 2177 2616
19 Pericos moL 374 480 599 676 742 865 906
20 La Tina moL 150 239 392 539 722 1335 1709
21 | Bamicori moLD 296 428 608 749 893 1245 1403
drological data, since it results in the lowest Acknowledgements

standard errors of fit (SEF).

In 10 of the 21 records processed with the
numerical application described, the SEF
obtained with GEV and GLO distributions
were within 10% of the relative error (equa-
tion (53)), as seen in the last column in Table 2.
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The SEF results shown in Table 2 indicate 2
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that in over half of the 21 records processed,
the trimmed L-moments (1,0) is a good option
to reduce errors and obtain the best fits with
each of the three probability functions applied
(GEV, GLO and PGA). Therefore, its system-
atic use is suggested as an advanced version
of L-moments, which already is universally
used in hydrological frequency analyses.
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Disseminate scientific and technical knowledge and advances related to water through the
publication of previously unpublished articles and technical notes that provide original contribu-
tions.
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Contents

Interdisciplinary, composed of previously unpublished articles and technical notes related to
water, that result from research and provide original scientific and technological contributions or
innovations, developed based on the fields of knowledge of diverse disciplines.
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Interdisciplinary, related to water, with priority topics in the following knowledge areas:

« Water and energy

« Water quality

« Physical, biological and chemical sciences

« Hydro-agricultural sciences

« Political and social sciences

« Scientific and technological development and innovation
« Water management

« Hydrology

« Hydraulics

Type of Contributions

Technical article: scientific document that addresses and communicates, for the first time, results
from a successful investigation or innovation, whose contributions provide and increase current
knowledge about the topic of water.

Technical note: text that addresses advances in the field of hydraulic engineering and professional
practices in the field of water, while not necessarily making an original contribution in every case
it must be a previously unpublished work.

Some of the articles submitted to the review process can result in being published as notes and vice
versa. This will occur through a proposal and process of mutual agreement between the authors
and the editor responsible for the topic. The article and the note have nearly the same structure
(abstract, introduction, methodology, results, discussion, conclusion, references).

Review Process

The journal is governed by a rigorous review process which establishes that each article be
analyzed separately by three reviewers who recommend its acceptance, acceptance with minor
changes, acceptance with extensive changes, rejection or acceptance as a technical note with the
required changes.

At least one of three reviewers will be sought from a foreign institution.

The reviewers may not belong to the same institution as the authors proposing the article for
publication.

‘When the decisions are opposing or inconsistent, the involvement of other reviewers or the
members of the Editorial Committee may be requested.

On occasion, the approval of an article will be decided by two reviewers in addition to the opinion
of the editor of the corresponding topic or, the editor in chief.

A rejected article will not be accepted for a new review process.

The review process will be performed in such a way that neither the authors nor the reviewers
know the names of the other party.

The review process is performed by high-level specialists and experts who are national and
internationally renowned in their professional fields and have the ability to reliably evaluate, in a
timely manner, the quality as well as the originality of contributions, in addition to the degree of
scientific and technological innovation in the topic under which it is submitted for possible
publication.

This participation is considered a professional contribution and will be performed as a courtesy.
The reviews have a “Guide for the Reviewer” provided by the journal’s Editorial Department.
Final Ruling

The ruling resulting from the review process is not subject to appeal.

Authors

Works are published from authors of any nationality who present their contributions in Spanish;
nevertheless, we all accept works in Spanish or English.

Responsibility of the Authors

Submitting a proposal for the publication of an article commits the author not to simultaneously
submit it for consideration by other publications. In the event an article has been submitted to
another media for eventual publication, the author agrees to do so with the knowledge of the
Editorial Department, which will suspend the review process and inform the Editorial Committee

of the decision by the authors.

Collaborators whose articles have been accepted will formally cede the copyright to Tecnologia y
Ciencias del Agua.

The authors are responsible for the contents of the articles.

The author is responsible for the quality of the Spanish used. If the writing is deficient the work will
be rejected. Water Technology and Sciences will only be responsible for the editorial management.

The author commits to making the changes indicated by the editor of the topic in the time frame
establish by the editor. In the event these indications are not met, the article will be removed from

the review process and be classified as rejected.

The author shall be attentive to resolving the questions and proposals presented by the editors and
the editorial coordinator.

Each author shall approve the final printed proofs of their texts.
It is suggested that authors consult the “Guide for Collaborators.”
Readers

Academics, investigators, specialists and professionals interested in the analysis, investigation and
search for knowledge and solutions to problems related to water.

Reception of Articles

The reception of articles and notes is ongoing.

Time period

Bimonthly, appearing in the second month of the period.
Subscription and Distribution

The journal is distributed through paid and courtesy subscriptions.
Open Access

Water Technology and Sciences, previously Hydraulic Engineering in Mexico, provides a digital
version of all the material published since 1985.

Special editions and issues
Water Technology and Sciences will publish special numbers independently or in collaboration
with other journals, professional associations or editorial houses with renowned prestige and

related to water resources.

In addition, it will publish articles by invitation, acknowledging the professional advances of
prominent investigators.

In both cases, the quality of the technical continents and scientific contributions will be reviewed.

Water Technology and Sciences is registered in the following national and international indices and abstracts:

« Thomson Reuters Science Citation Index® (ISI) « Expanded Thomson Reuters Research Alert® (ISI) o Indice de revistas mexicanas de investigacién cientifica y tecnolégica del Consejo Nacional de
Ciencia y Tecnologia (Conacyt) (2013-2018) e Sistema de Informacién Cientifica Redalyc (Red de Revistas Cientificas de América Latina y El Caribe, Espaiia y Portugal), Universidad Auténoma del
Estado de México « EBSCO (Fuente Académica Premier NISC; Geosystems, como Marine, Oceanographic and Freshwater Resources) « ProQuest (Cambridge Scientific Abstracts) « Elsevier (Fluid
Abstracts: Process Engineering; Fluid Abstracts: Civil Engineering) « CAB Abstracts, CAB International « Latindex (Sistema Regional de Informacién en Linea para Revistas Cientificas de América
Latina, el Caribe, Espafia y Portugal), Universidad Nacional Auténoma de México o Periédica (Indice de Revistas Latinoamericanas en Ciencias), Universidad Nacional Auténoma de México « Catélogo
Hela (Hemeroteca Latinoamericana), Universidad Nacional Auténoma de México o Actualidad Iberoamericana, CIT-III, Instituto Iberoamericano de Informacién en Ciencia y Tecnologia.

Other Sources

The journal can also be found archived in Google scholar.
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