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Abstract

The Laja River basin is located between parallels 21° 32' 58", 20° 16'14"
N, and meridians - 100° 6' 28" - 101° 30'44" W. In 2014, the basin was
classified with a high degree of pressure on the water resource (Conagua,
2014). It also ranked second as an administrative hydrological region with
the highest population density, and it presents strong problems with
supply and demand. All the previous reasons motivated this work. The
objective was to calibrate, validate and estimate runoff surface,
considering the effects of changes in precipitation, Therefore, a
Hydrological modeling was performed in WEAP (Water Evaluation and
Planning) using the soil moisture method. The information used was on
soil use and physical characteristics; crop coefficients; average monthly
data on precipitation; average temperatures; relative humidity; and wind
speed. The calibration and validation processes were carried out at four
points in the basin, for five years on a monthly period. The hydrometric
stations were Puente Dolores, Begofia II, Tres Guerras and Pericos. For

each station, the coefficient of determination (r2) and Nash-Sutcliffe
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efficiency index (NSE) were estimated. The values obtained in the
calibration phase were an r? of 0.8 to 0.82 and NSE from 0.55 to 0.77. In
the validation phase, the values for 2 range from 0.65 to 0.86 and NSE
from 0.57 to 0.75. Climate information was generated with WGEN for 10
years, to generate runoff scenarios, with the RCP8.5 projections, for the
period 2012-2022. In conclusion WEAP is a software capable of correctly
simulating, with the soil moisture method, the response of the Laja River
basin. WEAP correctly simulated flows measured in gauging station with

an average absolute error of less than 10 %.

Keywords: hydrological modeling, WEAP, calibration, validation, runoff,
Laja River.

Resumen

La cuenca del rio Laja se localiza entre los paralelos 21° 32’ 58", 20° 16’
14” N y los meridianos -100° 6" 28” -101° 30’ 44" O; en 2014 fue
clasificada con grado de presidn alto sobre el recurso hidrico (Conagua,
2014); ocupo el segundo lugar como regién hidrolégica administrativa con
mayor densidad de poblacion, y presentd fuertes problemas con oferta y
demanda del recurso, lo que motivé llevar a cabo este trabajo. Se realizé
una modelacion hidroldgica en WEAP (Water Evaluation and Planning) con
el método de humedad del suelo. El objetivo fue calibrar, validary estimar
escurrimientos superficiales, considerando efectos del cambio en
precipitacion. Se utilizé informacidn de uso y caracteristicas fisicas de

suelo, coeficientes de cultivo y datos mensuales promedios de
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precipitacion, temperaturas medias, humedad relativa, velocidad del
viento. Los procesos de calibracion y validacion se efectuaron en cuatro
puntos de la cuenca para un periodo de cinco afos por mes en las
siguientes estaciones hidrométricas: Puente Dolores, Begoifa II, Tres
Guerras y Pericos; para cada una de ellas se estimé el coeficiente de
determinacion (r2) e indice de eficiencia Nash-Sutcliffe (NSE), y se
obtuvieron valores de 2 de 0.8 a 0.82, y de NSE de 0.55 a 0.77 en
calibracién, y 2 de 0.65 a 0.86 y NSE de 0.57 a 0.75 en validacion. Se
generd informacién climatica con WGEN para 10 afos, para generar
escurrimientos con las proyecciones del escenario RCP8.5 para el periodo
2012-2022. Se concluye que WEAP es un software capaz de simular
correctamente la respuesta de la cuenca del rio Laja con el método de
humedad del suelo. WEAP simulé correctamente los flujos medidos en la

estacion de medicidon con un error absoluto medio inferior al 10 %.

Palabras clave: modelaciéon hidroldgica, WEAP, calibracion, validacion,

escurrimientos, rio Laja.
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Wateris a precious natural resource, vital for life, development, and the
environment. It can be a matter of life and death, depending on how it
occurs and how itis managed (Hamlat, Errih, & Guidoum, 2013). Changes
in temperature and precipitation affect hydrological processes and water
availability for agricultural areas, hydropower, industrial sectors, and
people. Climate change will accelerate the hydrological cycle, increasing
temperature and evapotranspiration and changing precipitation. Surface
flow will be affected by the changes in precipitationintensity, distribution,
and frequency (Rochdane, Reichert, Messouli, Babgigi, & Khebiza, 2012).

Hydrologic modeling has become an indispensable component in
water resource research and management. Hydrologic models help to
understand the current and past status of waterresources in a watershed.
They also provide a way to review implications of management decisions;
and imposed changes, such as climate change (Johnston & Smakhtin,
2014).

The WEAP (Water Evaluation and Planning) model of the Stockholm
Environment Institute (SEI, 2015) analyzes water availability and
demand. The model provides a framework to assess sectoral demands,
water conservation measures, allocation priorities, aquifer functions, and
project costs and benefits Yates, Sieber, Purkey, Huber-Lee, & Galbraith,

2005b). It is especially useful when comparing changes in hydrological
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scenarios (Hoéllermann, Giertz, & Diekkriger, 2010; Harma, Johnson &
Cohen, 2012). Also, it is used to evaluate adaptation options in urban
areas (Bonelli, Vicufa, Meza, Gironas, & Barton, 2014; Yates, Miller,
Wilby, & Kaatz, 2015a).

The potential scenarios that can be analyzed are of different types:
land use, climate, population growth, or change. Climate scenarios are
the most used aspects of a WEAP model. The input the model requires
are the changes/variations in temperature and/or precipitation based on
projections from climate models and polarized data for the region (CCG,
2009; SEI, 2015).

The WEAP model is used in different parts of the world, forexample,
the Korean Institute of Construction Technology used WEAP as a tool to
assist their long-term water supply planning, surface water quality
modeling, and benefit-cost analysis (Choi, Kim, & Lee, 2012). On the
other hand, the water plan of California is built upon the application of
WEAP. These provided a framework of options for water managers,
policymakers, and the public so they can make decisions regarding the
future of California’s water (Savage et al., 2004). Meanwhile, in
Guatemala, the model was used to estimate vulnerability to climate
change (Magafia, 2005).

WEAP is applied in different places of Mexico. In the Guayalejo-
Tamesi river basins, Tamaulipas (Sanchez-Torres-Esqueda, Ospina-
Norefia, Gay-Garcia, & Conde, 2011) the impact of climate change was

addressed by developing short-, medium-, and long-term scenarios, that
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measure the variability of water availability. In the Grande/Bravo River
basin (Sandoval-Solis & McKinney, 2009) a collaborative modeling
process was used for water resource planning and to evaluate scenarios.
In the Sextin or Oro River watershed, located in central-northeastem
Durango, Mexico, the impact of weather patterns, were evaluated on
watershed runoff (Esquivel, Nevarez, Velasquez, Sanchez, & Bueno,
2017).

In Mexico, large rivers compose a great number of basins, inhabited
by dispersed population groups, that exert strong pressure on scarce
resources, such as water resources. The Laja river basin in Guanajuato
has these characteristics in its upper region, which impacts its middle and
lower region (Torres-Benites, Mejia-Saenz, Cortés-Becerra, Palacios-
Vélez, & Exebio-Garcia, 2005). Waterresource planning, in the Laja River
Basin, is an immediate necessity. Since, over the years, water resource
management is fixed to water supply needs, without prior hydrological
analysis of the basin’s behavior. This causes problems in resource
availability, especially in the lower regions of the basin, that severely
affect the agricultural sector (Palacios-Vélez, & Lépez-Lopez, 2004). The
objective of this work was to perform, calibrate, validate, and estimate
surface runoff using a hydrological simulation that uses the "Soil Moisture
Method". Meanwhile, estimating the effects of climate change with the

RCP8.5 scenario projections.
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Materials and methods

Study basin

The Laja river basin (Figure 1) located between parallels 20°16'14" 21°32'
58" N and meridians -100° 06' 28" -101°30'44" W. It belongs to
hydrological region number 12 called "Lerma Santiago". The water
resource management belongs to Administrative Hydrological Region VIII
"Lerma Santiago Pacifico". According to Campos (1998) classification, the
basin is classified as extremely large (11 912 km2). There are 32
municipalities in the Laja River basin, 9 municipalities have the largest
proportion: Dolores Hidalgo (14 %), San Miguel de Allende (13 %), San
Felipe (9 %), San Luis de la Paz (8 %), San Diego de la Unidn (7 %), El
Marqués (6 %), Querétaro (6 %), Celaya (5 %) and Comonfort (5 %).
The Laja River is a tributary of the Lerma River. It originates in the San
Juan hill, where the river is called the Nuevo Valle de Moreno River. After
the river crosses the railroad stations Obregdén, Guanajuato, the name
changes to the Laja River (DOF, 2003).
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Figure 1. Location of the study area. Own elaboration with information
from CONAGUA and INEGI.
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Monthly climatic variables were used from historical series of precipitation
and mean monthly temperature recorded at 44 conventional
climatological stations, EMCs. They are distributed throughout the basin
(Figure 2) (SMN, 2009). Relative humidity and wind speed values were
obtained from the network of automatic weather stations, EMAs, of the
Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias
(INIFAP, 2016). Cloud cover was taken empirically. For the construction

of the model, climate information required by WEAP were monthly values.
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Figure 2. Climatological stations. Own elaboration with information
from SMN (2009).
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Hydrometry

Three sub-basins and the Laja river basin were bounded by the 4 existing

conventional hydrometric stations, EHCs. The hydrometric information

was obtained from the National Surface Water Bank (Conagua & IMTA,

2008). The used datais the historical monthly average flows measured in

the four existing EHCs, present in the basin (iError! No se encuentra el

origen de la referencia.). Five years of monthly flow data were used to

calibrate and validate the model.

Table 1. Hydrometric stations in the basin ((Conagua & IMTA, 2008).

Key EHC name Drained area (km?2) Long W | Lat. N
12715 | Puente Dolores 1711 -100.90 | 21.17
12350 | La Begofa II 4984 -100.83 | 20.85
12719 | Tres Guerras 5849 -100.77 | 20.52
12238 | Pericos 9651 -101.11 | 20.53
146
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The Soil Moisture Method, used in the WEAP hydrological model,
requires detailed hydrological and climatic parameters. The parameters
used were: crop coefficient (Kc) acquired from Allen, Pereira, Raes and
Smith (2006) and the vegetation and cropping pattern of DR 085 "La
Begofia"; water storage capacity in the root zone (Sw) from different
types of soil cover presentin the Laja river basin; deep zone water storage
capacity (Dw); runoff resistance factor (RRF); root zone conductivity (ks);
deep zone conductivity (kd); preferential flow direction (f); initial
moisture in the root zone (Z1) and initial moisture in the deep zone (Z2).
The values of the parameters were submitted in percentage and absolute
values. The adjustments made to the variables were based on the ranges
established by the model and from similar studies of the basin
hydrological schemes (Flores-Lépez, Galaitsi, Escobar, & Pukey, 2016).

The WEAP model parameter values for the Laja River basin were
build using the soil moisture method parameters, presentin other studies
done in the American continent (Amato, McKinney, Ingol-Blanco, &
Teasley, 2006; Flores-Lépez et al., 2016; Febrillet-Huertas, José-Clases,
Bello, & Chalas, 2014) (Table 2).

Table 2. Parameters used in the hydrological model of the Laja river
basin.

Kd (mm/
CLASS Kc | Sw (mm) |Dw (mm)| RRF f |21% | Z2 %
month)
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Agriculture 1.2 330 330 2 200 0.4 30 30
Forest 0.8 400 400 4 200 0.4 30 30
Waterbodies 0.7 100 100 1 200 0.4 30 30
Shrubland 0.8 100 100 2 200 0.4 30 30
Grassland 0.6 330 330 3 200 0.4 30 30
Jungle 0.7 400 400 4 200 0.4 30 30
Urban area 0.7 100 100 1 200 0.4 30 30

Land use and vegetation

The land use and vegetation information for each sub-basin was obtained
from the vector layer series IV of land use and vegetation scale 1:250
000 (INEGI, 2010). The Laja river basin has eight land use classes:
agriculture (51.2 %), grassland (21.25 %), forest (11.9 %), jungle (6.23
%), shrubland (6.0 %), urban area (2.3 %), bare soil (0.7 %),
waterbodies (0.5 %).

Soil moisture method
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The soil moisture method is the most complex method modeled in WEAP.
It is based on empirical functions that describe the evapotranspiration
behavior, surface runoff, infiltration, baseflow, and the deep seepage of a
watershed (SEI, 2015). The model considers the movement of water
through two vertical soil layers (Figure 3). The first layer embodies water
retained near the surface, which is available to roots. The second layer
represents a deeper layer in which water is transfer into the baseflow or
groundwater recharge. The main parameters of this model for each layer
are the water holding capacity and the saturated hydraulic conductivity
(Yates et al., 2005b; Yates, Sieber, Purkey, Huber-Lee, & Galbraith,
2005c; SEI, 2015). The model calculates the waterbalance of a watershed
using the inflows, outflows, and storage changes in each layer for each

sub-basin.
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Figure 3. Hydrologic elements modeled in WEAP (CCG, 2009).

In the first layer the changes in soil moisture are established by the
effective precipitation minus the reference evapotranspiration, surface
runoff, infiltration, and percolation. A watershed unit is divided into “"N”
fractional areas by sub watershed representing different land uses/soil
types. Therefore, the water balance is calculated for each fractional area,

j” of "N”. The climate is assumed to be unvarying in each sub-basin, and
the water balance is assumed as (SEI, 2015):
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d 2z4 .
Rd; =L = Pe(t) — PET()k, (1) (_,) Pe(t)zy,"RFi — fikg 2% — (1= f)ks 2% (1)

Where:
dz;. . . . . :
Rd;—* = change in soil moisture in layer 1 of area j (mm).

Pe(t) = effective precipitationintime t (mm).
PET(t) =potential evapotranspiration for area j at time t.

k

¢

= crop coefficient forj area.

Z, . = relative storage fixed as a fraction of the total effective storage of

J
the root zone layer for j area.

RRF; = runoff resistance factor (0-1000). Runoff decreases with higher

values.

Pe(t)zljRRFf = surface runoff.

Fk. .z,? = infiltration of the first layer for the j area.
JTsjc1

(1 = f;)ks2,%, = percolation.

F; = coefficient related to soil, type of land cover and topography that

defines the direction of the flow in layer 1 (0-1).

K, ; = estimated saturated conductivity in root zone (mmh-1).

(t) = time.
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The change in storage of the second layeris calculated with:

Smax dditz = [29;1(1 - f]) ks,jzlz'j] - ks,ZZZ2 (2)

Where:
Smax= the deep percolation of storage in the upper layer.

k

N

_ = the saturated hydraulic conductivity of the lower storage layer for j

area is given as a single value for the basin (mm/time).

f; = coefficient related to soil, the type of land cover and topography that

defines the direction of the flow in layer 2 (0-1).

z,; = is the relative storage fixed as a percentage of the effective storage

of the bottom soil layer for j area.

Methodology

Hydrologic modeling
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The watershed and sub-watershed hydrological modeling was delimited
using a digital elevation model DEM with a resolution of 15 m, a scale of
1:50 000 (INEGI, 2013). The methodology for the hydrological modeling
in WEAP was performed with the steps shown in the diagram of Figure 4.
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Figure 4. Diagram of the methodology to calibrate and validate the
WEAP model in the Laja river basin, Guanajuato, Mexico.
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Construction of the hydrological model of the Laja river basin in

WEAP

The model was elaborated with the interaction of natural and
anthropogenic elements, which are comprised of parameters. The
required parameters and information of the model were defined and
afterward submitted into the WEAP model interface. The first simulation
was carried out with the required parameters. In the resulting sub-basin
and basin model, we spotted if the precipitation peaks in the EMCs and

the flows in the EHCs were correctly repeated. The model was calibrated,
after it was developed and had acceptable results.

Calibration
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The calibration process consists of adjusting the model parameters until

the model output values match the current observed data (Cabrera,
2012).

The calibration compared the runoff measured at the outlet of each
sub-basin with the runoff simulated by WEAP. This calibration was
performed for the period 1989-1993 because it was the most recent
period with a continuous record of data at all hydrometric stations.

Validation

Refsgaard and Knudsen (1996) define model validation as "the process of
demonstrating that the model is capable of making predictions at a
specific location for periods outside the calibration period". In this study,
the validation was performed with hydrometric information from five
years (2001-2005 for the Begona II, Tres Guerras, and Pericos EHCs and
1984-1988 for the Puente Dolores EHC). The data correspond to the five
years with the most recent information available. To measure, in the
calibration and validation, the predictive efficiency of the hydrological
modeling, the most frequent indicators are Coefficient of Determination
(r2), Mean Absolute Error (MAE), Percentage Bias (%BIAS), and Nash-
Sutcliffe Efficiency Coefficient (NSE) (Ahmed, 2012).
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Results and discussion

The hydrological model was developed, calibrated, and validated for the
sub-basins and basin of the Laja River; with precipitationinformation from
the EMCs and from four conventional hydrometric gauging stations. The
parameters that presented greater sensitivity and that were adjusted
within the model are soil moisture-holding capacity (SWC), root zone
conductivity (RZC), flow resistance factor (RRF), and preferential flow
direction (PFD). These parameters characterize the soil and its horizons

and, itis information that is scarce in our country.

The result obtained in the modeling is affected by the quality of the
underlying data.

The error obtained between simulated, and the measured flows is
less than 10 % on average.

Calibration
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The goodness-of-fit tests applied during calibration to the results of the

hydrologic model of the Laja river showed a good correlation between the
flows simulated by the WEAP model and those observed in the EHCs
Puente Dolores, La Begofa II, Tres Guerras and Pericos (Figure 5). The
Nash-Sutcliffe statistical indices = 0.55, 0.6, 0.77 and 0.74 and r? of 0.82,

0.88, 0.81, 0.8 respectively show this correlation (Table 3).

Table 3. Goodness-of-fit measures for the calibration in the Laja river

sub-basins and basin.

EHC Puente EHC Begoiia EHC Tres .

EHC Pericos
Test Dolores I Guerras

\"/ C \") C \'} C \") C

r 0.82 ] 0.88 | B 0.81 ] 0.78 ]
NSE 0.55 B 0.64 [ M.B 0.77 M.B. 0.74 M.B.
PBIAS | -125.28 S.E. 26.5 | Sub.E. -57.01 S.E. -77.34 | S.E.
MAE 5.2 N.A. 11.2 | N.A. 12.22 N.A. 17.55 | N.A.

EHC= Conventional hydrometric station, V= Value, C= Classification, J=Fair, B=Good,

M.B.= Very Good, E=Excellent, J=Fair N.A.=Not Applicable, S.E.=Overestimation,
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Figure 5. Measured and simulated flow in the WEAP calibration process

in the Laja river sub-basins and basin.
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The classification of Molnar (2011), NSE values less than 0.2
indicates that the fit is insufficient; between 0.2 and 0.4 is satisfactory;
between 0.4 and 0.6 is good; between 0.6 and 0.8 is very good; and
greater than 0.8 is excellent. The coefficient of determination was

classified based on Andersen, Refsgaard and Jensen (2001).

The results in the calibration display that the model overestimates
small flows but underestimates large flows in all sub-basins and at the
general level. The MAE deviation increased depending on the location of
the hydrometric stations in the basin. The smallest error occurred at
Puente Dolores EHC, located inthe upper part of the basin, and the largest

error at the Pericos EHC set at the outlet of the basin.

Validation

The goodness-of-fit measures validated the process using data from the
EMCs for the period precipitation of 1984-1988 (Puente Dolores sub-
basin) and 2001-2005 (La Begofa II, Tres Guerras and Pericos). The
coefficient of determination obtained ranged between 0.65 and 0.86 in

the hydrometric stations. The Nash-Sutcliffe coefficientin the hydrometric
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stations is very good based on the classification of Molnar (2011). The

PBIAS was mainly negative, which indicates an overestimation of the
model (Table 4).

Table 4. Goodness-of-fit measures for validation in the Laja river sub-

basins and basin.

EHC Puente . EHC Tres ]
EHC Begona II EHC Pericos
Test Dolores Guerras
v Cc v C v C v C
r? 0.65 P 0.86 B 0.79 J 0.71 J
NSE 0.64 M.B. 0.62 M.B 0.75 M.B 0.57 M.B
PBIAS -22.23 | S.E. 26.1 Sub.E. -31.84 | S.E. -89.79 | S.E.
MAE 3.6 N.A. 11.0 N.A. 10.88 N.A. 16.67 N.A.

EHC= Conventional hydrometric station, V= Value, C= Classification, J=Fair, B=Good,
M.B.= Very Good, E=Excellent, J=Fair N.A.=Not Applicable, S.E.=Overestimation,
Sub.E=Underestimation.

The results of the validation process for the Laja River sub-basins
and basin (Figure 6) show the same behavior as in the calibration. In
general, the model overestimates, but not in peak flows.
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Figure 6. Observed and simulated flow in the WEAP validation process
in the Laja river sub-basins and basin.
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Climate change scenario

The modeled runoff corresponds to the projections of scenario RCP8.5.
Time series for the Laja river basin was generated from the climatic
variables of temperatures and precipitation. The modeling process was
performed, and the runoff behavior at the control points was observed.

The evaluation of the RCP8.5 scenario required the use of the
stochastic weather generator WGEN, developed by the Agricultural
Research Service of the United States Department of Agriculture
(Richardson & Wright 1984). It uses monthly and annual statistics to
generate daily synthetic time series of precipitation, minimum
temperature, maximum temperature, and solar radiation. This weather
generatoris included in the Weatherman module present in the Decision
Support System for Agrotechnology Transfer (DSSAT) (Hoogenboom et
al., 2017).

A climate scenario was carried out for the period 2012-2022, based
on 30 years of data. The generated daily climate variables were
precipitation, minimum temperature, maximum temperature, and solar
radiation. Subsequently, necessary processes were implemented to
obtain monthly variables.

163
Tecnologia y ciencias del agua, ISSN 2007-2422,13(2), DOI: 10.24850/j-tyca-2022-02-03



2022, Instituto Mexicano de Tecnologia del Agua

Open Access bajo la licencia CC BY-NC-SA 4.0
Tecnologia y (https://creativecommons.org/licenses/by-nc-
C1enc1astgua sa/4.0/)

Scenarios were generated for each sub-basin. The information
generated from the calibrated model substituted the climatic data, which
allowed the runoff to be estimated based on the estimated precipitation
(Figure 7). The RCP8.5 scenario only includes climate change without

modifying the land use.
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Figure 7. Flows obtained from the scenario with precipitation change.

The average simulated annual runoff obtained with the RCP8.5
scenario projections in the Laja river basin is 184.26 hm?3 for the period
2012- 2022. Palacios-Vélez and Lépez-Lopez (2004) mention that the
arithmetic mean of Laja river basin runoff is 183.982 hm3. This data
confirms what Bolongaro-Crevenna et al. (2016) argue, that the RCP8.5

scenario estimates minimal changes in the total amount of precipitation.
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Conclusions

Hydrological models are a suitable tool to simulate the processes
occurring in a basin. The results obtained from them facilitate decision-
making and implementation of public policies that seek the efficient use

and development of water resources.

The result obtained from the application of the WEAP tool for the
Laja river basin indicates that the soil moisture method accurately
reproduces the response of the basin. As proven with the NSE, PBIAS and
r? efficiency indices.

The model was calibrated and validated for five years in each of the
sub-basins of the Laja river basin. In contrast with the measured flow,
the model calculates higher flows, but not at peak flows where WEAP
underestimates the flows.

It is essential to mention that one of the advantages of WEAP, being
a conceptual-physical model, is the amount of data required for its input.
It demands fewer data in comparison with other hydrological models.
However, the variation range of the values of the parameters that

integrate the model is not defined.
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