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Abstract: In Mexico, large dams have been a critical component of the water supply. However, the
places where they can be built are scarcer every day, a situation that adds to the high costs and
social conflicts that they cause. Much of the water stored in dams is lost due to evaporation, so
technological alternatives are currently being investigated to reduce it. Regarding the determination
of evaporated volumes, data obtained with evaporimeters do not represent actual evaporation, be-
ing necessary to apply theoretical models in combination with field measurements to reach better
approximations. The main objective of this research is to calculate the water evaporation in the El
Cazadero dam located in the State of Zacatecas, Mexico, through Penman’s semi-empirical equation
using data from the El Cazadero or 32006 weather station. The study area was selected due to its
aridity and recurring drought problems that affect water availability. Evaporation results obtained
from applying the theoretical model are compared with those reported by the weather station, show-
ing a good correlation. In addition, results of the average daily evaporation are used to determine
the approximate volume of water evaporated in the hydrological year between November 2010 and
October 2011, when a severe drought occurred, whose magnitude and economic value indicates
the necessity to carry out more research on this subject and propose public policies to develop and
implement technological alternatives that mitigate this phenomenon.
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Estimacion de la pérdida de aqua por evaporacion en la presa El Cazadero,
México, durante una sequia

Resumen: en México, las grandes represas han sido un componente critico del suministro de agua.
Sin embargo, los lugares donde se pueden construir son cada dia mas escasos, una situacion que se
suma a los altos costos y conflictos sociales que causan. Gran parte del agua almacenada en las presas
se pierde debido a la evaporacion, por lo que actualmente se estan investigando alternativas tecnolé-
gicas para reducirla. En cuanto a la determinacién de volimenes evaporados, los datos obtenidos con
evaporometros no representan la evaporacion real, siendo necesario aplicar modelos teéricos junto
con mediciones en campo para lograr mejores aproximaciones. El objetivo principal de esta investiga-
cion es calcular la evaporacion del agua en la presa El Cazadero, ubicada en el Estado de Zacatecas,
México, a través de la ecuacion semiempirica de Penman, utilizando datos de la estacion meteorolo-
gica El Cazadero o 32006. El area de estudio fue seleccionada debido a su aridez y problemas recu-
rrentes de sequia que afectan la disponibilidad de agua. Los resultados de evaporacién obtenidos
de la aplicacion del modelo tedrico se comparan con los reportados por la estacion meteoroldgica,
mostrando una buena correlacién. Ademas, los resultados de la evaporacion media diaria se utilizan
para determinar el volumen aproximado de agua evaporada en el afio hidrolégico entre noviembre
de 2010 y octubre de 2011, cuando se produjo una grave sequia, cuya magnitud y valor econémico
indica la necesidad de realizar mas investigaciones sobre este temay proponer politicas publicas para
desarrollar e implementar alternativas tecnolégicas que mitiguen este fenémeno.

Palabras clave: evaporacion, ecuacion de Penman, precipitacion, presas, sequias, cambio climatico,
politicas publicas.



Introduction

Water constitutes the central theme of sustain-
able development. It is crucial for the countries’
socio-economic progress, energy generation, food
production, and ecosystem conservation. The wa-
ter demand is expected to increase in a warmer
climate, creating greater competition for this good
between different sectors, mainly agriculture,
urban and industry (including tourism), and en-
ergy. Consequently, new policies, strategies, and
technologies are required to help guarantee water
security.

Water loss through evaporation in reservoirs is
a problem that can be of considerable economic im-
portance, particularly in arid areas with minimal
rainfall, and a challenge for water resource man-
agement. Due to this phenomenon, the losses can
reach, under certain conditions of extreme solar
radiation, up to 75 % of the precipitated water [1].

Mexico has a large part of its territory in the
high-pressure northern zone, and therefore,
two-thirds are considered arid or semi-arid, with
annual rainfall less than 500 mm [2]. These areas
are more susceptible to droughts because of the
low rainfall throughout the year (one month for
arid areas and one to three months for semi-arid
areas). This condition causes droughts to occur
more frequently and more significant pressure on
the available water [3], in addition to the high rates
of evaporation because of solar radiation. Oth-
er factors such as orography, oceans, vegetation
cover, and land use for human activities also in-
fluence climate. The Mexican states most vulnera-
ble to drought are those in the north: Chihuahua,
Coahuila, Durango, Nuevo Ledn, Baja California,
Sinaloa, Zacatecas, San Luis Potosi, Aguascalien-
tes, Guanajuato, Querétaro, Hidalgo, and Tlaxca-
la [4]. Drought is a natural and recurring climatic
phenomenon that occurs virtually in all climat-
ic regimes [5] but more frequently in arid and
semi-arid areas [6]. The American Meteorological
Society defines drought as “a period of abnormal-
ly dry weather whose duration is long enough to
cause significant hydrological imbalances” [7].

In Mexico, the most severe drought in the
century and recognized as the worst in 70 years
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occurred between 2010 and 2011. The number of
people affected by this disaster amounted to 2.5
million [8]. In May 2011, the second driest since
1941, 86 % of the country experienced some de-
gree of drought. As a result, drought emergency
declarations were approved in 1,174 municipalities
in the country [9]. The material impacts included
a 29 % loss of the national bean production in 2.7
million damaged agricultural hectares in Sinaloa,
Zacatecas, and Guanajuato. In addition, 12 million
heads of cattle showed loss of weight and produc-
tion quality, resulting in the death of 0.45 million
of them [10].

At present, population growth and econom-
ic activities exert tremendous pressure on water
resources (2], [11]-[14]; therefore, the country re-
quires a new management orientation not only
to increase water availability but also to reduce
its losses. In this context, we can affirm that the
water loss due to the evaporation process has not
been raised as a significant problem. However,
today, with the growing demand, the decrease in
its availability in some regions, and the challeng-
es posed by climate change and its unpredictable
consequences, the reduction of evaporation in
dams and reservoirs becomes relevant.

Globally, investments in the design and imple-
mentation of water-saving measures are becoming
a common practice in managing water resources.
The entities responsible for its management seek to
optimize water supply systems, including the re-
duction of evaporation losses in reservoirs. For this
purpose, various methods have been developed,
including synthetic material covers and floating
solar panels that provide shade and take advantage
of sunlight for power generation [15]-[22]. Other
recent studies offer the possibility of converting
the energy from evaporation into work. However,
there is not much knowledge of the potential of
natural evaporation as a renewable energy source,
specifically energy availability, intermittency, and
the impact on water resources [23].

Studies on climate change conclude that glob-
al warming will cause systematic changes in the
components of the hydrological cycle and hydro-
logical systems, such as alterations in precipita-
tion patterns, intensity, and extremes; widespread
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melting of snow and ice; increment of atmospheric
water vapor; changes in soil moisture and runoft;
and particularly an increase in evaporation that
will affect the availability of water [24]-[26]. With-
in this context, the estimation of evaporation in
reservoirs is fundamental to propose new public
policies related to water resource management; the
design, operation, and sustainable use of these hy-
draulic works crucial for the sustainability of the
Mexican water sector, and the design of technolo-
gies to mitigate evaporation in reservoirs, accord-
ing to Mexico’s situation and needs.

The following section presents some back-
ground information on the subject. Subsequent-
ly, we introduce the methodology to calculate the
average daily evaporation in the El Cazadero dam
for the hydrological year between November 1,
2010, and October 31, 2011; the determination of
the variables involved in Penman’s equation; the
data used and their respective source; the results
obtained and its analysis. Finally, we provide some
conclusions and recommendations.

Background

Evaporation is a physical process that occurs when
water, in a liquid state, turns into water vapor and
is transferred to the atmosphere [27]. It cannot be
measured directly in reservoirs and lakes, like pre-
cipitation or runoff from a riverbed, but it is nec-
essary to estimate it through the various methods
proposed in the literature, considering the available
data. Collado [28] specifies that evaporation con-
stitutes an essential component of the hydrological
cycle, representing up to 60 % of the precipitation
on permeable lands. In addition, the evaporation
data obtained with evaporimeters is potential but
not actual evaporation, being necessary to have a
physical model that describes the phenomenon and
its relationship with temperature, atmospheric hu-
midity, wind, among other variables, to calculate
it [29].

For their part, Brutsaert and Parlange also state
that measurements in evaporation trays do not
represent actual evaporation [30]. Bates comments
that the trends may be due to the decrease in solar
radiation on the surface (for example, in the usa
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and regions of Europe and Russia) and the shorter
duration of sunlight (for example, in China, which
may be related to increased air pollution, aerosol
use, and more clouds) [31]. Collado [28] considers
that it is essential to develop more research on the
following topics: measurement of evaporation and
its spatial distribution, the capture of evaporated
water, the evaporation of salt water, among others,
using remote sensing, condensation meshes, and
solar energy, respectively.

Reservoirs whose purpose is to supply water to
different sectors (urban, agricultural, industrial)
require a periodic estimation of evaporation [32].
A limitation that may arise when performing cal-
culations is a lack of data from a weather station,
which is the main factor for uncertainty in the re-
sults. Calculations generally need the magnitude
of meteorological variables such as wind velocity
and humidity, which must be measured or esti-
mated at the dam or reservoir.

Some proposals for calculating evaporation
suggest using large-scale evaporation models (re-
gional or basin) to obtain more reliable results.
However, these types of models turn out to be
complex because of their dependence on numer-
ous meteorological variables, which has given rise
to more simplified proposals with a smaller num-
ber of variables [33]-[35], without overcoming the
classic Penman’s equation [36]-[37].

Considering the complexity of the phenome-
non of evaporation, it is possible to find numerous
proposals in the literature more or less rigorous es-
timations. Sanchez and Corvacho specify that the
diverse methods can be classified as follows: em-
pirical, combination equation-based, and physical-
based [38]. The empirical methods are divided into
two general groups: those based on air tempera-
ture, solar radiation, and temperature and those
based on the combination equation of the energy
balance and turbulent transfer of water vapor, also
called semi-empirical [39]. The formulas of the
first group are beneficial when other meteorolog-
ical data are not available, but their results are less
reliable [40] than those obtained with the methods
of the other groups, although they improve after
making local adjustments.
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The methods
equation, having a more robust theoretical base

based on the combination

introduced into the model through empirical coef-
ficients, can be applied anywhere in the world and
allow for better results; however, they are highly
demanding on input data.

Physical-based methods include Penman’s for-
mulation (1948) [36], those proposed later building
on it, and, currently, that of Penman-Monteith,
recommended by the Food and Agriculture Orga-
nization (FA0) for studies around the world [41].
The Penman-Monteith equation generates a time
series of the evaporation rate of a body of water
based on the water surface temperature, air tem-
perature, wind velocity, and vapor pressure. Some
research has proposed to know the degree of varia-
tion of the results after applying the different equa-
tions to support decision-making [42]-[43].

Techniques that involve remote sensors are
used for data acquisition today to face the limita-
tions of the methods [44]-[47], although their ap-
plication is not widespread yet. While considered
the least precise [48]-[49], the evaporation tray
is the only method that does not require specific
measurements in the place where the reservoir is
located and, therefore, is usually employed in wa-
ter resource research.

The interest in new proposals to calculate evap-
oration can be verified in the literature. Molina et
al. [50] developed a model to estimate the evolution
of water temperature and evaporation in irrigation
regulation reservoirs. The model is based on ener-
gy balance on the reservoir’s surface, considering
the hypothesis of isothermal behavior. For its im-
plementation, it is necessary to know the geometry
of the reservoir (surface and depth) and the daily
climatic data usually available at meteorological
stations (solar radiation, wind velocity, relative hu-
midity, and air temperature). In Australia, Yao et al.
(2010) conducted a study based on the calculation
of evaporation rates in open surface water bodies
using the Penman-Monteith equation [51]-[52]. In
this case, the Penman-Monteith approach consid-
ers changes in the amount of energy available for
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evaporation as a function of changes in the amount
of heat stored within the body of water.

Methods and Calculations

Penman’'s method

Penman [36] developed a combination between the
energy balance and the mass transfer method to
obtain an equation that would calculate evapora-
tion in a free water surface, based on the record of
some climatological variables (hours of sunlight,
temperature, humidity, and wind velocity). This
method is also known as the combination meth-
od and was the first physically based expression to
calculate potential evapotranspiration. Equation 1
was used to carry out the evaporation calculation
in the El Cazadero dam.

]%R,'1+Ea

1)

241
Y

Where E: daily evaporation in mm; A: the slope
of the saturation vapor pressure curve for air tem-
perature in mm hg °C"; y: the psychrometric con-
stant in mm hg°C™; R’: net radiation in mm day™;
Ea: evaporation (mm day"), calculated as a func-
tion of vapor pressure and wind velocity.

Hydrological data

The El Cazadero dam belongs to the Rio Grande or
Aguanaval basin, which is of an interior or endor-
heic type with an area of 5,167 km”. Between 1941 to
1967, it exhibited a maximum runoff of 244 million
m’ and a minimum of 19 million m® having an an-
nual average of 67 million m>. The maximum flood
recorded was 437 m® s in August 1959. The Or-
dinary High Water Level (oHWL) capacity is 22.18
million m?® whose elevation is 1916 meters above
sea level, covering an area of 457.73 ha. For the Ex-
traordinary High Water Level (EHwWL), it has a ca-
pacity of 44.68 million m? at an elevation of 1919.94
meters above sea level, covering an area of 682.44 ha
[53]. Fig. 1 provides the location of the El Cazadero
dam in the State of Zacatecas.
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Fig. 1. Location of the El Cazadero dam, Municipality of Sain Alto, Zacatecas. Geographical coordinates: latitude:

23.6667; longitude: -103.1.
Source: Google Maps and Google Earth.

Weather data

It was necessary to collect climatological data for
a hydrological year to perform the calculations,
which in this case study is the one between Novem-
ber 2010 and October 2011, when a severe drought
occurred in Zacatecas. Data from weather station
number 32006 or El Cazadero (Table 1), operated
by the National Water Commission (Conagua, for
its acronym in Spanish) and the National Meteo-
rological Service (smN, for its acronym in Spanish),
were used, being the former the one that provided
the information.

Table 1. Data from the El Cazadero station by December
2015

Average daily temperature

The mean daily temperature of the site was calcu-
lated in Celsius degrees from November 1, 2010, to
October 31, 2011, using maximum and minimum
values (2):

T +Tmi
Tmed — max2 min (2)

Net solar radiation (Rn)

The net radiation received by an albedo surface “r”
(the percentage of radiation that any surface reflects)
is the portion of incident global radiation that is nei-
ther reflected nor re-irradiated to the atmosphere
[1]. Equation 3 was used to estimate Rn in the El Ca-
zadero dam.

Rn=Ri(1-71)—RI 3)

Where r: albedo, with values of 0.02-0.06 if the
temperature is less than 30°C and 0.06-0.40, when
it is greater than 31 °C; Ri: mean daily incident so-
lar radiation in Langley/day™; Rl: net longwave ra-

Name El Cazadero
State Zacatecas
Municipality Sain Alto
Status Operating
Agency Conagua-DGE
Latitude 23.6931
Longitude -103.0936
Elevation 1,862 mas|

Source: Own elaboration

diation in Langley/day.

Solar radiation (Ra) and incident
solar radiation (Ri)

Solar radiation reaches the outer limit of the at-
mosphere and is almost constant across the planet

and all seasons of the year. It is also known as “So-
lar Constant”; this radiation can vary from 1.89 to
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2.05 Langley min™. It also depends on the absorp-
tion of the atmosphere and the amount of cloud
cover [1]. For this study, a mean annual balance
was used for the northern hemisphere, where the
case study is located, as shown in Table 2

We considered Latitude 23.69° considered to
obtain Ra, in which the weather station El Caza-
dero or number 32006 is located. The data used in
the evaporation calculations were obtained using a
linear interpolation between latitude 20° and 30°.

Ra is given in Langley (Ly), a unit used to
measure solar radiation or insolation that reach-
es the upper part of the Earth’s atmosphere or its
surface in one day or one month. This study uses
the units in the International System (s1) and the
equivalence of (4).

1ly=1-5 @

With Equation 4, we converted all radiation
and insolation measurements used in this re-
search. For evaluating short-wave or incident radi-
ation, two approaches were implemented: 1) From
measurements with a pyrheliometer, and 2) indi-
rect evaluation using observable and measurable
parameters. This research took the second option,
with an indirect estimation method proposed by
A. Angstrom [54], which considers solar radiation
(Ra), empirical constants, and insolation, as shown

in (5) [1].
Ri = Ra (a + b%) (5)

Where Ri: mean daily incident solar radiation
(Langleys day); Ra: global incident radiation (Ta-
ble 2, solar radiation); a, b: empirical constants; n:
the observed duration of daylight hours per day
(insolation); N: the maximum daily number of
daylight hours as a function of the latitude of the
place.

Empirical constants “a” and “b”

For his part, [55] used a modified version of the
Angstrom’s equation (Table 3), applying a correc-
tion for latitude. With this equation, we calculat-
ed the global irradiation in 32 stations in Mexico
equipped with Campbell-Stokes-type insolation
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hour recorders and drew maps of isohels by free-
hand interpolation of global irradiation in January
and July [56].

Table 3. Values of the constants “a” and “b” in the Ang-
strom’s equation

LLocatin | 4| 8 [uthory |

Worldwide 0.23 0.48 I.N.Blacket al. (1934)
. N J. Gloverand ). S. G. Mc

Worldwide ~ 0.29Cos6* 0.52 Culloch (1958)

Virginia,usa 022 054 QuotedbyH.L.Penman

(1948)

Note. 6*: Longitude instead of degrees
Source: Taken from [1].

Insolation (n/N)

In meteorology, insolation is the number of hours
during which a surface receives sunlight (N) in a
given period (Table 4). In this research, evapora-
tion was only estimated during sunlight hours,
omitting nighttime hours. We considered sunrise
to sunset to obtain the observed duration of day-
light hours (n).

Table 4. Maximum daily average duration of sunlight
hours (N)

e L Lo L L

121 121 121 121

5° 11.9 12.0 12.1 12.2 12.4
10° 11.6 1.8 12.1 12.3 12.7
15° 1.4 11.6 121 124 13.0
20° 1.1 1.4 12.0 12.6 13.3
25° 10.8 1.3 12.0 12.8 13.7

Source: Taken from [1].

Net long-wave radiation (RI)

The free surface of the water, the surface of the
ground, or even the surface of the human body
emits radiation since a property of solar radiation
is that when it encounters a body;, it is absorbed by
that body, increasing its temperature, and emitting
radiation at another wavelength. It can be stated

P. A. Guido Aldana m Y. A. Pardavell Judrez m P. Duran Escamilla



that this body emits longwave radiation into the
atmosphere, whose intensity depends essentially
on its temperature, in this case, the free surface
of the water [1]. The net longwave radiation (RI) is
calculated using Brunt’s equation (6) [1].

Rl = 0T*(0.56 — 0.914+/e;) (0.10 +0.9 %) 6)

Where RI: net longwave radiation (cal m?day™);
o: Stefan-Boltzmann constant, equal to 1171x107
(cal cm?°K'day"); T: temperature in °K; e,: vapor
pressure of the air in mm hg. We calculated RI
based on the mean air temperature.

Psychrometric constant (y)

The psychrometric constant y relates the partial
pressure of water in the air with air temperature
so that the vapor pressure can be estimated using
the temperature readings from a wet or dry bulb
thermometer. Another way to describe the psy-
chrometric constant is through the relationship
between the specific heat of moist air at constant
pressure (Cp) and the latent heat of vaporization
[57].

Specific heat at constant pressure (Cp) is the
amount of energy required to increase the tem-
perature of a unit mass of air by one degree at
constant pressure. Its value depends on air com-
position, particularly its humidity. For the given
atmospheric conditions, the mean value of Cp is
1.013x10° M]J kg'°C (M]: mega Joules). As the at-
mospheric pressure (P) is a value of local charac-
ter—that is, it depends on the place—it is possible
to use the value obtained in situ. We maintained
the psychrometric constant maintained for each
location, although it is a function of the altitude,
and calculated it using (7).

_ CpP
Y="0 (7)

Where y: psychrometric constant in KPa °C
(KPa: kilo Pascals); Cp: specific heat at constant
pressure (1.013x10° MJ kg'°C); P: atmospheric pres-
sure in KPa; e: the molecular weight of the water
vapor to dry air ratio (0.622); A: the latent heat of
vaporization in MJ kg™.
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Slope of the saturation vapor
pressure curve (A)

If the evaporation process occurs in a closed con-
tainer, a time will come when there are as many
molecules returning to the liquid state those escap-
ing to the gaseous state. At this point, the vapor is
said to be saturated, and the pressure of that vapor
(usually expressed in mm Hg) is called saturated
vapor pressure [57]. This variable depends on air
temperature and is obtained by (8).

_ 4098 [06108 exp(7-2-Tmean ) | ®)

(Tmean+237.3)2

Where T

mean

average daily air temperature in
°C; exp: exponential function, 2.7183 (natural base
logarithm).

Evaporation (Ea)

This value is obtained considering vapor pressure
and wind velocity; all the data mentioned must be
specific to the case study. It is calculated using (9).

Ea = 0.35(0.50 + 0.54v,)(es — €) ©)

Where v,: wind velocity at 2 m above the evap-
orating surface in m s7; e

sure for the mean air temperature in mm hg; e: the
vapor pressure of the air in mm Hg.

saturation vapor pres-

Calculation of wind velocity

Average daily wind velocity is expressed in m s™.
The Penman’s equation indicates that it should be
measured 2 m above ground level. It is crucial to
verify the height at which wind velocity is mea-
sured, as it is usually measured at different heights
above the ground surface. However, the wind ve-
locity measured at heights other than 2 m can be
adjusted according to (10).

. 4.87
2 7 "hnin (67.8h—5.42)

u (10)
Where u,: wind velocity at 2 m above the

ground surface in m s™

sured at a certain height above the ground surface

; u,: the wind velocity mea-
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in m s*; h: the height of the measurement above the
ground surface in m. For the present case study,
the wind velocity was a datum provided by the
weather station.

Vapor pressure and saturation vapor
pressure

As saturation vapor pressure is related to air tem-
perature, it can be calculated using (11).

ery = 0.06108 exp [ 17'2"]

T+237.3

11

Where e saturation vapor pressure in KPa;
T: air temperature in °C. Therefore, the mean sat-
uration vapor pressure is calculated as the satura-
tion vapor pressure between both minimum and
maximum daily temperatures. Equations 12 and
13 show how temperatures take part in it:

[17.27«Trmax |

e(rmax) = 0.06108 exp 2373 (12)
and
[17.27+T pin |
e(Tmin) = 0.06108 exp m (13)

Where T,

x*

°C; Tyt daily minimum temperature in °C.

min®

maximum daily temperature in

Latent heat of vaporization (Hv) and
net radiation (Rn")

Latent heat is the energy required by the quan-
tity of a substance to change from solid to liquid
(heat of fusion) or from liquid to gas (heat of vapor-
ization). It should be noted that the heat is reversed
for the phase change and not for the temperature
increment.

As the net prime radiation (Rn’) is expressed
in mm day’, it must be divided between the la-
tent heat of vaporization (Hv) and the density
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of the evaporated water (p). Then, knowing that
Hv=539.4 cal gr! and that p=1 gr cm?, we could
find the value of Rn" and calculate the mean daily
evaporation for the present case study.

Results

This research considered the hydrological year
from November 1, 2010, to October 31, 2011, a
period during which a severe drought occurred
in Mexico. In the dry season, the mean tempera-
ture was 14.5°C, while the average maximum
was 26.5°C and the average minimum was 2.5°C.
During April and May, there were temperatures
of up to 37°C. During December, January, and
February, there were temperatures below 0°C and
down to -4.5°C.

In the rainy season (June to October), there was
a severe drought in the area. In this period, the
average maximum temperature was 28.7°C,
the average minimum was 11.3°C, and the aver-
age was 20°C, that is, almost 38 % higher than the
temperature in the dry period. The month with
the highest temperatures was June, exceeding 30 °C.

There are significant differences in tempera-
tures between the low water period (dry season)
and the drought season, observing that the radi-
ation was more intense during the second. Tem-
perature influences the magnitude of vapor and
psychrometric pressures, values that fundamen-
tally affect evaporation.

Fig. 2 presents a graph of the maximum daily
temperatures and daily net radiation as a func-
tion of time for the hydrological year between No-
vember 2010 and October 2011 at the El Cazadero
dam. Note a correlation between the data and that,
during the drought period, these two variables
increase in magnitude. The temperature increas-
es from 5 to 7°C, while the radiation from 0.5to
1 mm. For a season where frequent rainfall is ex-
pected, these figures can have a significant impact.
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Fig. 2. Maximum daily temperatures and daily net radiation as a function of time. Hydrological year: Nov 2010-Oct

2011.

Source: Own elaboration

To understand this increment, consider that
the amount of solar energy received in any re-
gion of the planet varies with the time of day, the
season of the year, latitude, and particularly the
atmospheric conditions. Some radiation is reflect-
ed by the Earth’s surface or any other surface,
known as “albedo.” The albedo is variable in space
and time, depending on the cloud cover, nature
of the surface, the inclination of the solar rays,
particles present in the air, among other factors.
The variations in the magnitude of the radiation
detected in this research directly affect the tem-
perature changes.

It is known that the presence or absence of
clouds is linked to the increase in temperatures and
solar radiation that reaches the Earth. It is note-
worthy that clouds reflect sunlight, absorb part of
it together with gases such as ozone (reaching 50 %

of said incident radiation at the top of the atmo-
sphere), regulate rainfall, and sift the amount of so-
lar radiation to Earth. The period analyzed in this
research is one in which there was a severe drought
and absence of clouds, causing a notable increase in
net radiation and, therefore, in temperature.

Net radiation is an essential meteorological fac-
tor in estimating evaporation. It is a numerator in
the Penman’s equation; therefore, the effect of its in-
crease or decrease is directly reflected in the results.
It is defined as the sum of short-wave radiation
(captured by the free surface of the water) and long-
wave radiation (absorbed and emitted by the free
surface of the water). This value, decisive in the cal-
culations, increases substantially during droughts.
Fig. 3 compares the results of the evaporation calcu-
lation by Penman’s method and data obtained from
El Cazadero or 32006 weather station.
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Fig. 3. Evaporation graphs using Penman’s semi-empirical methodand data from El Cazadero or 32006 weather

station.

Source: Own elaboration

As observed, the results obtained applying the
proposed methodology follow a similar trend to
those of the weather station, although for some
specific cases, there are strong oscillations in the
station values that may be caused by local factors.
In Mexico, the dry and rainy seasons are well de-
fined. This research considers that the dry season
started in November 2010 and ended in May 2011,
while the drought appeared in June 2011 and end-
ed in October of the same year.

The separation of these seasons is clear. Theoret-
ically, in the rainy season (June-October), evapora-
tion should decrease because net radiation is affected
by cloudiness. In this case, in the hydrological year
concerned, an atypical drought occurred, increas-
ing net radiation and, therefore, temperature.

Analyzing the dry season, the pattern shown
by the results is similar to that of the data from the
weather station, while the drought season has
the most significant discrepancies.

In the drought season, there were values below
those obtained by the weather station and differ-
ences in water sheet loss from 0.5 to 2.3 mm among

the results obtained with the proposed method. It
should be noted that the Penman’s method is a
semi-empirical equation, where the most critical
or high impact variable is the ‘net radiation.’ The
peaks shown in the graph are data from the weath-
er station and are short-time extreme events where
the difference in the sheet is up to 7 mm.

Table 5 shows the results of the evaporation
calculation for the first fifteen days of November
2010. Rn" represents the premium net radiation
in (mm day"). Ea represents the evaporation as
a function of wind velocity and vapor pressures,
and A y' is the relationship between the satura-
tion vapor pressure for the mean temperature and
the psychrometric constant, which is constant.
For the present case, its value is y = 390,779.989
(mm hg °C?"). The total evaporation of the stud-
ied period calculated with the Penman’s equation
turned out to be 1,711.49 mm year’, while with
the data from the weather station, it turns out to
be 1,843.84 mm year. The difference between the
two results is ~100 mm year’, approximately 7 %.
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Table 5. Daily evaporated water sheet for the hydrological year Nov 2010-Oct 2011

Rn” (mm day-1)

4.31 1.69

11/01/2010 2.38 3.0998
11/02/2010 2.36 5.90 1.55 3.7471
11/03/2010 2.31 3.80 1.23 2.9807
11/04/2010 2.28 3.04 0.98 2.6645
11/05/2010 2.30 3.27 1.13 2.7559
11/06/2010 2.31 414 1.25 3.1240
11/07/2010 2.31 412 1.20 3.1306
11/08/2010 2.32 4.31 1.29 3.1917
11/09/2010 2.06 5.29 1.40 3.3989
11/10/2010 2.08 5.85 1.51 3.5829
1171172010 2.09 5.39 1.62 3.3479
11/12/2010 2.07 493 1.53 3.2040
11/13/2010 2.07 4.78 1.53 3.1433
11/44/2010 2.06 718 1.45 4.1553
11/15/2010 2.07 8.16 1.53 4.4784
11/16/2010 2.02 2.84 1.20 2.3968
11/17/2010 2.04 6.35 1.31 3.9078
11/18/2010 2.03 4.92 1.23 3.3243
11/19/2010 2.06 5.57 1.45 3.4955

Source: Own elaboration

Note that due to the uneven heating of the
seas and continental surfaces, changes in tem-
perature and pressure occur in the air, which in
turn produces the set of wind systems and air
currents, known as the general circulation of the
atmosphere. This phenomenon is closely linked
to the main precipitation areas, defining the large
climate regions of the world.

The solar activity contributes to modifying
atmospheric movements, and with it, the occur-
rence of droughts. A clear relationship has been
observed between the variable number of sunspots
and the intensity of the incident solar radiation
flux on Earth. The presence of sunspots, which

occurs every eleven years approximately, modifies
the rate with which solar energy reaches the Earth
and influences the change in temperature and at-
mospheric pressure, thus altering the regular pat-
terns of circulation [58].

In the period analyzed in this research, there
was greater intensity of solar radiation since it co-
incided with the beginning of the Solar Cycle 24.
There was an unusual solar activity, which consist-
ed of numerous solar explosions better known as
sunspots. During 2011 and 2012, solar activity was
on the rise, with a maximum in 2012, as shown in
Fig. 4, which could explain the increase in sunny
days.

Estimation of Water Loss Due to Evaporation in the El Cazadero Dam, Mexico, during a Drought
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The relevance of solar activity in the climate has
been demonstrated in different studies. In the case
of Mexico, research was carried out in the Yucatan
peninsula to reconstruct the climatic history of the
region in the last 2,600 years, finding a recurring
pattern of drought with a periodicity of 208 years.
It is directly related to the documented variations
in solar activity in periods of 206 years, conclud-
ing that an essential component of droughts in this
geographical area is the variation in solar activity
[59].

The oHwL and EHwL areas of the El Caza-
dero dam were considered constant to estimate
the total volume of evaporated water. The area
covered by the dam’s orwL is 457.53 ha, while
the EHWL, according to Conagua’s data, reaches
an area of 682.44 ha. Therefore, the evaporated

water in volume, considering the oHwL surface, is
7,834,016.42 m® (~7.83 Hm?), while for the EHWL
surface, the value is 11,679,912.10 m® (~11.7 Hm?)
of evaporated water.

Economically, the volumes of evaporated wa-
ter constitute a significant loss, which could serve
to guarantee a temporary supply in different sec-
tors (urban, industrial, or agricultural), just when
droughts occur [33], [60], [61]. The Potable Water
Rates Information System (s1TAP, for its acronym
in Spanish), designed by the Mexican Institute of
Water Technology, contains the rates for drinking,
sewerage, and sanitation water in the domestic,
commercial, and industrial sectors for 56 cities in
Mexico from 2006 to 2018. In Zacatecas, during
2010 and 2011, the drinking water rate for the in-
dustrial sector was 0.75 dollars m™ (see Fig. 5).
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Fig. 5. Historical graph of the price and rate of drinking water for the industrial sector in Zacatecas.

Source: Taken from [62].
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To have economic figures and understand the
context, if we considered the volume of evaporat-
ed water calculated with oHwL and its econom-
ic cost for the sector per m’, this would be usp
5,896,922.30 (~Usp 5.9 million), and in the case of
EHWL, it would be usp 8,791,854.71 (~usD 8.8 mil-
lion). In 2014, the budget for expenditures of the
Zacatecas Inter-municipal Board of Potable Water
and Sewerage was UsD 12,409,485.97 [63]; in oth-
er words, in the proposed scenario, what could be
collected from the water service to the industrial
sector represents 47.5 and 70.8 % of this amount,
respectively. This example intends to illustrate that
in economic terms, the volumes of evaporated wa-
ter can reach significant figures. For all cases, 2019
us dollars were used [64].

Lowe et al. (2009) mention that an aspect to
consider in estimating evaporation in reservoirs
is the uncertainty associated with the measure-
ments [65]. Although it is estimated that the un-
certainty in the calculations could be up to 40 %,
if this percentage were applied to the results ob-
tained in the hypothetical example presented,
the resulting figures would still be important.
This point is crucial to guarantee the water sup-
ply in new projects since their economic viability
will depend on the volume of water that can be
recovered. The uncertainty associated with the
volumes of water that could evaporate constitutes
a risk factor for the investment. In some cases,
the magnitude of the uncertainty may be unac-
ceptably high, and decision-makers may consider
investments at the beginning of the project that
support its reduction, which is also related to the
necessity for more precise data that could be ob-
tained from better technologies [33], [66], [67].

Conclusions

Evaporation has been investigated in the past.
Currently there is a renewed interest in reviewing
calculation methods and techniques to mitigate
it, having as a primary motivation the increas-
ing demand for water due to population growth,
economic activities, and its decreased availabili-
ty. This research verified that the volume of water
in the form of vapor returned to the atmosphere
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because of the sun’s radiation on the free surface
of the water can represent a percentage that sub-
stantially impacts the volume of water stored in
reservoirs or dams.

Measuring evaporation is a complex process;
measurements are often approximate, and adjust-
ment methods must be tuned up to determine a
value. This research confirmed the importance of
having reliable data to reach results closer to re-
ality, being necessary to review and update exist-
ing technologies in Mexico for climatological data
acquisition.

Even though evaporation in reservoirs is not a
new issue and that countries such as Spain, India,
Australia, United States, and others have made
scientific advances, Mexico, where situations of
aridity and low water availability exist, has not
carried out studies or provided relevant evidence
that contribute to finding new alternatives to mit-
igate evaporation in reservoirs. In arid areas with
frequent droughts or low rainfall problems, it is
essential to implement techniques that allow water
to be retained for as long as possible, preventing
adverse effects on the economic and social devel-
opment of communities. This research established
that the water in the region is used for agriculture,
livestock, fishing, and recreational purposes.

In Mexico, the loss of water by evaporation has
not been raised as a significant problem. Science
and technology policies have not been proposed to
find and implement new alternatives to mitigate
this phenomenon, which is reflected in the ex-
isting dams not having any technique or method
(floating and suspended covers) to retain water va-
por. Projects of this type have great potential and
would benefit communities.

Evaporation is the main route of water loss in
lakes, wetlands, and others; it controls the hydro-
logical dynamics of the systems and conditions
planning and management to an equal or greater
extent than rainfall. Despite this manifest impor-
tance, estimates of evaporation in water storage
and control systems, such as reservoirs, are far
from realistic. In other words, water is being man-
aged in most cases with a very high degree of un-
certainty, motivated by a lack of application of
methods to measure evaporation [49].

Estimation of Water Loss Due to Evaporation in the El Cazadero Dam, Mexico, during a Drought



By applying Penman’s method for the calcu-
lation of evaporation in the El Cazadero dam for
the hydrological year 2010-2011, during which
Zacatecas suffered a severe drought, we obtained
an evaporation rate of 1,711.49 mm year" of wa-
ter, representing a volume of 7.8 Hm’ year™ for the
oHWL surface and 11.7 Hm? year for the EHWL.
Considering the cost of water for different sectors,
the economic losses due to evaporation are signifi-
cant; in some cases, figures could represent a high
percentage of the budget of water and sanitation
companies and even exceed average consumption.

It is essential to continue carrying out this type
of research since evaporimeters or standard devic-
es to measure water evaporation (the evaporation
trays, for example) do no produce actual results.
However, they are still used today as no other
measurements are required. The development of
new methodologies to estimate evaporation in
reservoirs is vital to have more reliable estimates
and forecasts that optimize water resource man-
agement. The new proposals must consider the
calculation of the uncertainty of results. The mea-
surement of evaporation, its spatial distribution,
and the implementation of measures to mitigate
it would increase water availability in the regions
of the country most vulnerable to droughts, thus
ensuring the supply of water to strategic sectors.

Evaporation can be reduced artificially using
some engineering techniques such as: a) applying
organic monolayers [68]-[69]; b) moving cooler
water to the surface; ¢) covering the water surface
or creating a shadow over it [70]. Various studies
have proven that it is possible to reduce evapo-
ration rates between 50 and 90% by providing
shade, while monolayers can reduce them between
5 and 30%. The performance of these methods
depends on atmospheric conditions, for example,
the increase in wind velocity, temperature, and so-
lar radiation [71]. Another option for conserving
reservoir water is redirecting it to underground
aquifers, a technique known as managed aquifer
recharge [71]-[72].

Mexico should implement large vessels or dams
with state-of-the-art technology, specialized me-
teorological measurement equipment or stations,
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remote sensors, and others, and keep records to
obtain reliable data for several years, necessary
for the application of other calculation methods.
These strategies will allow developing more precise
mathematical or physical models for calculating
evaporation.

Considering the effects of climate change or
climate variability, which could enhance the evap-
oration of water in reservoirs, it is necessary to
carry out more research using both field informa-
tion and numerical models to make estimations of
evaporation rates in the short and long term pos-
sible, both in existing dams and in areas where the
construction of new reservoirs is planned.
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