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This work studies the statistical characteristics of potential evapotranspiration calculations and their relevance within the water
balance used to determine water availability in hydrological basins. The purpose of this study was as follows: first, to apply a
missing data reconstruction scheme in weather stations of the Rio Queretaro basin; second, to reduce the generated uncertainty of
temperature data: mean,minimum, andmaximum values in the evapotranspiration calculation which has a paramount importance
in the manner of obtaining the water balance at any hydrological basin. The reconstruction of missing data was carried out in
three steps: (1) application of a 4-parameter sinusoidal type regression to temperature data, (2) linear regression to residuals
to obtain a regional behavior, and (3) estimation of missing temperature values for a certain year and during a certain season
within the basin under study; estimated and observed temperature values were compared. Finally, using the obtained temperature
values, the methods of Hamon, Papadakis, Blaney and Criddle,Thornthwaite, and Hargreaves were employed to calculate potential
evapotranspiration that was compared to the real observed values inweather stations.With the results obtained from the application
of this procedure, the surface water balance was corrected for the case study.

1. Introduction

The uncertainties associated with global reanalysis data or
simulated output from the atmosphere-ocean global circu-
lation models (GCMs), hydrological processes models and
land surface models (HPMs and LSMs) to predict terrestrial
water and energy balance [1, 2], have been usually evaluated
by means of multiple statistical indicators, such as the
efficiency, skewness, and the mean quadratic error [3, 4].
The most appropriate calibration models are based on error
minimization under the hypothesis that the only source
of error in measurements is Gaussian type. Actually, there
are different sources of error including the uncertainty of

the input data (e.g., precipitation and temperature) employed
in the calibration-validation of the model, the structure of
themodel, and its associated parameters, having an incidence
in the distribution of these sources of error, which are
not usually explicitly recognized; therefore, the calibration
processes can produce biased parameters [5].

Most of hydrological models assume that precipitation
is equally distributed through the basin. However, since
precipitation is intercepted by the vegetation and returns to
the atmosphere as vapor reaching the ground surface only
when the vegetation storage capacity is exceeded, the distri-
bution of the hydric balance components can be modified
spatially by vegetation coverage on the ground surface [6, 7].
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On the other hand, the proportional changes of the evapo-
ration along a time period can be related to modifications in
soil use, vegetation coverage, and climate. Furthermore, some
empirical models based on weather data and algorithms [8]
as well as energy balance formulations have been developed
to estimate the evapotranspiration, but those models show
significant differences with respect to fieldmeasurements [9].

McMahon et al. in 2013 [10] identified five definitions
of evapotranspiration, but only three are considered to be
useful: actual, real, and potential evapotranspiration (PET).
This paper is focused on estimating PET, and it is possible
to the actual and the real, the latter defined as the max-
imum meteorologically evaporative power on land surface
[11]. Potential evapotranspiration is a function of humidity,
availability of surface energy, wind speed, and temperature;
however, recent papers have questioned the ability of temper-
ature to describe PET variability [12]. Evapotranspiration is
an important component of the hydrological cycle in which
water is returned to the atmosphere as water vapor [13, 14],
and it often leaves a small fraction of usable renewable
water [15] and is fundamental to understand water resources
systems [16] since it impacts several climate properties and
processes [17].

The insufficient registrations for the hydrological period,
the natural variability mixed with the anthropogenic changes
recognized in diverse climatic change studies, and future
effects should be considered within the hydrological studies
as well as the water resource management programs. Such
questions are addressed by different hydrologists for the
management of hydrological resources [18].

In this context, a research about the uncertainty of the
potential evapotranspiration calculation was carried out in
the present work, with reconstruction of temperature data in
traditional weather stations located within the Rio Queretaro
basin, which is of a semidesert type and where records of
climate variables at a daily frequency are available. In the next
sections a description of the study area, the current status of
the temperature data, and the method of temperature data
implicit in PET estimating for Rio Queretaro basin is shown.

2. Materials and Methods

2.1. Study Zone: The Rio Queretaro Basin. The Rio Queretaro
basin is part of the Lerma-Santiago regional basin. It is located
at the central part of Mexico, latitudes 20∘ 15–21∘ 00 North
and longitudes 100∘ 05–100∘ 40 West. The Rio Queretaro
flows to thewest having the Juriquilla (North) and El Pueblito
(South) streams as the main affluence to it.The water balance
of the basin shows deficits from 129 to 106 × 106m3during
the 2003–2010 period; the annual runoff was also reduced
(DOF, Mexican Government, 2003, 2010). The basin exhibits
the shape of a long leave 20 km long and 14 wide. The area
is 2,142.7 Km2, which is compounded by 36 subbasins with
a surface that varies from 214Km2 to 15 Km2; 13 of these
units have an average slope of 10%, and only 7 have less than
6%. The medium annual precipitation in the Rio Queretaro
basin is 550mm, 30% under the national average. The rain
and regional climate are influenced by the topography, by

the slopes of the Pacific Ocean and the Gulf of Mexico, and
locally by the limits of the city of Querétaro.

The Rio Queretaro basin covers the municipalities of El
Marqués, Colón, Corregidora, Pedro Escobedo, Huimilpan,
Amealco de Bonfil, and Querétaro municipality. A high
percentage of the state’s population is concentrated in the
Rio Queretaro basin, consequently such fact produces an
excessive use of the natural resources present in the basin, in
particular water, ignoring that environmental protection rep-
resents an important indicator of sustainable development.
Figure 1 shows the areal extent of the basin and location of
the selected weather stations employed in the analysis.

2.2. Database. For the present study, climatological infor-
mation of 11 weather stations administered by Comisión
Nacional del Agua (CONAGUA) was available. Gaps in
information aremostly associatedwith failures of the sensors,
by the general operation of the weather station or by human
causes, during the course of a day or even several days,
months, or years.

The data available for the reconstruction of medium,
minimum, andmaximumdaily temperature and evaporation
were extracted from the CLICOM database (CONAGUA
2007), updated in February of 2012, as well as the climatolog-
ical measurements registered at the weather stations located
within the basin.

Within the criteria for the selection of weather stations,
only those with at least 20 years of records and operating
at the time of the study were considered. Additionally, a
revision of the weather stations outside the basin was carried
out, and only those located within a 10-kilometer radius
from the watershed divide were considered, and this analysis
was carried out by employing the software Arc View 10
(ESRI). Figure 2 shows the temporary distribution of the daily
maximum temperature data where the 𝑥-axis corresponds to
registrations years in and the 𝑦-axis represents the number
of weather stations, and white color represents the existence
of 0 to 50 days of maximum and minimum temperature
registrations; on the other hand, black color represents the
existence of 300 to 366 days of maximum and minimum
temperature registrations in the weather station. From this
analysis, the period of time selected to reconstruct the
missing data is 1986–2008 (between the red parallel lines).

2.3. Reconstruction of Missing Temperature Data. The pro-
cedure applied for reconstructing the missing temperature
data within the 1986–2008 period for the 11 selected weather
stations is explained below.

2.3.1. Air Temperature. The methodology for reconstructing
the data was based on the one presented by Saito and
Simunek in 2009 [19], after an extensive literature review
was made, including the evaluation of main components and
autoregressive models of order 𝑝 [20, 21]. Saito and Simunek
proposed a synthesis and comparison of methods, and the
real daily cycle was used when only daily data were available
(with maximum and minimum information). In this paper
a sine trigonometric function is used instead of a cosine



Journal of Applied Mathematics 3

0 20 4010
(km)

11148

11144

N

S

W E

11105

11022

11006
22058

22041

22029

22027

22006

22004

Symbology

Stations
Basin

100
∘
30


0
W 100

∘
15


0
W

100
∘
30


0
W 100

∘
15


0
W

2
0
∘
4
5

0


N
2
0
∘
3
0

0


N
2
0
∘
1
5

0


N

2
0
∘
4
5

0


N
2
0
∘
3
0

0


N
2
0
∘
1
5

0


N

100
∘
0

0
W 99

∘
0

0
W

100
∘
0

0
W 99

∘
0

0
W

2
1
∘
0

0


N

2
1
∘
0

0


N

2
0
∘
0

0


N

110
∘
0

0
W 100

∘
0

0
W 90

∘
0

0
W

110
∘
0

0
W 100

∘
0

0
W 90

∘
0

0
W

4
0
∘
0

0


N
3
0
∘
0

0


N
2
0
∘
0

0


N
1
0
∘
0

0


N

4
0
∘
0

0


N
3
0
∘
0

0


N
2
0
∘
0

0


N
1
0
∘
0

0


N

Figure 1: Spatial location of the Rio Queretaro basin.

366

300

250

200

150

100

50

0

22004
22006
22027
22029
22041
22058
11006
11022
11105
11144
11148

1
9
6
1

1
9
6
3

1
9
6
5

1
9
6
7

1
9
6
9

1
9
7
1

1
9
7
3

1
9
7
5

1
9
7
7

1
9
7
9

1
9
8
1

1
9
8
3

1
9
8
5

1
9
8
7

1
9
8
9

1
9
9
1

1
9
9
3

1
9
9
5

1
9
9
7

1
9
9
9

2
0
0
1

2
0
0
3

2
0
0
5

2
0
0
7

2
0
0
9

2
0
1
1

Figure 2: Data pattern of the available number of maximum and
minimumdaily temperature dates per year for the employedweather
stations.

function; then the modified method for reconstructing daily
temperature data is shown.

Method for Obtaining Residuals. It consists in using the cor-
relation between two or more neighborhood homogeneous

weather stations to estimate missing data in periods larger
than 1-day time interval. Nonetheless, a simple correlation is
not convenient due to the temperature sinusoidal behavior;
additionally, with this method, the temperature local effects
are eliminated. In order to make the correlation possible
between two weather stations, the temperature residuals are
correlated as follows.

(1) The daily mean temperature is normalized with a
sinusoidal type function with 4 parameters (Sigma
plot 10), and the normalization covers an annual cycle.
The sinusoidal function has the form

𝑓 = 𝑦
0
+

𝑎 ∗ sin 2𝜋𝑥
𝑏 + 𝑐

; (1)

see [1].
(2) Once the daily mean temperature is normalized, the

residuals between the temperatures registered each
day and the normalized daily mean temperature are
calculated. Then these residuals of daily cycles are
normalized by applying also a sinusoidal function
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Figure 3: Maximum and minimum daily temperature for El Pueblito (ID 22006) weather station.

with 4 parameters in order to obtain the described
function of daily mean residuals.

(3) The differences between the normalized daily mean
temperature and the normalized residuals at a daily
scale are calculated. These differences are used to
correlate weather stations.

(4) The statistical correlation allows obtaining the value
needed in the reconstruction of missing data. For
this purpose, the software Statgraphics XV.II was
employed to obtain a table of Pearson product
moment correlations between the differences for all
the weather stations.

(5) Then with the data differences a linear function is
obtained between the station to reconstruct and the
one with which it has the highest correlation. In
this step the database of maximum and minimum
temperature is reconstructed.

(6) Finally, the calculated residuals were added to the
adjusted means of the daily cycle in order to obtain
a complete database for the corresponding schedule.

2.3.2. Statistical Analysis. For the generic description of the
statistical behavior of data, it is necessary to determine central
tendency and dispersion measurements of the residuals
such as mean, standard deviation, variance, and kurtosis,
among others. The analyses were obtained using SPSS and
Statgraphics Centurion XV.II.

2.4. Evapotranspiration Estimation. To estimate potential
evapotranspiration the following methods were taken into
account: method of Thornthwaite developed from precipita-
tion and runoff data for various drainage basins; simplified
Hargreaves method [22] designed to assess potential evap-
otranspiration for development requiring only temperature
data and solar radiation; Blaney and Criddle method, for
arid and semiarid areas, which considers water use of a
crop under the assumption of water deficit in the soil;
evapotranspiration is a function of temperature. For the

case study an extreme scenario of “𝑝” monthly percentages
of daylight hours for a 21∘ North latitude was evaluated
(the location of the basin); due to the limited availability
of climatic variables in traditional weather stations, the
method of Hamon for the estimation of temperature data
was employed.Thornthwaite developed an empirical method
using data of daily average temperature and average number
of light hours. Several authors found the complex similarity
ofThornthwaite empirical relationship and the expression for
estimating the saturation vapor pressure. Papadakis method
is based on the consideration of vapor saturation deficit (𝑒0 −
𝑒); thus the expression given by Hamon was obtained with
the requirement of data for relative humidity and temperature
[23].

3. Results

3.1. Reconstruction of Missing Data

3.1.1. Air Temperature. Maximum and minimum data for
each weather station were analyzed with the computer pro-
gram Sigma Plot 12 (SYSTAT). Figure 3 shows the maximum
and minimum temperature data recorded by El Pueblito
(22006) station against the corresponding date of data for a
Julian time scale, and this was done in order to normalize the
data.

With the normalized temperature, the calculation of
residual temperatures for each season was carried out; in this
way,minimumandmaximumresidual datawere obtained for
each station. Figure 4 shows the residuals for the maximum
and minimum temperature of station 22006.

A 4-parameter sinusoidal regression was applied to the
residuals in order to standardize them for all the seasons.
Correlation among these standardized residuals and the
observed temperature data in all the weather stations was
carried out using the computer package Statgraphics XV.II,
and results are shown in Table 1.

Even though some stations have correlations below 0.5,
the standard deviation of this data diminished in the same
manner compared to that of data with greater correlation
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Table 1: Correlations of observed temperature data (a) and standardized residuals (b).

(a)

ID stations 11006 11022 11105 11144 11148 22004 22006 22027 22029 22041 22058

11006 0.689 0.78 0.541 0.673 0.719 0.676 0.636 0.539 0.548 0.571
3787 3787 3787 3787 3787 3787 3787 3787 3787 3787

11022 0.689 0.748 0.56 0.635 0.697 0.643 0.583 0.53 0.533 0.582
3787 3787 3787 3787 3787 3787 3787 3787 3787 3787

11105 0.78 0.748 0.57 0.675 0.822 0.746 0.679 0.515 0.555 0.62
3787 3787 3787 3787 3787 3787 3787 3787 3787 3787

11144 0.541 0.56 0.57 0.501 0.567 0.521 0.487 0.386 0.44 0.446
3787 3787 3787 3787 3787 3787 3787 3787 3787 3787

11148 0.673 0.635 0.675 0.501 0.657 0.645 0.613 0.551 0.601 0.536
3787 3787 3787 3787 3787 3787 3787 3787 3787 3787

22004 0.719 0.697 0.822 0.567 0.657 0.727 0.693 0.524 0.537 0.618
3787 3787 3787 3787 3787 3787 3787 3787 3787 3787

22006 0.676 0.643 0.746 0.521 0.645 0.727 0.614 0.52 0.535 0.588
3787 3787 3787 3787 3787 3787 3787 3787 3787 3787

22027 0.636 0.583 0.679 0.487 0.613 0.693 0.614 0.478 0.529 0.535
3787 3787 3787 3787 3787 3787 3787 3787 3787 3787

22029 0.539 0.53 0.515 0.386 0.551 0.524 0.52 0.478 0.54 0.428
3787 3787 3787 3787 3787 3787 3787 3787 3787 3787

22041 0.548 0.533 0.555 0.44 0.601 0.537 0.535 0.529 0.54 0.471
3787 3787 3787 3787 3787 3787 3787 3787 3787 3787

22058 0.571 0.582 0.62 0.446 0.536 0.618 0.588 0.535 0.428 0.471
3787 3787 3787 3787 3787 3787 3787 3787 3787 3787

(b)

ID stations 11006 11022 11105 11144 11148 22004 22006 22027 22029 22041 22058

11006 0.976 0.999 0.989 1 0.999 0.999 0.997 0.92 0.99 0.955
7670 7670 7670 7670 7670 7670 7670 7670 7670 7670

11022 0.976 0.983 0.997 0.972 0.985 0.965 0.956 0.983 0.997 0.997
7670 7670 7670 7670 7670 7670 7670 7670 7670 7670

11105 0.999 0.983 0.994 0.999 1 0.997 0.994 0.934 0.994 0.966
7670 7670 7670 7670 7670 7670 7670 7670 7670 7670

11144 0.989 0.997 0.994 0.986 0.995 0.981 0.975 0.968 1 0.989
7670 7670 7670 7670 7670 7670 7670 7670 7670 7670

11148 1 0.972 0.999 0.986 0.998 1 0.998 0.913 0.987 0.95
7670 7670 7670 7670 7670 7670 7670 7670 7670 7670

22004 0.999 0.985 1 0.995 0.998 0.996 0.992 0.938 0.995 0.968
7670 7670 7670 7670 7670 7670 7670 7670 7670 7670

22006 0.999 0.965 0.997 0.981 1 0.996 1 0.902 0.982 0.941
7670 7670 7670 7670 7670 7670 7670 7670 7670 7670

22027 0.997 0.956 0.994 0.975 0.998 0.992 1 0.887 0.976 0.93
7670 7670 7670 7670 7670 7670 7670 7670 7670 7670

22029 0.92 0.983 0.934 0.968 0.913 0.938 0.902 0.887 0.967 0.995
7670 7670 7670 7670 7670 7670 7670 7670 7670 7670

22041 0.99 0.997 0.994 1 0.987 0.995 0.982 0.976 0.967 0.988
7670 7670 7670 7670 7670 7670 7670 7670 7670 7670

22058 0.955 0.997 0.966 0.989 0.95 0.968 0.941 0.93 0.995 0.988
7670 7670 7670 7670 7670 7670 7670 7670 7670 7670
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Figure 4: Residuals of maximum and minimum daily temperature for El Pueblito (ID 22006) weather station.
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Figure 5: Reconstruction of maximum and minimum temperature data for station 22006 El Pueblito.

values. The greatest correlation values were found for the
pairs of weather stations 11148-11006, 22041-11144, 22004-
11105, 22006-11148, and 22027-22006, and this dependency is
related to topographical and climatic homogeneous areas. On
the other hand, the pairs of weather stations with the lowest
correlation values are 22029-22027, 22029-22006, 22029-
22004, 22029-11006, and 22058-22027, due to large distances
and climatic differences between them.

These correlations were employed for the estimation of
residuals for missing data, and temperature reconstructed
data for maximum (a) and minimum (b) temperature date in
station 22006 are shown in Figure 5. The red line represents
the data recorded at the weather station and line in black
corresponds to estimates with the proposed method; this
procedurewas performed for all the selectedweather stations.

3.1.2. Statistical Analysis. Statistics for observed and recon-
structed temperature data are shown in Table 2. The mean

value indicates the form in which data are grouped, and the
standard deviation provides us with the medium distance of
data with respect to the mean, the variance, and the kurtosis
which indicates how the temperature data fluctuate around a
maximum value. With the reconstructed database, statistics
of data changed in comparison to the observed due to the
fact that the number of observations increases, and as a
result there was an increase in the medium value of data
and a decrease in the standard deviation which will reduce
uncertainty in potential evapotranspiration calculations and
consequently in the water balance. Observed and recon-
structed temperature data of someweather stations are shown
in a boxplot in Figure 6.

Potential evapotranspiration was calculated by different
methods with the reconstructed temperature values for the
1986–2008 period, resulting in a distribution as shown in
Figure 7, which represents the evapotranspiration estimates
for the station 22006 “El Pueblito.”
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Table 2: Statistics of observed and reconstructed temperature data.

11006 11022 11105 11144 11148 22004 22006 22027 22029 22041 22058
Observed database

Count 3787 3787 3787 3787 3787 3787 3787 3787 3787 3787 3787
Mean 28.4309 26.4833 26.5354 25.8222 26.8863 26.5452 27.9537 27.4881 23.6713 22.583 24.6975
Standard deviation 3.17601 3.72257 3.29189 4.02782 3.31998 3.16875 3.56549 3.30699 3.86814 3.15155 3.3165
Coefficient of
variation 11.17% 14.06% 12.41% 15.60% 12.35% 11.94% 12.76% 12.03% 16.34% 13.96% 13.43%

Minimum 14 12 12 10 12 11.5 15 7 10 8 10
Maximum 37 38 39.5 40 38 38 39 38 38 33 36
Range 23 26 27.5 30 26 26.5 24 31 28 25 26
Standardized bias −5.65895 −1.43703 −5.38738 −5.52494 −4.63472 −6.34698 −5.80291 −10.0509 7.32426 1.24055 0.973499
Standardized kurtosis 8.68827 1.85888 9.26093 2.36628 4.19796 11.3115 3.85225 12.3443 3.99606 8.55532 5.73356

Reconstructed
Count 9527 9527 9527 9527 9527 9527 9527 9527 9527 9527 9527
Mean 28.1783 26.4655 26.4838 25.6334 26.6278 26.2186 27.832 27.1817 23.6668 22.6489 24.6669
Standard deviation 3.23599 4.10359 3.39622 4.02034 3.42307 3.29227 3.64943 3.45141 3.71745 3.40891 3.60241
Coefficient of
variation 11.48% 15.51% 12.82% 15.68% 12.86% 12.56% 13.11% 12.70% 15.71% 15.05% 14.60%

Minimum 9 7.4 9 8.9749 10 9 10.0493 7 7.32815 8 7.5
Maximum 37 45.1078 39.5 40.2985 38 39 39 45 40 36 39.6972
Range 28 37.7078 30.5 31.3236 28 30 28.9507 38 32.6718 28 32.1972
Standardized bias −10.0283 2.52082 −8.53177 −4.79645 −4.27621 −8.88586 −8.84598 −3.51744 8.35518 0.419993 0.368973
Standardized kurtosis 15.7027 15.3519 18.6132 5.23291 8.96023 17.8062 9.30736 19.7893 14.1612 10.5007 16.1258

Station “22004” El Batan

Station “22027” E.T.A. 128 Carrillo Station “11144” El Charape

Station “22029” El Salto

Monthly average
observed

Monthly average reconstructed

Monthly average
observed

Monthly average reconstructed

Monthly average
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Monthly average reconstructed

Monthly average
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Monthly average reconstructed
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Figure 6: Observed and reconstructed data in a boxplot figure.
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The spatial distribution of the average potential evapo-
transpiration calculated with observed temperature data (a)
and the average potential evapotranspiration calculated with
reconstructed temperature data (b) for the period 1986–2008,
both obtained by the Thornthwaite method, are shown in
Figure 8.

4. Conclusions

The method of missing data reconstruction proposed in this
paper allows reducing uncertainty in potential evapotranspi-
ration estimates; therefore, uncertainties in the calculation of
the annual water balance can be diminished. This method
is successful and can be recommended, since it takes into
account climate homogeneity within weather stations, which
results in higher correlation values between estimated and
observed temperature data. The variation of the evapotran-
spiration estimates in the differentmethods is associated with
the fact that some of them use daily temperature (Blaney,
Hamon, and Hargreaves) while others use monthly temper-
ature data (Thornthwaite and Papadakis); in consequence,
the results exhibit a significant deviation from each other;
then, it is convenient to consider climate conditions of the
basin under study. One important advantage of the proposed
method is that punctual evapotranspiration values can be
obtained at the basin, therefore reducing uncertainty in one
of the principal components of the water balance calculation.
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