
mathematics

Article

A Quadratic–Exponential Model of Variogram Based on
Knowing the Maximal Variability: Application to a Rainfall
Time Series

Francisco Gerardo Benavides-Bravo 1 , Roberto Soto-Villalobos 2,† , José Roberto Cantú-González 3,† ,
Mario A. Aguirre-López 1,* and Ángela Gabriela Benavides-Ríos 1,†

����������
�������

Citation: Benavides-Bravo, F.G.;

Soto-Villalobos, R.; Cantú-González,

J.R.; Aguirre-López, M.A.;

Benavides-Ríos, Á.G. A

Quadratic–Exponential Model of

Variogram Based on Knowing the

Maximal Variability: Application to a

Rainfall Time Series. Mathematics

2021, 9, 2466. https://doi.org/

10.3390/math9192466

Academic Editors: Theodore E. Simos

and Charampos Tsitouras

Received: 19 August 2021

Accepted: 27 September 2021

Published: 3 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Departamento de Ciencias Básicas, Instituto Tecnológico de Nuevo León, Tecnológico Nacional de México,
Guadalupe 67170, Mexico; francisco.bb@nuevoleon.tecnm.mx (F.G.B.-B.);
angela.br@nuevoleon.tecnm.mx (Á.G.B.-R.)

2 Departamento de Ciencias Básicas, Facultad de Ciencias de la Tierra, Universidad Autónoma de Nuevo León,
Linares 67700, Mexico; roberto.sotovll@uanl.edu.mx

3 Escuela de Sistemas PMRV, Universidad Autónoma de Coahuila, Acuña 26235, Mexico;
roberto.cantu@uadec.edu.mx

* Correspondence: marioal1906@gmail.com
† These authors contributed equally to this work.

Abstract: Variogram models are a valuable tool used to analyze the variability of a time series; such
variability usually entails a spherical or exponential behavior, and so, models based on such functions
are commonly used to fit and explain a time series. Variograms have a quasi-periodic structure
for rainfall cases, and some extra steps are required to analyze their entire behavior. In this work,
we detailed a procedure for a complete analysis of rainfall time series, from the construction of
the experimental variogram to curve fitting with well-known spherical and exponential models,
and finally proposed a novel model: quadratic–exponential. Our model was developed based on
the analysis of 6 out of 30 rainfall stations from our case study: the Río Bravo–San Juan basin,
and was constructed from the exponential model while introducing a quadratic behavior near to
the origin and taking into account the fact that the maximal variability of the process is known.
Considering a sample with diverse Hurst exponents, the stations were selected. The results obtained
show robustness in our proposed model, reaching a good fit with and without the nugget effect
for different Hurst exponents. This contrasts to previous models, which show good outcomes only
without the nugget effect.

Keywords: variogram; rainfall data; exponential model; maximal variability; nugget effect; Hurst
exponent; curve fitting; Río Bravo–San Juan basin; Monterrey metropolitan area (MMA)

1. Introduction

As a traditional geostatistical tool, variograms have been well-utilized for rainfall
purposes, showing attributes that quantify and model the correlation and the variability of
spacial or time structures represented by the rainfall dataset [1–4]. From a mathematical
point of view, a variogram is an estimator that models how the values of a time series are
correlated at different time scales, indicating the variability of the series [5,6], so that the
lower the correlation, the higher the variability.

There are a lot of advantages of using variograms to analyze rainfall or geostatistical
time series, such as a correctly determined variogram that supports a reliable statistical
estimation. It helps design and modify the sampling network; the entire study includes an
essential amount of samples for the variogram to be feasible [7,8]. In addition, due to its
methodology, the variogram is adaptable to determine the variability of time series with
any shape and not only periodical or quasi-periodical series, in which other methodologies
can be used [9,10]; moreover, variograms can be used not only for rainfall studies but
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also for any geostatistical variables, such in air pollution [11], mining [12], and other
research areas involving geostatistics [13,14]. In general, variograms are very useful in
measuring variability. On the other hand, variograms have some limitations to their use,
such as in the direct estimation of rainfall, which is why they are only a complementary
tool for the geostatistical analysis of data; in turn, experimental variograms are calculated
from recorded data, which commonly consist of small samples or big samples that lack
information, which means extrapolations and/or interpolations are needed.

Variogram estimation is usually split into the stages of experimental variogram esti-
mation, valid model selection and model fitting; each of them can be solved by different
approaches [15,16]. In a general overview, the variogram estimation requires parametric or
non-parametric approaches; the most appropriated selection of them is in the function of
the nature of the dataset to be analyzed, specifically depending of the type of distribution,
type of variable, sample quantity, etc.

Delving into the subject of valid models and the role they play for variogram estima-
tion, it is imperative to use the best model to fit each particular case, and although in the
specialized literature there are different types of them, variogram models that are more
commonly utilized include: spherical, exponential, logarithmic, power, Gaussian, rational
quadratic, and penta-spherical; they have been used to fit daily-sampled variograms, and
also to avoid negative interpolated rainfall [3,17]. Some authors believe that this set of
alternatives can vary. However, spherical and exponential models are very frequently
found in several studies [15,18,19]. Of course, each has its own construction. The following
is a summary of them:

Spherical model
The spherical model is usually a comparison reference to assess optimal spatial distri-

bution and rainfall characterization [19,20]. Taking reference from several works [7,13,21,22],
the model is defined in Equations (1) and (2). Each one presents a different perspective; the
first is:

γ(h) =

{
c
(

3|h|
2r −

1
2 (
|h|
r )3

)
if 0 ≤ |h| < r

c if |h| ≥ r
. (1)

This equation expresses the variogram γ(h) in function of the lag distance h, consider-
ing the existence of c as the sill of the curve or the variance of the correlated component,
and r as the maximal variability or the range of spatial correlation (dependence). Spherical
models are distinguished from linear behavior when near to the origin, but become parallel
to x-axis in the time taken to reach the maximum value in the y-axis.

Oppositely, Equation (2) is defined as follows:

γ(h) =

{
c0 + c

(
3|h|
2r −

1
2 (
|h|
r )3

)
if 0 ≤ |h| < r

c0 + c if |h| ≥ r
. (2)

This perspective includes c0, that is, the nugget variance, also known as the nugget
effect, which is a phenomenon present in many regionalized variables and represents
short-scale randomness or noise in the variable [23]. Then, the addition c0 + c reaches the
sill, which creates the difference between both equations.

Exponential model
Exponential model is another popular type of model frequently utilized in geostatistics.
The exponential model is similar to the spherical model, in that it starts from the origin
with a linear behavior near it. The difference between them is that the variogram of this
model never reaches a sill (reaching it at infinity) [7,24]. Additionally, considering the same
works analyzed before [7,13,21,22], it is possible to define the exponential model using two
perspectives. Equation (3) presents a version with the consideration of just the c, i.e., with
the absence of c0, the nugget effect:

γ(h) = c
(

1− e
−|h|

a

)
, (3)
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where all components mentioned in this last equation are also included in the spherical
model. The exception is that a is exclusive for the exponential model, representing a
distance parameter that modifies the maximum variability of the function.

On the other hand, the version of the exponential model with the nugget effect is
written as follows:

γ(h) = c0 + c
(

1− e
−|h|

a

)
. (4)

This version of the exponential equation includes the same elements as Equation (3),
but differs in the inclusion of c0. The analysis of both models, exponential and spherical,
was widely useful during the development of this work.

This work aims to present a variogram model as a new alternative for variogram
estimation when the maximal variability is known a priori. Our model was created from
the well-known exponential model by modifying the exponential term and rewriting the
model as a piecewise function, in which a quadratic expression is added. This model,
which we called the “quadratic–exponential model”, was applied to the rainfall data of
selected stations of the RH-24 Mexico region in our study area, which was particularly
focused on the rainfall stations corresponding to the Río Bravo–San Juan basin.

As a general and brief description of our study area, it can be said that the Monterrey
metropolitan area, located in the state of Nuevo León, is inside the Río Bravo–San Juan
basin, as shown in Figure 1. The east side of the basin is one of the main citrus-growing
areas of the country. In contrast, the west side contains flanks of mountains, which are
commonly used to construct residential areas due to an accelerated expansion of the city
in recent decades. Construction in this area has increased the risk of sediment-related
disasters, as clearly shown by simple relations between such disasters and heavy rainfall
days [25–27], and identifying 429 such events in the last 30 years [28]. In turn, Villareal-
Macés and Díaz Viera (2018) [29] constructed models of weather maps by means of kriging
and a spherical model for the entire state of Nuevo León. In this sense, our research will
help in a second instance to characterize rainfall’s variability in the region of study, which
has not been reported before the present work, to the author’s knowledge.

Figure 1. Location of the RH-24 México region.

In order to present a general view of this research, this paragraph describes the
structure of the rest of the document: the method we followed including the proposed
model is shown in Section 2; in Section 3, the results obtained after the application of
models are presented; Section 4 discusses the results, where the different implications
associated with our findings are explained. In order to define potential new directions
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related to the topic addressed in this work, several essential aspects will need to be studied
in the future (which are suggested in Section 4.1). A numerical analysis is also performed
in order to show the robustness of our model (Section 4.2). Finally, Section 5 presents the
conclusions; this section includes a summary of the entire work and compares the obtained
results with the aim initially established.

2. Methodology

The methodology consists of two main points: the procedure we followed to imple-
ment the curve fitting, and the construction of the model. Sections 2.1–2.3 deal with the
first point, whereas Section 2.4 deals with the latter.

2.1. Data Acquisition

Our model was performed using actual data taken from Benavides-Bravo et al. (2015),
a case study where clustering of rainfall stations in RH-24 Mexico Region was analyzed by
utilizing data from the National Water Commission of Mexico (CONAGUA by its initials in
Spanish), the institution responsible for water management in the country. That study was
constructed using homogeneous sampling followed by a rigorous reliability process. There
are several works where homogeneity is considered for rainfalls [30–33].

Based on the data obtained, assumed that from each rainfall cluster selected, the
station corresponding to the median value of the Hurst exponent of such cluster was
selected. The higher the station’s exponent, the greater the time series’ variability in long-
term dependence (or persistence). Therefore, the selected stations represent the complete
dataset from a mathematical point of view, which is the persistence of their corresponding
time series. Moreover, the selected stations represent various elevations, since stations
El Cerrito, El Pajonal and Casillas are located in the flanks of the Sierra Madre Oriental
mountain chain. In contrast, San Juan, Rancho de Gomas and El Hojase are located in
the valley of the basin. The selected stations are highlighted in Figure 2, indicating their
corresponding Hurst exponent.

12

3

4

5 6

No. Station Hurst exponent

1 El Cerrito 0.71

2 El Pajonal 0.80

3 Casillas 0.84

4 San Juan 0.88

5 Rancho de Gomas 0.93

6 El Hojase 1.00

Figure 2. Selected stations and their Hurst exponents.

The time series used have different lengths depending on the records of their corre-
sponding stations, so that the initial data were collected around the 1940–1960s, while all
the series end in 2018. In turn, the data were recorded daily and averaged monthly. In this
way, we considered an extensive and sufficient amount of data for each station (more than
720 data corresponding to 60 years) to characterize the variability of the mean rainfall.
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2.2. Experimental Variograms

Let a rainfall time series {Xt, t ≥ 0} (in mm); we define the variogram γ(h) as
in [21,34] (they defined the variogram without the square root):

γ(h) =

√
1
2

Var[X(t + h)− X(t)] =

√
1
2

E
[
{X(t + h)− X(t)}2

]
, (5)

where the square root is added with the aim of measuring our results in mm, which means
half the variance of the difference between data is separated by an interval of time distance
h ∈ N (expressed in months), which corresponds to half the expected square difference
between those data. A table of symbols and units (Table A1) is included in Appendix A.

The scale is then defined by h; from the minimal distance value, increasing h allows
the quantitative representation of long-term variations in the hydrological series. A critical
remark is that Equation (5) works on the average of the differences (X(t + h)− X(t)), so that
it only depends on the interval h. Consequently , for a given times series located at a fixed
point in the space, the trend or the persistence of such series is only characterized by h.

Now, the discrete version of Equation (5) can be written as [34]:

γ(h) =

√√√√ 1
2n(h)

n(h)

∑
t=1

(X(t + h)− X(t))2, (6)

where n(h) has dimensionless units and denotes the number of differences with a lag of
value h. We applied Equation (6) to the selected rainfall stations mentioned in Section 2.1,
using h = 1, 2, . . . , H, where H months depends on the total length of the series. The
generated variograms are shown in Figure 3; for a better illustration, variability is only
shown up to the first 120 neighbors, i.e., regarding ten years of difference.
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Figure 3. Experimental variograms for each rainfall station until ten years of difference, h = 120.
Red dashed lines tag variability at 0, 12, 24, . . . , 120 months, while blue dotted lines tag variability at
6, 18, 30, . . . , 114 months.

2.3. Curve Fitting

Due to the cyclical nature of the studied rainfall variograms, some extra steps must be
completed to analyze the maximal variability:
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(1) Division of the variogram. An inspection of the experimental variograms indicates
that a similar pattern is repeated every 12 neighbors or units of distance, as shown in
Figure 3, so that the event seems to have an annual periodicity, which, in turn, agrees
with natural or empirical knowledge. In this way, the variogram for the complete
series is calculated by Equation (6) and then divided into several variograms with a
length of 12 months.

(2) Average of the resulting variograms. The set of variograms obtained from Step (1)
have a similar structure. On average, the curve increases until it reaches a maximal
value at the sixth neighbor (h = 6 months) and then decreases in a quasi-symmetrical
way, as shown in Figure 3. Since the analysis of the maximum variability is the usual
objective when studying variograms, and that the curve obtained might be considered
as symmetric, we only focus on the first half of the variograms, i.e., from h = 1 to
h = 6 months, where such values correspond to the position of the initial data (r0)
and the maximal variability (r), respectively, where months are the units for both
cases. Then, the variograms of a station are averaged point by point to obtain a single
curve that represents or characterizes such a station.

(3) Fitting a model. A more detailed inspection of each averaged variogram suggests a
curve that is concave downward in its entirety until it reaches a final sill, as shown
in Figure 3. As mentioned in Section 1, this shape has the characteristics of the
spherical and exponential models. We implemented such models and one more
that we constructed to fit the variograms. The proposed model is described in the
following subsection. This was the only step carried out by using the R statistics
program [35]. All the previous steps (the processing of the data) were executed by
using Microsoft Excel.

2.4. A Quadratic–Exponential Model

The model we propose originated from the formula of the exponential model (3) with-
out the nugget effect. The main modification consists of guaranteeing that the variogram

range has a value of r by modifying the argument of the exponential term, from
(

e−
|h|
a

)
to
(

e−
|h|

r−|h|

)
. This change produces a continuous and differentiable model only up to the

value of |h| < r. Therefore, the model must be defined as a piecewise function, with a
constant value (the sill of the curve) of γ(h) = c, for |h| ≥ r.

Then, the quadratic–exponential model is a three-piecewise function in which the near-
est part to the origin consists of a quadratic expression, the middle part of an exponential
expression, during the farthest part of a constant, so that:

γ(h) =


b1|h|2 + b2|h| if 0 ≤ |h| ≤ r0

c
(

1− ke−
|h|

r−|h|

)
if r0 ≤ |h| < r.

c if |h| ≥ r

(7)

In addition to the explanation provided for the second and third parts of Equation (7),
k ∈ R : k ∈ [0, 1] is introduced as a factor modifying the peak amplitude of the exponential

term, such that
(

γ(h) = c
[

1− ke−
|h|

r−|h|

])
. This means one more degree of freedom to mod-

ify the effect of the exponential term and, consequently, the slope of the curve. Moreover, it
produces an automatic nugget effect in the variogram, since k < 1. The second part starts
at r0, which we define as the initial time distance at which we gain our first datum, and it
must satisfy r0 > 0.

It is important to mention that the quadratic–exponential model is conditionally
positive for all the |h|-values similar to the exponential model. In fact, this is the only
necessary condition for Equation (7) to be considered as a variogram [21]. Additionally,
the model is continuous and differentiable at |h| = r.



Mathematics 2021, 9, 2466 7 of 20

On the other hand, the first part of Equation (7) occurs from the distance h = 0 to
the initial data at |h| = r0 and is defined by a quadratic expression. This part is added to
eliminate the nugget effect from the model by a smoothing curve near to the origin. The
coefficients b1 and b2 are obtained by satisfying the conditions of continuity, γ1(h) = γ2(h)
and differentiability, γ′1(h) = γ′2(h) of the model at |h| = r0.

Let γ1(h) = b1|h|2 + b2|h| and γ2(h) = c
[

1− ke−
|h|

r−|h|

]
.

Then, at |h| = r0, produces:

b1 =
c

r02

[
ke−

r0
r−r0

(
1 +

r0r
(r− r0)2

)
− 1
]

and

b2 =
c
r0

[
2− ke−

r0
r−r0

(
r0r

(r− r0)2 + 2
)]

Consequently, Model (7) is continuous for h ∈ R and differentiable for h ∈ R,
h /∈ {0, r}. In turn, whether the parameters r0 and r are established by previous knowledge
of the data or be easily extracted from the variogram, the model would only require the
adjustment of c and k to be completed.

Therefore, we can comment on two main physical advantages of the use of the
quadratic–exponential model:

(1) Its quadratic behavior is close to the origin, which allows a smooth increase different
to the exponential behavior, leading to a shorter and a larger range. This behavior
is characteristic of nested structures, which are sometimes seen in experimental
variograms [22,36,37].

(2) It is guaranteed to reach the sill at the maximal variability r, which contrasts with the
exponential model, where the sill must be approximated or calculated from c, a and
the curve fitting [36,38].

The nugget effect
The nugget effect is introduced in this model by removing the nearest part of the

function and extending the domain of the middle part so that:

γ(h) =

c
(

1− ke−
|h|

r−|h|

)
if 0 ≤ |h| < r

c if |h| ≥ r.
(8)

In this manner, the value of γ(h) at the origin is directly calculated from Equation (7),
so that c0 = γ(0) = c(1− k). So, despite the fact that the quadratic expression is elimi-
nated from the model, this way of adding the nugget effect allows one to highlight two
main characteristics:

(1) The number of parameters to fit (c and k) does not increase. This contrasts with the
common models, in which an extra-parameter must be fitted (c0).

(2) The number of parameters to know a priori is reduced since r0 is not required. This
also allows one to reduce the complexity of the model and the execution of the fitting.

3. Results

In order to prove our model for our case of study, we performed curve fitting for the
variogram of each rainfall station. The spherical, exponential and quadratic–exponential
models were implemented with ((1),(3),(7)) and without ((2),(4),(8)) the nugget effect. These
results are shown in Sections 3.1 and 3.2.

A total of 1000 adjustments were carried out to obtain curve fitting for a model applied
to a specific rainfall station. Herein, each set of adjustments is called a “simulation”. For
each simulation, the adjustment with the best fitting, in terms of the residual sum of squares,
was chosen.
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All the adjustments of each simulation were performed by the least-squares method
(LSM) using the optim function of the R statistics program with the method L-BFGS-B,
which consists of a limited-memory modification of the method BFGS quasi-Newton, also
known as the Variable Metric Algorithm. The modification allows box constraints; each
variable can be given a lower and/or upper bound. The optim function is inside the package
Stats, which is installed by default in the R software [35].

All the adjustments were initialized with random initial values inside the lower and
upper bounds allowed during the fitting, which were fixed according to Table 1. The only
exception was parameter c, whose lower bound changed to zero when the nugget effect
was considered in the spherical (2) and exponential (4) models. This because the sill of the
curve is (c0 + c) with the nugget effect. The maximal variability r = 6 (in months) and the
position of our first data r0 = 1 (in months) was introduced as a known parameter.

Table 1. Values of the lower and upper bounds for each parameter. The variable y refers to the
recorded data of γ(h). The lower bound of parameter c changes to zero when using Equations (2)
and (4).

Parameter Lower Bound Upper Bound

c 0.5 max y 2 max y
c0 0 min y
a 0.01 r
k 0.01 1

3.1. Fitting without the Nugget Effect

Figure 4 shows the best fitting obtained after a simulation with the spherical (1),
exponential (3) and quadratic–exponential (7) models for each rainfall station. Despite our
y−data decreasing after the maximal variability r = 6 months, we plotted our models up
the value of h = 7 months to visualize those models’ behavior after r.

Table 2 summarizes the results plotted in Figure 4. It shows the values obtained for
the parameters of each model, namely a for the exponential model, k for the quadratic–
exponential model, and c for all the models. In addition, the coefficient of determination
R2 ∈ (−∞, 1] (dimensionless) [39,40], and the root-mean-square error RMSE (mm) are
reported for each simulation. Each measurement is shown with a different number of
decimal digits, so that they all have (or produce) the same precision in terms of the amount
of rain (in mm); namely, we selected a precision of 10−2 mm, which is 10 times more
than the precision of the CONAGUA’s records [41]. The results for the stations are listed
according to their Hurst exponent in ascending order.

Table 2. Models’ parameters, coefficient of determination R2 (dimensionless) and root-mean-square
error (RMSE) (in mm) obtained by fitting each model to each station’s variogram.

Weather Station
Coefficient of

Parameters Determination Error
Models c a k R2 RMSE

El Cerrito

Spherical 142.97 - - −5.678 29.13
Exponential 118.16 0.75 - 0.798 5.07
Quadratic–exponential 122.82 - 0.295 0.976 1.73
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Table 2. Cont.

Weather Station
Coefficient of

Parameters Determination Error
Models c a k R2 RMSE

El Pajonal

Spherical 76.67 - - −11.103 16.87
Exponential 62.72 0.63 - 0.752 2.42
Quadratic–exponential 65.09 - 0.240 0.982 0.65

Casillas

Spherical 84.87 - - −22.650 20.07
Exponential 68.85 0.51 - 0.636 2.49
Quadratic–exponential 71.20 - 0.185 0.958 0.84

San Juan

Spherical 93.63 - - −44.648 23.33
Exponential 75.97 0.46 - 0.801 1.54
Quadratic–exponential 77.77 - 0.138 0.917 1.00

Rancho de Gomas

Spherical 60.05 - - −44.246 14.90
Exponential 48.64 0.45 - 0.698 1.22
Quadratic–exponential 49.94 - 0.143 0.988 0.24

El Hojase

Spherical 90.77 - - −64.823 16.88
Exponential 73.26 0.39 - 0.477 2.42
Quadratic–exponential 75.16 - 0.122 0.973 0.65
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Figure 4. Curve fitting for each station’s variogram with the spherical (1), exponential (3) and
quadratic–exponential (7) models. The initial time distance r0 = 1 month and the maximal variability
r = 6 months are tagged with dotted lines.

3.2. Fitting with the Nugget Effect

Similarly to Figure 4, Figure 5 shows the best fitting obtained after a simulation for
each rainfall station while considering the nugget effect. So, the curve fittings shown
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are those achieved when implementing Equations (2)—spherical, (4)—exponential and
(8)—quadratic–exponential.

Table 3 summarizes the results plotted in Figure 5. It shows the values obtained for
the parameters of each model, namely, c for all the models, a for the exponential model,
k for the quadratic–exponential model, and c0 for both of them. R2 and RMSE are also
reported for each simulation. The results for the stations are listed according to their Hurst
exponent in ascending order.
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Figure 5. Curve fitting for each station’s variogram with the spherical (2), exponential (4) and
quadratic–exponential (8) models. The fitting is carried out considering the corresponding models
with the nugget effect. The initial time distance r0 = 1 month and the maximal variability r = 6
months are tagged with dotted lines.

Table 3. Models’ parameters, coefficient of determination R2 and root-mean-square error (RMSE),
obtained by fitting each model to each station’s variogram, considering the nugget effect. Parameter
a reached the maximal value allowed (a = 6) in the exponential fitting for the station Casillas, as
shown in Table 1.

Weather Station
Coefficient of

Parameters Determination Error
Models c c0 a k R2 RMSE

El Cerrito

Spherical 41.76 81.70 - - 0.992 1.03
Exponential 57.33 77.43 3.49 - 0.997 0.63
Quadratic–exponential 122.82 - - 0.295 0.976 1.73

El Pajonal

Spherical 18.00 47.35 - - 0.995 0.35
Exponential 24.66 45.50 3.47 - 0.998 0.22
Quadratic–exponential 65.09 - - 0.240 0.982 0.65
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Table 3. Cont.

Weather Station
Coefficient of

Parameters Determination Error
Models c c0 a k R2 RMSE

Casillas

Spherical 15.12 56.31 - - 0.969 0.73
Exponential 25.06 56.47 6.00 - 0.988 0.45
Quadratic–exponential 71.20 - - 0.185 0.958 0.85

San Juan

Spherical 12.55 65.46 - - 0.954 0.75
Exponential 17.44 61.50 2.16 - 0.981 0.48
Quadratic–exponential 77.77 - - 0.138 0.917 1.00

Rancho de Gomas

Spherical 8.24 41.83 - - 0.998 0.10
Exponential 11.05 40.49 2.90 - 0.997 0.12
Quadratic–exponential 49.94 - - 0.143 0.988 0.24

El Hojase

Spherical 10.39 64.89 - - 0.960 0.57
Exponential 15.46 64.72 4.83 - 0.949 0.64
Quadratic–exponential 75.16 - - 0.122 0.973 0.47

4. Discussion
4.1. Case Study

In a general way, results vary according to the type of fitting. Firstly, for all the
simulations (for each station) without the nugget effect, the quadratic–exponential model
has the best adjustment, which can be seen by the values of R2 and RMSE in Table 2 and
even by a broad visualization of Figure 4. In detail, R2 > 0.95 for all the rainfall stations
(excepting for San Juan, R2 = 0.917) when the quadratic–exponential model was applied
(7), which corresponds to RMSE values of less than 2 mm. In turn, these values indicate
good precision for amount of rainfall per month; in addition, there is no dependence
between the fit of the model and the Hurst exponent, so the model is robust in this sense.
This contrasts with the spherical model (1), whose bad fitting is reflected in the negative
values of R2 and high values of RMSE for all the stations; the larger the Hurst exponent,
the worse the fitting. Exponential model (3) fits better for some stations than others, but
there is no clear dependence on the Hurst number; its R2-values are between 0.477 and
0.801, while RMSE are between 1.22 and 5.07 mm, which is also acceptable. There is no
clear relation between R2 and RMSE for all the models.

On the other hand, the spherical (2) and exponential models (4) greatly improved
their fitting when considering the nugget effect. Namely, R2 > 0.95 and RMSE < 1 mm
for practically all the stations when such models were applied, and there was not a clear
dependence on the Hurst number. As the reader can see from Tables 2 and 3, the results of
the quadratic–exponential models are the same with (7) and without (8) the nugget effect,
and this is because the fitting is the same. The only two parameters to fit in both versions
are c and k, as mentioned in Section 2.4. Then, the same results are obtained because of the
selection of the best fitting after the 1000 adjustments for both versions and the convergence
of the optimizer used. The results for all the models are then excellent and similar for all
the stations.

In this way, the quadratic–exponential model is the most robust of all the three, in the
sense of maintaining a good fitting with different scenarios, such as analyzing time series
with diverse Hurst numbers and/or requiring a fitting with or without the nugget effect.
For example, we look for nugget effect behavior because the natural phenomenon we are
considering is the average behavior of rainfall over the years, and there is variability in
rain year by year (with 12th neighbors), as illustrated in Figure 3. Outside of the subject
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of rainfall, other examples of natural and artificial causes of a nugget effect can be found
in [42].

We carried out simulations without considering the nugget effect to express that there
could be some phenomena in which our initial data are not at h = 0 but at h = r0, and
we do not know the physical behavior of the phenomenon close to the origin. In those
situations, the quadratic–exponential model becomes a powerful tool. Furthermore, the
quadratic behavior close to the origin gives our model the advantage of a smooth increase
until it reaches the apparent nugget c0 about the distance r0, which is characteristic of
phenomena with nested structures [22,36].

Now, the best results are also reflected in some parameters fitted. For the approx-
imations without the nugget effect, c is larger but closer to the sill with the quadratic–
exponential model than with the exponential model; in turn, c is much larger than the
apparent sill of the curve when applying the spherical model. For the nugget effect, this
is not clear, since the nugget c0 takes an important role. From Figure 5, the quadratic–
exponential model brings the most significant nugget than the spherical model, and finally
the exponential model for almost all the stations, which is inversely related with R2’s
values and does not have relation with RMSE’s values; in fact, the exponential model gave
the lowest values of RMSE for four stations.

The sill (the sill is c + c0 for the spherical and exponential models, and c for the
quadratic–exponential model, as shown in Table 3) does not have a direct relation with
the quality of the fitting. The only point to mention regarding it is that it is guaranteed
to be reached at h = 6 months in the spherical and quadratic–exponential models, while
it is fitted in the exponential models by means of a. This causes contrast between the
cases with and without the nugget effect when applying the last model because the sill is
apparently reached for the first case before r (values of a between 0.39 and 0.75 months),
while the curve continuously increases after r for the second case (values of a about 2.15
and 6.00 months). This also contrasts with quadratic–exponential behavior, where the
value of k remains constant for both cases.

The parameter k decreases when the Hurst number increases, as seen in Tables 2 and 3
throughout the stations. This behavior is also seen in a without considering the nugget
effect, but it is not shown when the nugget is considered. This is because of the importance
of c0. This observation is highlighted in this paper, but its importance and possible reasons
for its occurrence are left as a direction for future research. In addition, the difference
between minimal and maximal variability for each station diminishes from ≈35 mm to
≈5 mm when the Hurst exponent increases. This is a critical point regarding the RH-24
region that could be connected with the parameter k in a future research.

Finally, all these results and observations highlight the advantages of performing curve
fittings with the quadratic–exponential model when the maximal variability is known,
which is possible because of the construction of the model. On the other hand, our study
presented some limitations, namely: although our model was sufficiently validated, its
row dataset presents a limited quantity of data for its analysis, which includes the han-
dling of monthly time series instead of daily; therefore, the minimal variance comparison
is of h = 1 month. Consequently, we identified the following trends for future research:
expanding our model to the spatial dimension for kriging applications; proving the ap-
plicability of the model in other topics such as those ones mentioned in Section 1; and
extending the study area to cover the entire RH-24 region, which could be of great benefit
in characterizing climate studies, as well as for agriculture and landslide risk purposes in
the region.

4.2. Numerical Analysis

With the aim of validating the results of the models in different scenarios, we carried
out a numerical analysis that consisted of varying the values of the initial time distance
r0 and the maximal variability r. In detail, for the r0’s analysis, we varied r0 ∈ [0, 2) and
γ(r0) ∈ (0, γ(r1)], where γ(r1) is our second datum of the experimental variogram. In turn,
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for the r’s analysis, we varied r ∈ (r4, 2r− r4) and γ(r) ∈ (γ(r4), γ(2r− r4)), as shown in
Figures 6–9, and in Figures A1–A4 of Appendix B, respectively.

For simulations without considering the nugget effect, Figure 6 shows how R2 changes
in a different way when using a different model. Namely, the spherical model improves
its solution when R0 ≡ (r0, γ(r0)), close to the origin (left-down corner) in an apparent
rotated elliptic behavior, for all the stations. In turn, the exponential model brings better
solutions when R0 moves through a curve going from the left-down to the right-up corner.
These values are much better in the quadratic–exponential model, which provides its
best solutions when R0 is in the up-side, i.e., for high values of γ(r0). If the point R0 is
moved from its real position (the intersection of black lines in pictures), the exponential and
quadratic–exponential models continue to provide the best solutions, but the exponential is
better when both r0 and γ(r0) have intermediate values, while the quadratic–exponential
model is better when γ(r0) is higher, independently of r0; however, it brings acceptable
solutions for lower values of both r0 and γ(r0). The fact that worse solutions are found at
higher values of r0 and lower values of γ(r0) for the latter models is easy to see, due to
the behavior of the exponential and quadratic functions near to the origin, as defined in
Equations (3) and (7), respectively.

In addition, R2’s behavior changes when considering a nugget effect for the spherical
and exponential models, as shown in Figure 7. Namely, for the exponential model, the
left-up corner (low values of r0 and high values of γ(r0)) provides results similar to the
best mentioned without the nugget effect. This is a direct consequence of the nugget effect.
In turn, the spherical model provides very similar results to the quadratic–exponential
model. All of this reflects the robustness of both models, exponential and ours, when data
are noised or when they must fit to a specific behavior (considering or not considering
the nugget effect). Specifically, the exponential model is better for values of γ(r0) directly
proportional to r0, whereas our model is better for high values of γ(r0), i.e., values near to
γ(r1), where r1 is the time distance of the next data. Thus, this suggests that our model
is useful for such cases with high values of γ(r0), in which the spherical and exponential
model do not fit well.

Now, RMSE’s results are very similar to R2’s results, in qualitative terms, for the
exponential and quadratic–exponential models. In Figure 8, the same patterns of R2 are
obtained for both models with a little variation throughout the stations, obtaining values of
RMSE lower than 5–7 mm for the up-side of our model and also for the left-down corner
of the exponential model. The values of the exponential model improve when adding the
nugget effect, as shown in Figure 9. Only some points (h, γ(h)) of the right-bottom corner
in pictures of both models are higher than an RMSE of 25 mm.

On the other hand, the spherical model changes its elliptic behavior when R2 does
not have the nugget effect for a linear behavior, with its best RMSE’s values on the
corresponding straight line and the worst solutions in the left-up and right-down corners.
Then, similarly to R2, it greatly improves its results when adding the nugget effect, namely,
its results are similar to those ones of our model.

Finally, we found only small differences between results when varying the maximal
variability r for R2 and RMSE. The most significant of them is a low positive gradient
of RMSE’s results when h is increased; for the spherical model without considering the
nugget effect, see Figure A3. We did not perform a discussion about it due to the the low
significance of the results. They are shown in Figures A1–A4 of Appendix B.
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Figure 6. Obtained values of R2 (color bar) for different pair of data R0 = (r0, γ(r0)) when fitting a curve for the variogram
of each station with the three models and without considering the nugget effect. The intersection of the black solid lines
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Figure 8. Obtained values of RMSE (color bar) for different pair of data (r0, γ(r0)) when fitting a curve for the variogram
of each station with the three models and without considering the nugget effect. The intersection of the black solid lines
tags the real R0. The white areas correspond to higher values than those shown on the color scale.
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Figure 9. Obtained values of RMSE (color bar) for different pair of data (r0, γ(r0)) when fitting a curve for the variogram
of each station with the three models and considering the nugget effect. The intersection of the black solid lines tags the real
R0. The white areas (in the right-down corner) correspond to higher values than those shown on the color scale.

5. Conclusions

• Modeling spatial or temporal variation of data by an appropriate variogram is crucial
for kriging interpretation, especially for small samples such as in our case study.

• We constructed a piecewise model of variogram, which is helpful in analyzing time
series with few data, the monthly-accumulated value of a significant rainfall dataset.
The model consists of a variation of the exponential model but introduces the maximal
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variability directly in the formula and adds a quadratic behavior near to the origin to
obtain a continuous model from the origin.

• Compared with the spherical and exponential models, the “quadratic–exponential
model” is the most robust, in the sense of fitting better without the nugget effect and
providing good results without a significant difference between the other models
when considering such an effect. In addition, it provided good results for time series
with different Hurst numbers for our case study: rainfall in the RH-24 Mexico Region.

• Moreover, parameters to be fitted with that model are the sill c and the amplitude of
the exponential term k, despite the nugget, regardless of whether or not the nugget is
considered. So, the number of parameters does not increase with the nugget effect.

• In this way, our model results suggest that it could be a powerful tool when analyzing
rainfall or other time/spatial series. Furthermore, the procedure we introduced in our
methodology completes the steps for analyzing rainfall time series, from constructing
the experimental variogram to fit a suitable model for the data.

• Additionally, a numerical analysis was performed to prove the robustness of the
quadratic–exponential model. After a comparison against our control models, we
can conclude that, for purposes with similar factors considered in this study, the
quadratic–exponential model is sufficiently robust for any application where control
models are utilized, and provides better results than those models for specific cases
with high values of γ(r0).

Author Contributions: Conceptualization, F.G.B.-B. and R.S.-V.; methodology, R.S.-V. and M.A.A.-L.;
software, F.G.B.-B., M.A.A.-L. and Á.G.B.-R.; validation, F.G.B.-B. and R.S.-V.; formal analysis,
F.G.B.-B. and R.S.-V.; investigation, F.G.B.-B., R.S.-V., J.R.C.-G. and M.A.A.-L.; resources, J.R.C.-G.
and M.A.A.-L.; data curation, F.G.B.-B. and Á.G.B.-R.; writing—original draft preparation, J.R.C.-G.
and M.A.A.-L.; writing—review and editing, F.G.B.-B., R.S.-V., J.R.C.-G. and M.A.A.-L.; visualization,
R.S.-V. and M.A.A.-L.; critical revision for important intellectual content, F.G.B.-B., R.S.-V., J.R.C.-G.
and M.A.A.-L.; supervision, F.G.B.-B.; project administration, M.A.A.-L.; and final approval of the
version to be published, F.G.B.-B., R.S.-V., J.R.C.-G. and M.A.A.-L. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Programa para el Desarrollo Profesional Docente, para el
Tipo Superior (PRODEP), and the Universidad Autónoma de Nuevo León, Facultad de Ciencias de
la Tierra.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data used in this work were provided privately by the CONAGUA.
However, similar data are available on Google Earth, by installing the extensions of rainfall stations
in format .kmz.

Acknowledgments: We appreciate the CONAGUA for providing the data, especially Doroteo Tre-
viño Puente and Oscar Gutiérrez. We also thank our universities for the support shown to this
research throughout the current COVID-19 pandemic.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Table of symbols and units.

Symbol Name Units

h Lag distance Months
γ(h) Variogram mm
c Sill mm
r Maximal variability Months
c0 nugget variance, nugget effect mm2
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Table A1. Cont.

Symbol Name Units

a distance parameter Months
{Xt, t ≥ 0} time series mm
Var(·) Variance mm2

E(·) Expected value mm
n(h) number of differences with a lag of value h Dimensionless
H Maximum of n(h) Dimensionless
b1 Quadratic–exponential model coefficient mm/month
b2 Quadratic–exponential model coefficient mm/month2

k Quadratic–exponential model coefficient Dimensionless
r0 The initial time distance Months
R2 Coefficient of determination Dimensionless
RMSE root mean square error mm
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Figure A1. Obtained values of R2 (color bar) for different pair of data (r, γ(r)) when fitting a curve for the variogram of
each station with the three models and without considering the nugget effect. The intersection of the black solid lines tags
the real position (r, γ(r)) in our experimental variogram. The white areas correspond to lower values than those shown on
the color scale, i.e., lower than zero.
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Figure A2. Obtained values of R2 (color bar) for different pair of data (r, γ(r)) when fitting a curve for the variogram of
each station with the three models and considering the nugget effect. The intersection of the black solid lines tags the real
position (r, γ(r)).
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Figure A3. Obtained values of RMSE (color bar) for different pair of data (r, γ(r)) when fitting a curve for the variogram of
each station with the three models and without considering the nugget effect. The intersection of the black solid lines tags
the real position (r, γ(r)). The white areas correspond to higher values than those shown on the color scale.
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Figure A4. Obtained values of RMSE (color bar) for different pair of data (r, γ(r)) when fitting a curve for the variogram of
each station with the three models and considering the nugget effect. The intersection of the black solid lines tags the real
position (r, γ(r)).

References
1. Cerón, W.L.; Andreoli, R.V.; Kayano, M.T.; Canchala, T.; Carvajal-Escobar, Y.; Souza, R.A.F. Comparison of spatial interpolation

methods for annual and seasonal rainfall in two hotspots of biodiversity in South America. An. Acad. Bras. Ciências [Online] 2021,
91. [CrossRef]

2. Gutiérrez-López, A.; Ramirez, A.; Lebel, A.I.; Santillán, T.; Carlos, O.F. El variograma y el correlograma, dos estimadores de la
variabilidad de mediciones hidrológicas. Rev. Fac. Ing. Univ. Antioq. 2011, 59, 193–202.

3. Ly, S.; Charles, C.; Degré, A. Geostatistical interpolation of daily rainfall at catchment scale: The use of several variogram models
in the Ourthe and Ambleve catchments, Belgium. Hydrol. Earth Syst. Sci. 2011, 15, 2259–2274. [CrossRef]

4. Muhamad Ali, M.Z.; Othman, F. Selection of variogram model for spatial rainfall mapping using analytical hierarchy procedure
(AHP). Sci. Iran. 2017, 24, 28–39. [CrossRef]

5. Deutsch, C.V. Geostatistics. In Encyclopedia of Physical Science and Technology, 3rd ed.; Meyers, R.A., Ed.; Academic Press: New York,
NY, USA, 2003; pp. 697–707. [CrossRef]

6. Díaz, M. Geoestadística Aplicada. 2002. Available online: http://www.esmg-mx.org/media/courses/geoestadistica/
GeoEstadistica.pdf (accessed on 1 September 2021).

7. Samui, P.; Bui, D.T. Handbook of Probabilistic Models; Elsevier: Amsterdam, The Netherlands, 2020. [CrossRef]
8. Webster, R.; Oliver, M. How large a sample is needed to estimate the regional variogram adequately? In Geostatistics Tróia ’92.

Quantitative Geology and Geostatistics; Springer: Dordrecht, The Netherlands, 1993; pp. 155–166. [CrossRef]
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