
Introduction to Mathematics and Geosciences: Global and Local Perspectives, Volume I

RAFAEL ORIVE,1,2 MARÍA L. OSETE,3,4 JESÚS I. DÍAZ,5,6 and JOSÉ FERNÁNDEZ
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Mathematics plays a fundamental role in all scientific

fields and, of course, in the Geosciences. This has

been especially well known since, for example, the

beginning of geodesy in the Greek era (VANÍČEK and

KRAKIWSKY 1992) or in the pioneering studies of

planet Earth’s interior and the description of the

Earth’s potential fields (geomagnetic and gravimet-

ric). We can remember that Johann Carl Friedrich

Gauss (1777–1855), who is recognized as one of the

history’s most influential mathematicians, had a

remarkable influence in many fields of mathematics

and science. He contributed significantly to the

development of modern geophysics. In the field of

geomagnetism, he developed the first method to

obtain absolute geomagnetic measurements, worked

out the mathematical theory for separating the inner

and outer sources of Earth’s magnetic field, and

founded the ‘‘Magnetischer Verein’’ (Magnetic

Union). Another pioneering natural topic was

exploring Earth’s interior using seismic waves for

analyzing the Earth’s inner structure and discovering

underground resources. For instance, in 1936, the

Danish mathematician Inge Lehman was the first to

interpret P wave arrivals, which inexplicably

appeared in the P wave shadow of the Earth’s core as

reflections at an inner core, and discovered the

Earth’s solid inner core by studying these anomalies.

Now it is natural to use geophysical methods and

remote sensing in exploring our soils to find water,

oil, minerals, etc., and to use advanced mathematical

tools for interpreting observation results.

Therefore, as described by CAMACHO et al.

(2008a, b), mathematics is one of the branches of

science, together with physics, chemistry, and

Information Technology that studies and furthers

knowledge of the Earth’s structure and dynamics.

This research is conducted in multidisciplinary

studies that use and incorporate the most advanced

methods of those sciences, in the framework of, or

in close cooperation with, the different branches of

Earth sciences such as geology, geophysics, and

geodesy. The international dimension of this col-

laboration is evident (see, e.g., IUGS 2014; IUGG

2014).

This was the environment in which the Complu-

tense International Seminar on ‘‘Earth Sciences and

Mathematics’’ was organized and held in Madrid in

2006. The presentations at that meeting were pub-

lished in two Pure and Applied Geophysics topical

issues (CAMACHO et al. 2008c, d).

Since 2006, Earth sciences and, therefore, their

‘‘mathematical needs’’ have evolved, marked to a

very significant extent by the consolidated use of

artificial satellites for the observation of Earth, which

plays a more important role everyday (e.g., ASI 2014;

CSA 2014; DLR 2014; ESA 2014a; JAXA 2014;

NASA 2014). Satellite observation is evolving from

regional-scale coverage at medium or low spatial

resolution, to regional-scale and global-scale cover-

age at medium and high spatial resolution and local-
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scale coverage at ultra-high resolution. This evolution

is bringing new needs of techniques/methodologies

for data fusion (to obtain a unique, new data set by

combining several sets from different satellites or

from satellites and terrestrial observations) and for

the joint interpretation of data of different sources

(space and terrestrial) and kinds (displacements,

gravity changes, seismicity,…).

Satellite synthetic aperture radar interferometry

(InSAR) can serve as a typical example of this evolu-

tion, considering second-generation satellites (see,

e.g., ASI 2014; DLR 2014; ESA 2014b; SANSOSTI et al.

2014). Data fusion is probably the only tool in this case

to obtain a 3D displacement field with high spatial

resolution (see, e.g., SAMSONOV et al. 2008) or to obtain

a continuous time series of displacement data for a long

time period (see, e.g., SAMSONOV and D’OREYE 2012;

SAMSONOV et al. 2014). In addition, joint data inter-

pretation is a powerful tool for studying Earth’s active

phenomena (see, e.g., CAMACHO et al. 2011).

Advances in geomagnetic field knowledge in

recent times have come with the combined use of

satellite data about magnetism and the world geo-

magnetic observatories network (INTERMAGNET)

developed for the present International Geomagnetic

Reference Field: IGRF11 (FINLAY 2010). A spherical

harmonic expansion is truncated at degree 13 (195

coefficients). The Swarm mission, launched in

November 2013, is providing unprecedented insight

into the complex workings of Earth’s magnetic field

(ESA 2014c, d). Advanced models based on Swarm

data describing each of the various sources of the

measured field are being developed, and will lead to

new insight into many natural processes, from those

occurring deep inside the planet, to weather in space

caused by solar activity. In turn, this information will

yield a better understanding of why the magnetic field

is weakening.

At present, mathematical models and methods are

required for diverse studies such as global change

models, geodynamo models, flows in porous media,

wave propagation in continua medium, riskmap

analysis in hazards, time series analysis, dynamics of

interfaces, studies with multiples scales, nonlinear

analysis in the Earth sciences, fractal analysis in

geological structures, stochastic models for process-

ing data, etc.

Simultaneously, new problems (such as fracking),

or the continental or global data sharing promoted by

different initiatives such as COPERNICUS (2014), the

Global Earth Observation System of Systems

(GEOSS 2014), the European Plate Observing Sys-

tem (EPOS 2014), or SUPERSITES (2014), are

posing new needs.

During the year 2013, at the initiative of American

and Canadian research mathematical institutes and

societies, 2013 was declared a thematic year in

Mathematics and the Planet Earth (MPE2013 2014),

under the patronage of UNESCO. More than 120

mathematical organizations around the world took

part in MPE2013 and gave the public and schools an

exciting opportunity to discover and experience many

aspects of mathematics, including its applications on

life and Earth sciences, its relevance on societal and

environmental issues, the impact of mathematics

research on thematic topics specific to climate

change, remote sensing, mathematical modelling to

eradicate diseases as well as the global trends, and

perspectives on mathematics for sustainable

development.

The four MPE2013 subthemes were a planet to

discover; a planet supporting life; a planet organized

by humans; and a planet in danger. Thus, the math-

ematical family found natural topics where

mathematics play a fundamental role in describing

different events in Earth sciences, in particular, in the

first and the last theme.

To mark the MPE2013, the Institute of Mathe-

matical Sciences (ICMAT) and Institute of

Geosciences (IGEO), under the patronage of the

Spanish Council for Scientific Research (CSIC),

Madrid Autonomous University (UAM), the Institute

of Interdisciplinary Mathematics (IMI), Madrid

Complutense University (UCM), and Technical

University of Madrid (UPM) sought to highlight the

aforementioned different aspects, the two-way street

between Mathematics and Earth Sciences, by orga-

nizing the workshop ‘‘Mathematics and Geosciences:

Global and Local Perspectives’’ in Madrid at ICMAT

from 4 to 8 November 2013. The Organizing Com-

mittee’s main idea, when it proposed such a title, was

to emphase the combination of two different types of

approaches: the global approaches that study natural

phenomena arising from the whole planet (such as the
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climate, geomagnetism, and so on) and the almost

infinite collection of local aspects, which are associ-

ated with natural, ecological, and even economic

studies on more concrete problems. The following

topics were addressed: climatology and paleoclima-

tology, oceanography, geomagnetic field, the Earth’s

rotation, remote sensing, natural hazards, structure

and geodynamics, renewable energies, and social and

environmental aspects. These topics were addressed

from a global perspective on the Earth as well as from

a local point of view of the Geosciences. Scientists

from both areas, Mathematics and Earth Sciences,

participated in this activity seeking to gain and learn

from their work and proposing partnerships.

This is the first volume of the Topical Issue on

‘‘Mathematics and Geosciences: Global and Local

Perspectives’’ and contains 13 papers, most of which

were presented at the Congress. They address different

topics such as the percolation theory to observe

microseismicity in fracking, fractional differential ana-

lysis to model complex dynamics, climate change,

earthquake statistics, earth rotation, geomagnetic field,

fire models, Mars exploration, numerical methods in

meteorology, environmental conservation, and proba-

bilistic models in the study of soils and fluid mechanics.

The first paper is about hydraulic fracturing

(fracking); technical processes used to extract oil and

gas from tightly sealed shale reservoirs using high

pressures and a low viscosity fluid. Norris et al.,

model the injection of fluid in the fracking process

using invasion percolation, which is a 2D square

lattice of random bonds to model the sealed natural

fractures. This model exhibits burst dynamics (small

earthquakes) associated with the microseismic activ-

ity generated by fracking injections and shows the

role of anisotropic stress distributions.

Tejedor et al., apply a new probability density

function, the negative binomial distribution, to study

the recurrence of large earthquakes. The new distri-

bution has been applied to the study of the Parkfield

seismic series, finding that it performs very similarly

to other distributions. In contrast to other statistical

models, the new distribution has a plausible physical

meaning, that is, it is based upon the idea of the

elastic-rebound and Markov modelling.

The paper by Velasco et al., deals with an inter-

esting topic about Mars exploration. The authors

present a new method of tomography-based signal

analysis for the detection of events in the Martian

atmosphere boundary layer, such as dust devils. The

mathematical aspects are considered through frac-

tional differential equations associated with diffusion

processes and nonlocal problems. This area of work

can provide important results of remarkable applica-

tions in the future.

In the paper by Fowler, the future evolution of

atmospheric CO2 concentration is assessed on a

millennial timescale by using a simple box model of

the ocean carbon cycle. The model is based on two

equations, one for the atmospheric CO2 concentra-

tion, and the other is for the carbonate concentration

in the ocean. The model predicts a positive feedback

in response to the long-term increase in atmospheric

CO2 as a result of the decrease in the carbonate

concentration and the buffering effect. A further

consequence of the repartitioning of ocean carbon is a

dramatic rise in atmospheric carbon dioxide on a

millennial time scale.

Ferrándiz et al., present a very interesting review

of the crucial problem of the natural sciences, that is,

to improve the theory of the Earth’s rotation in order

to reach the accuracy requirements that must be ful-

filled in the near future. The accurate determination

and prediction of the Earth’s orientation and motion

in Space has been needed in a broad variety of fields

ever since the advent of the Space Age. Applications

of geodetic measurements to the determination of sea

level variations, mass movements in oceans, ice

sheets, terrestrial water storages, displacement fields

associated with earthquakes, etc., are demanding far

higher levels of accuracy. The authors broach the

problem and suggest new research directions aimed at

creating adequate use of the Earth’s rotation theory.

The paper by De Santis and Qamili is an overview

of the complex characteristics of the Earth’s magnetic

field investigated from a holistic approach. Within the

framework of geosystemics and by using informa-

tion-theoretic tools such as Shannon entropy or other

nonlinear tools borrowed from critical phenomena,

they explore the possibility of an imminent change of

the geomagnetic field dynamical regime.

The paper by Campuzano et al., analyzes the main

error sources in the geomagnetic dipole moment

computation from palaeomagnetic data (the influence
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of the nondipole terms in the average approach, the

inhomogeneous distribution of the current palaeo-

magnetic database, and the averaging procedure used

to obtain the evolution of the dipole moment), using

synthetic data from a global model based on instru-

mental and satellite data, the 11th generation of the

International Geomagnetic Reference Field.

Oliver et al., introduce a new numerical method to

solve mathematical models for wind field forecasting,

coupling the predictions of the HARMONIE meso-

scale model as the input data for an adaptive finite

element in a local mass-consistent wind model spe-

cifically suited for complex terrains. These wind

models serve as tools for studying several atmosphere-

related problems, such as the effect of wind on struc-

tures, pollutant, fire spreading, and wind farm location.

At present, the use of wind power to produce electric

power involves using these mathematical tools to

design the wind farms. The final goal of the paper is to

validate the model in several realistic applications on

Gran Canaria Island, Spain, with some experimental

data obtained by the AEMET (Spanish Meteorological

Agency) at its meteorological stations.

The paper by Ferragut et al., presents a global

physical model (heat and mass transfer) available for

analysis and numerical simulation of forest fire prop-

agation. They incorporate data assimilation techniques

to the numerical solution in near real time, which

improve the simulation results. From a numerical and

computational point of view, a highly interesting issue

is the successful implementation of Yosida regular-

izations to approximate the enthalpy, which consists of

a nonlinear multivalued maximal monotone operator.

Martı́n et al., consider fragmentation schemes

inspired in the theoretical results and conjectures of

Kolmogorov, which are applied to produce particle

size distributions of a different nature depending on

fragmentation parameters. A 2-D computer simulation

packing method is applied to the resulting distributions

and the void fraction is evaluated. They study the

relation between the void fraction and the character-

istic parameters of the fragmentation process.

In the paper by Arregui and Vázquez, the authors

propose new efficient numerical methods to solve some

mathematical models related to the opportunity of

starting an industrial project that provides some uncer-

tain benefits but also involves some irreversible

environmental effects. Of course, both the environ-

mental and the industrial project’s benefits, are uncertain

and governed by stochastic processes. The authors

consider a finite element discretization of the equivalent

PDE problem posed on a suitable bounded domain and,

to add instantaneous effects, propose a Lagrangian

active set method (ALAS). Finally, the numerical

method is validated through qualitative properties the-

oretically proven in the literature for different examples.

Muñoz-Ortega et al., show the utility of perform-

ing different geometric measures of soil pore space

using 3-D images in order to characterize the soil

structure. They characterize in quantitative terms

several geometric factors of great interest in the study

of biological and physical processes, such as porosity,

pore surface area, connectivity of the pores, and pore

size distribution. For the latter objective, they use

mathematical morphology tools.

The paper by Berselli et al., studies the motion of a

quasi-incompressible fluid with several dispersed

particles. This model plays a fundamental role in the

dynamics of both oceanic and atmospheric flows.

They consider a reduced multiphase model with

particular attention to the right evaluation of physical

parameters that make the approximation effective.

The resulting model is used in direct numerical

simulations and also large eddy simulations of a dam-

break (lock-exchange) problem, which is a well-

known academic test case.

A second issue will be published later in 2015 with

other reviewed papers presented at the workshop

‘‘Mathematics and Geosciences: Global and Local

Perspectives’’.

We appreciate the great and generous work carried

out by the many referees. They have worked in most

of the cases, in the difficult intersection of two dif-

ferent fields such as Earth Sciences and Mathematics.

The reviewers have been: G. Alguacil, J. Almendros,

O. Arzel, L. D’Auria, S. Alvarez, G. Balasis, Y. Bar-

kin, M. Bialecki, R. Carbonell, A. Castro, M. Crucifix,

G. Diaz, J.I. Dı́az, L. Dinis, J. Durany, P. Garcı́a, R.

Granero-Belinchón, R. Gross, A. Jimenez, J. von de

Koppel, M. Korte, V. Kossobokov, M. Kravchenko, S.

Lennartz-Sassinek, F. Luzón, J. Mandel, M. Montoya,

J.J. Nieto, J.H. Ortega, J.F. Padial, A. Pazoto, E. Per-

fect, M. Sahimi, T. Sengupta, C. Trenchea, D.L.

Turcotte, F. Valero, and C. Wang.
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