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a b s t r a c t

An estimation of climatological fields of incident solar energy in Tamaulipas State, northeastern Mexico,
is presented. Monthly mean evolution of solar energy in 7 automatic meteorological stations distributed
along the State shows that the maximum values generally exceed 500 � 200 W m�2 during fall-winter
(NoveFeb), and 700 � 200 W m�2 during spring-summer (MayeAug). An empirical model, which es-
timates the solar energy as function of other climatic variables (minimum temperature, maximum
temperature, evaporation, and precipitation) recorded in 165 climatological conventional stations, is
used to extend the climatological solar-energy estimate in the study area. The mean values of both
measured and estimated solar energy are objectively mapped to fill the observation gaps and reduce the
noise associated with inhomogeneous statistics and estimation errors. The highest values of solar energy
(w6:7 kW h m�2 during the summer and w4:0 kW h m�2 during the winter) are observed in the
highlands, southwestern part of the State, whereas the lowest values (w5:7 kW h m�2 during the
summer and w2:8 kW h m�2 during the winter) are observed in the south-central part of the State.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Amongst the most promising energy resources are the photo-
voltaic and photo thermal energies. Particularly, photovoltaic en-
ergy is becoming one of the most dynamic research fields (Rockett
[1]) as well as an increasingly important market, with an expo-
nential growth rate in the last 10 years that led to a doubling from
2009 to 2010, ending with an installed capacity of about 39 GW in
2010 (Jäger-Waldau [2]). The foremost regions in photovoltaic
electricity generation are by far the European Union and the United
States, although the Asian-Pacific region is also experiencing a huge
increase in photovoltaic investments (Jäger-Waldau [2]). In Mexico,
the current photovoltaic installed capacity is only about 40 MW at
the end of 2012, as reported by Mexico’s Secretariat of Energy
(SENER [3]). Solar photovoltaic systems are considered a priori a
very reliable source of electricity due to non-fuel costs, long term
duration and no emissions during operation. In order to determine

the feasibility of both government and private investments, trusty
calculations of the solar energy incidence are required as a pre-
requisite of a cost-benefit calculation that would determine the
final decisions of the policymakers or investors. This kind of studies
have been conducted in countries of the Sun Belt such as Pakistan
(Khalid and Junaidi [4]), Corsica (Haurant et al. [5]), Cyprus
(Makrides et al. [6]), Turkey (Toklu [7]) or Australia (Bahadori and
Nwaoha [8]), as well as in northern USA states such as Wisconsin
(Myers et al. [9]). Although current electricity tariffs, investment
costs, existence of government subsidies/programs and other fac-
tors have been considered in those analyses, the availability of the
solar resource is by far one of the most important.

The mean irradiation in Mexico has been estimated from low-
resolution irradiance maps to be around 5.5 kW h m�2 d�1, vary-
ing between 3 and 8.5 kW h m�2 d�1 during the year and over the
territory (Galindo and Chávez [10]; Hernández et al. [11]). In
particular, in the northeastern state of Tamaulipas, with an exten-
sion of 80 174.68 km2, comparable to that of Belgium and Holland
together but with a 10 times lower population density
(40.73 inhab km�2 on 2010) [Mexico’s National Institute of Statis-
tics and Geography, INEGI, http://www.inegi.org.mx/], a mean
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irradiation around 4.5 kW h m�2 d�1 has been estimated (Galindo
and Chávez [10]; Hernández et al. [11]) and because of that it has
been pointed as a promising region to establish photovoltaic farms
(SENER [3]). However, Tamaulipas presents an uneven topography
(see Fig. 1), with extensive coastal plains near the Gulf of Mexico, a
rising cordillera running by northesouth at its center and an
extended highland in the western side. Tamaulipas State also pre-
sents a variety of climate regions (see Fig. 2). Based on the Köppen-
Geiger climate classification (e.g., Peel et al. [12]), it ranges from
mostly temperate with no dry season and hot summers (Cfa) in the
northern portion, mostly temperate with dry winters (Cw) in the
central and southeastern portions, and tropical savannah (Aw) in
the southern point; some locations in the central portions present a
climate of arid hot steppe (BSh).

Therefore, as a first step in obtaining amore accurate estimate of
the photovoltaic potential in Tamaulipas, it is of interest to estimate
the incident solar energy, but given the very limited records of solar
radiation in the study area, here we propose an empirical model to
estimate the solar energy from other climatic information available,
and the estimates are objectively mapped to cover most of the area.
Previous studies have reported solar-radiation climatologies that
include our study area (Galindo and Chávez [10]; Galindo Estrada
and Cifuentes Nava [13]; Hernández et al. [11]), but with less detail
and lower resolution, given their very limited data set. The purpose
of this paper is to present a climatology of incident solar energy in
Tamaulipas State, northeastern Mexico, which can be useful for the
estimation of the photovoltaic potential in this region.

The rest of the paper is organized as follows: Section 2 describes
the data used in this analysis and its processing, as well as the
formulation of an empirical model to estimate the climatological
incident solar energy as function of other climatic variables, which
is complemented with an objective mapping to obtain continuous
solar-energy maps. In Section 3 the results of the analysis are
shown, in particular for mean diurnal and seasonal evolutions of the solar energy, and ultimately the maps of estimated incident

solar energy in Tamaulipas State. In Section 4, the implications of
the climatologies of solar energy are discussed. Section 5 summa-
rizes the main results.

2. Data and methods

2.1. Data processing

Data from 7 automatic meteorological stations distributed along
Tamaulipas State, held by the Mexico’s National Commission of
Water (CNA, by its acronym in Spanish), are used in this study
(Fig. 1; Table 1). Such stations recorded several environmental
variables (temperature, humidity, pressure, wind, precipitation,
and solar radiation) every 10 min during different periods each,
from year 1999 to year 2011. Fig. 3 shows the raw series of solar
radiation, which are the focus in this study. The lack of continuous
records is evident, only Altamira station has more than ten years,
whereas Ciudad Mante station barely counts one year. Hourly data
of solar radiation were calculated. The mean diurnal cycles

Fig. 1. Location of the 7 automatic meteorological stations in Tamaulipas State
analyzed in this study. Color bar indicates the topography (in m), from the ETOPO2
(Smith and Sandwell [20]) gridded data set at 20 resolution.

Fig. 2. Köppen-Geiger climate classification in the climatological conventional stations
located along Tamaulipas State (see text). Aw: Tropical savannah; BSh: Arid hot steppe;
Cs: Temperate with dry summer; Cw: Temperate with dry winter; Cfa: Temperate
without dry season with hot summer; Cfb: Temperate without dry season with warm
summer.

Table 1
Coordinates of the 7 meteorological stations shown in Fig. 1.

Station Latitude (�N) Longitude (�W) Altitude (m)

Altamira 22�2301500 97�5503200 9
Ciudad Mante 22�4404000 98�5805900 85
Jaumave 23�2402700 99�2203100 750
Matamoros 25�5300900 97�3100700 4
San Fernando 24�5003400 98�0902700 45
Villagrán 24�2801400 99�2902900 390
Soto La Marina 23�4505100 98�1202800 21
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