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RESUMEN

La modelación de impactos locales, caracterizados por deterioro de los recursos naturales –especialmente 
agua y suelo– ante los efectos globales del cambio climático, se ha convertido en una poderosa herramienta 
en la búsqueda de medidas de mitigación y adaptación. Los objetivos de la presente investigación fueron: 1) 
evaluar mediante procesos de modelación el impacto potencial del cambio climático para el periodo 2010-
2039 y 2) advertir sobre riesgos futuros a partir de la identificación de forzantes radiativos locales o áreas 
críticas, considerando el índice de aridez (IA) y erosión laminar del suelo causada por el viento (ELV) como 
dos indicadores de calidad ambiental. Se usaron técnicas de evaluación de los recursos naturales emplea-
das por el Instituto Nacional de Ecología y Cambio Climático (INECC) para los estudios de ordenamiento 
ecológico territorial. Los insumos empleados comprenden información climática actual y futura, cubiertas 
de suelos y propiedades edáficas asociadas al municipio de Gómez Palacio, Durango, México (25.886º N y 
103.476º W). Los cálculos realizados a partir de las anomalías para los promedios anuales de precipitación y 
temperatura indican que el territorio municipal en el escenario A2 podría tener un impacto promedio de 63% 
causado por la ELV, en tanto que el IA probablemente cambie su promedio histórico de 9.3 a 8.7; se estima 
que el impacto promedio sobre este índice en el futuro será de 0.53 ± 0.2. 

ABSTRACT

Modeling the deterioration of natural resources, especially water and soil that results from the global effects 
of climate change has become a powerful tool in the search for mitigation and adaptation measures. The 
objectives of this research were: (1) to model the potential impact of climate change for the period 2010-
2039, and (2) to offer advice about future risks based on local radiative forcing or critical areas and taking 
into account two indicators of environmental quality, the aridity index (AI) and laminar wind erosion (LWE). 
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Evaluation techniques for natural resources, similar to those applied by the Instituto Nacional de Ecología y 
Cambio Climático (National Institute of Ecology and Climate Change) were used for studies of ecological 
land use. The inputs include climate information (current and future), soil cover and edaphic properties 
related to the municipality of Gómez Palacio, Durango, Mexico (25.886º N, 103.476º W). According to 
calculations estimated from the anomalies for the mean annual rainfall and mean annual temperature, in a 
future climate change scenario, an average impact of approximately 63% would be caused by LWE, and the 
AI would change from its historical value of 9.3 to 8.7. It is estimated that the average impact on the AI in 
the future will be 0.53 ± 0.2.

Keywords: Climate scenarios, modeling, ecological zoning.

1.	 Introduction
In less than a decade, modeling climate processes 
to assess the deterioration of natural resources has 
become a powerful tool for determining trends, es-
pecially for water and soil (Yu, 2003; Rose, 2005; 
van Roosmalen et al., 2011). For example, van 
Roosmalen et al. (2011) used a model to determine 
future changes in the recharge of aquifers in a small 
(5459 km2) hydrological basin in Denmark. They 
employed a downscaling method with a resolution 
of 12 km2 from a regional climatic model (RCM) 
with a resolution of 40 km2 identified as HIRHAM4. 
That model was then nested into the General Climat-
ic Model (GCM) developed by the Hadley Centre. 

Recent studies warn about climate changes, partic-
ularly alterations in precipitation and temperature vari-
ables (Rivera et al., 2007; García-Páez and Cruz-Me-
dina 2009). For example, Magaña et al. (2003) and 
Magaña (2010) argue that under a scenario of global 
warming, the El Niño/Southern Oscillation (ENSO) 
cycle could be more frequent and intense, leading to 
longer drought periods at 25º N latitude, where the 
state of Durango is located.

These predictions are especially relevant in light 
of the increasing vulnerability of physical-biotic and 
socio-economic systems, particularly in the produc-
tion of staple crops such as maize in Mexico (Monter-
roso et al., 2011). Therefore, there is an urgent need 
to develop techniques that not only consider future 
climatic trends (PNUD, 2005) but also that match 
the information available to effectively assess the 
probability of local impacts. Such information can 
strengthen adaptation measures to climate change 
(SEMARNAT-INE, 2009).

Consequently, the objectives of this research were: 
(1) to model the potential impact of climate change 
for the period 2010-2039, and (2) to offer advice 
about future risks based on local radiative forcing or 

critical areas and taking into account two indicators 
of environmental quality, the aridity index (AI) and 
soil erosion.

2.	 Methodology
2.1 Study area, characteristics and location
Gómez Palacio is one of the 39 municipalities of 
the state of Durango. It has an area of 842.32 km2, 
and it is located (25.886 ºN, 103.476 ºW) in a geo-
graphical-ecological region known as the Bolsón 
de Mapimí. This region presents a climate gradient 
from south to north, ranging from dry (BSohw) to 
very dry (BWhw). The annual average temperature 
varies from 20 to 24 ºC, and the mean annual rain-
fall is approximately 200 mm (García, 2003). One 
of its salient characteristics is that approximately 
60% of the territory is used for agriculture with 
irrigation, as is favored by its topography (slope < 
1%); the remaining 40% corresponds to urban and 
rural (Fig. 1).

2.2 Study baseline and indicators of environmental 
quality (IQA)
The baseline or reference for this study were the con-
ditions of 2010, which serve as a basis for comparison 
to assess the impact of climate change on a 30-year 
(2010-2039) time horizon. The environmental char-
acteristics chosen as indicators were the laminar wind 
erosion (LWE) and AI, the first as the loss of soil due 
to the wind action on the soil surface, and the second 
as drought stress. Each is directly correlated with the 
changes under future scenarios for temperature and 
rainfall, as described by Magaña et al. (2012) for the 
northeast of Mexico.

2.3 IQA modeling and input data
The modeling of the IQA, LWE and AI was devel-
oped through two techniques: (1) for the LWE indica-
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tor, the loss of soil in t ha–1 yr–1 was estimated based 
on the methodology proposed by INE (1998) for 
studies of ecological-use zoning, and (2) AI was de-
termined by the De Martonne’s aridity index, which 
has been used by Mercado-Mancera et al. (2010) as 
an estimator of the aridity and desertification in arid 
land in northwestern Mexico.

The input for the baseline year modeling was 
the historical data set of weather from the Servicio 
Meteorológico Nacional (SMN, National Weather 

Service), as well as measurements related to the bi-
otic physical environment such as topography, soil 
and vegetation. Meanwhile, to assess the potential 
impact on the IQA by future scenarios (2010-2039), 
projections (metadata) for regional climate change 
of Mexico were downloaded (INE-SEMARNAT, 
2011). These data were generated by downscaling 
the results of the global circulation models (GCM) 
used in the Fourth Assessment Report of the IPCC 
in 2007 (IPCC, 2008).
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Fig. 1. Geographical location and topographic features of the municipality of Gómez Palacio, Durango, Mexico.
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2.4 Meaning and process for determining LWE
The LWE as an environmental quality index rep-
resents the magnitude (t ha–1 yr–1) of soil loss by wind, 
which theoretically is incorporated as an additional 
burden at different heights in the atmosphere. In the 
lower layer, the air carrying soil has direct effects on 
human health because it is the layer of air that people 
breathe. Such impacts can reach many kilometers 
from where it is produced, affecting both rural and 
urban areas.

Calculating the baseline LWE (for 2010) began 
with the determination of the dominant environmen-
tal factors in erosion, the action of water or wind. 
The values depend on indices related to edaphic 
properties (CATEX, Spanish acronym), use of soil 
(CAUSO, Spanish acronym), susceptibility of soil to 
erosion (CAERO, Spanish acronym) and topo-
graphical conditions (CATOP, Spanish acronym), 
which apply according to the predominant process 
in the erosion. 

The basis for the calculation of the erosion rates 
is in both cases (water or wind) related to the avail-
ability of humidity as a result of the presence of rain 
> 10 mm. Therefore, the mean annual rainfall (MAR) 
was determined to estimate the rain aggressiveness 
index (RAI) and wind aggressiveness index (WAI). 
Both indices depend on MAR, which determines 
the growth period (GROPE), defined as the number 
of days per year with availability of water and tem-
peratures conducive to the development of a crop. 
This GROPE index has been successfully used by 
Monterroso et al. (2011) in a recent study in which 
they assess the impact of climate change on rain-fed 
maize in Mexico (Fig. 2).

The first step of this process was to make zoning 
maps for the RAI and WAI, which were calculated 

using digitalization processes (interpolation, reclas-
sification and raster ⇆ vector) in ArcGis 10 (ESRI) 
according to the following equations:

GROPE = 0.2408 * (MAR) – 0.0000372 *
(MAR)2 – 33.1019	 (1)

RAI = 1.244 * (GROPE) – 14.7875	 (2)

WAI = 160.8252 – 0.7660 * (GROPE)	 (3)

There are three rules for determining the dominant 
factor in soil erosion: (1) if the value of the RAI is 
greater than 50 (> 50), it is considered a zone of in-
fluence for the study of water erosion; (2) if the value 
of the WAI is greater than 20 (> 20), it is considered 
a zone of influence for the study of wind erosion; and 
(3) if both factors reach the threshold values, then 
the magnitude of erosion is calculated separately, or 
without erosion.

In accordance with these decision rules, the ap-
plied analysis (Fig. 2) determined that laminar water 
erosion in not dominant in the town of Gómez Pala-
cio, so this part of the methodology only describes 
the procedure to determine the magnitude and distri-
bution of laminar soil erosion by wind. To calculate 
LWE in t ha–1 yr–1, the following equation was used:

LWE = WAI * CATEX * CAUSO	 (4)

2.5 Aridity index as a drought indicator 
De Martonne’s AI has been used to characterize 
climate and indicate drought (Mercado-Mancera et 
al., 2010). For this study, the following expression 
was applied:

Defining areas
by

type of erosion

RAI

GROPE

Water
erosion

Index
(>50)

Index
(>20)

Wind
erosion

Zoning
Maps

WAI

(Eq 2)

(Eq 1)

(Eq 3)

Fig. 2. Flowchart of zoning maps for the generation of aggressiveness indices 
for rain (RAI) and wind (WAI).



483Modeling the potential impact of climate change

AI = MAR
10 + MAT	 (5)

Where AI is the aridity index, which takes dimen-
sionless values between 0 and > 60; MAR is the mean 
annual rain from historical records and the A2 scenario; 
MAT is the mean annual temperature from historical 
records and the A2 scenario; and 10 is a constant value 
derived from De Martonne’s model (Table I).

2.6 Origin and management of climate data
Data from 13 weather stations (WS) were used: 12 
from the SMN and one from the Instituto Nacional 
de Investigaciones Forestales Agrícolas y Pecuarias 
(INIFAP, National Institute for Forestry, Agricultur-
al and Livestock Research), located at the northern 
region of the municipality. All of them fell within a 
radius of approximately 65 km. Four WS correspond 
to the state of Coahuila (WS ID numbers: 5006, 
5027, 5028 and 5029) and the other nine to the state 
of Durango. The metadata for the future scenarios 
are in this coverage as well (Fig. 3).

2.7 Indices related to edaphic properties and land 
use: CATEX and CAUSO
The estimated values of the indices CATEX and CAU-
SO for the municipality of Gómez Palacio were created 
by manipulating the attribute tables of vector data sets 
containing the CATEX index. The indices were calcu-
lated according to matching criteria between the type 
of soils used in Mexico by INEGI in the cartographic 

Table I. De Martonne’s aridity index. 

AI value Classification

0-5 Desert (hyperarid)
5-10 Semi-desert (arid)
10-20 Semiarid Mediterranean type
20-30 Subhumid
30-60 Wet
> 60 Perwet

Source: http://www.miliarium.com/prontuario/Medio-
Ambiente/Atmosfera/IndicesClima.htm#De_Martonne. 
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Fig. 3. Integration of selected WS-SMN and their geographical location.
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series I and II. Series I was elaborated based on the 
soils classification developed by FAO-UNESCO in 
1968 and modified by CETENAL in 1970 (Krasil-
nikov et al., 2013). Series II was based on the World 
Reference Base for Soils (FAO-ISRIC-ISSS, 1998). 
The soils of the municipality are almost entirely of 
calcareous origin, so we selected texture qualification 
and physical phase. The CAUSO index, associated 
with the distribution and abundance of vegetation, was 
estimated based on the identification of four vegetation 
groups, as well as the land dedicated to agricultural 
use and under irrigation (Table II).

2.8 Metadata for regionalized climate scenarios 
(2010-2039) to determine the LWE
To assess the climate changes, metadata were down-
loaded from the SEMARNAT-INE website (http://
zimbra.ine.gob.mx/escenarios/) corresponding to MAT 
and MAR for three future scenarios: A2, A1B and B1 
for the 2010-2039 period. In the original metadata, each 
one has a specific format; rain anomalies are in percent, 
and the temperature is in degrees Celsius (Table III).

The climatic future scenarios produced by 
Magaña and Caetano (2007), with anomalies for 
rain and temperature (shown in Table III), are the 
result of numerous experiments based on the 24 
GCM proposed by the IPCC. In fact, this work is the 
origin of GHG emission lines (IPCC, 2007) whose 
characteristics are as follows:

Scenario A1: Assumes a very rapid global eco-
nomic growth, up to doubling the world population 
by mid-century, and the rapid introduction of new and 
more efficient technologies. It is divided into three 
groups, which reflect three alternative directions for 
technological change: intensive fossil fuels (A1FI), 
non-fossil energy (A1T), and a balance between the 
various energy sources (A1B).

Scenario B1: Describes a convergent world with 
the same population as A1 but with a more rapid 

evolution of economic structures toward a service 
and information economy. 

Scenario A2: Describes a very heterogeneous 
world with strong population growth and both slow 
economic development and technological change.

2.9 Geostatistical analysis and assessing impact 
The impact analysis of future climate variability in 
rainfall and temperature began with the creation of 
a projected layer (shp), according to the locations (x, 
y) of the weather stations. The data were interpolated 
for each of the variables included in the study (zi), 
using an inverse distance-weighted (IDW) method 
in ArcMap 10 (ESRI), the same method used by 
Karaca (2012). The first product of this process was 
the creation of a raster layer adjusted to maximum 
and minimum extreme values. The second product 
was a change of the properties of the statistical and 
pixel raster image in tree classes for calculating the 
changes from historic or current data to the future 
scenarios. Next, we converted the classified raster 
image to a vector format, from which it was possible 
to determine the surface terms most impacted. 

3.	 Results and discussion
The WS data set shown above (Table III) was 

calculated for each variable; for the mean annual rain-
fall, percent anomalies were subtracted, and for the 
temperatures, the anomaly value was directly added. 
The percentage anomalies for both MAR and MAT 
were very similar among the three future scenarios 
described by Magaña and Caetano (2007), A2, A1B 
and B1. Therefore, this single study focused only on 
local impacts of the A2 scenario.

3.1 Analysis of the MAR impact 
The values in Table IV, which compares the projected 
MAR to the historic (HMAR), are consistent with 
the maximum (287.5 mm) and minimum rainfalls 

Table II. CATEX and CAUSO indexes.

CATEX TCPP C-INEGI, 2007 CAUSO Category and use

3.5 1 Coarse 0.70 C1, rainfed agriculture
1.75 2 Medium 0.20 C2, irrigated agriculture
1.85 3 Fine 0.15 C3, scrubland
0.87 SPB PPG 0.30 C4, grassland

TCPP: Textural class and physical phase; SPB: Stony phase or burdensome; 
C-INEGI, 2007: Textural class according to INEGI, 2007.
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(202.9 mm) in the 13 WS included in the present 
study. For the future scenario A2 (MARScA2), which is 
given by subtracting the average negative anomalies, 
the lower limit (196.4 mm) is more affected, with a 
likely decrease of 6.5 mm per year.

Compared to HMAR, in the MARScA2, the impact 
of such anomalies on the spatial distribution of the 
gradient in annual rainfall from west to east (Fig. 4b) 
is to decrease MAR for both the lower and upper 
ranges, at 6.5 and 9 mm, respectively, which equals 
an average impact of 3.16% (Table IV).

To complement the analysis of the changes in MAR 
from HMAR to 2039 (the A2 scenario), an additional 
digital process was performed over the “raster” images 
that represent the distribution of the HMAR with the 
objective of comparing similar ranges. Data for each 
time period was reclassified into three categories, and 
the involved surfaces were calculated (Fig. 4c). 

We then compared the historical number of pixels 
and the surface area in each category to the projected 
scenario. Pixels from each period were divided into 
three classes (a1, a2, and a3 for HMAR and b1, b2, 
and b3 for MARScA2). The lowest category included 
lower values in MARScA2. From HMAR to A2, 52% 
of the surface shifted from class 1 to 2, and between 
class a3 and b3, the surface lowered 17.73%. In sce-
nario A2, the class with the lowest values for MAR 
(196.4-237.6) the surface area increased 8.20%, 
while the surface of the class with the highest values 
(259.7-278.2) decreased (17.73%), changing from 
39 887 to 24 955 ha. It is also important to mention 
the following:

The average MAR decreased 11.2 mm, to move 
from 248.5 to 237.3 mm annually between historical 
values and the future (Fig. 4c). 

In the above-mentioned class with the highest 
values (259.7-278.2), the affected area extends from 

the eastern boundary with the municipality of Mat-
amoros, Coahuila, to the north by Tlahualilo, to the 
western boundary near Arcinas and Pastor Rovaix, 
and to the north near Lucero and Banco Nacional 
(Fig. 4b).

There is a concentration of pixels in the lower 
range in scenario A2 (b3), which magnifies the im-
pact. Although the mean difference between a3 and 
b3 is 8.9 mm, the impact is much greater because of 
the number of values concentrated towards the lower 
limit of that range (Fig. 4d).

Finally, it is important to note the anomalies 
affecting two WS: Cañon de Fernández (Id. 10004) 
and Pedriceña (Id. 10055). At these stations, runoff of 
surface water begins to feed the reservoirs (Francisco 
Zarco dam), and the agricultural irrigation of Gómez 
Palacio depends on this runoff. In absolute terms, the 
MAR could exceed the average for the three scenar-
ios; i.e., the consequence of this declination index is 
approximately 4%.

3.2 Calculation and zoning of the GROPE
The GROPE is an index that was calculated based on 
Eq. (1), where the independent variable is the MAR. 
Therefore, it compares anomalies in average annual 
rainfall in historical and the future scenario A2. We 
compared HGROPE to GROPEScA2. The HGROPE 
index fell by an average of 7.18% in the future A2 
scenario (GROPEScA2). In addition, the boundaries 
of the ranges change between the historic values 
(14.2-32.9) and the GROPEScA2 (12.8-31.1), as shown 
in Table V.

Based on the relationship that exists between the 
MAR and GROPE index, we would expect the MAR 
to be affected to the same extent, although it is not 
easy to determine the magnitude of the impacts of this 
signal in the limits of the range considered. To clarify 

Table IV. The relative impact (RI) on MAR in the future scenario A2.  

Range

MAR Impact 

Historic 
(HMAR)

Scenario
A2 (MARScA2)

ACh
(HMAR – MARScA2) RI

%
mm 

Lower 202.9 196.4 6.5 3.2
Upper 287.5 278.5 9 3.13
Average 245.2 237.4 7.75 3.16

MAR: Mean annual rainfall; ACh: Absolute change; RI%: (ACh/HMAR)*100.
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Class  Range
mm
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ha 
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this in terms of the impact at the surface level (Fig. 5) 
that would be affected, the GROPE index images 
were also reclassified into three classes (Fig. 5c) 
and compared. 

First, between classes a1 and b1, there is a project-
ed increase of 6937 ha, equivalent to 8.23%, which 
would imply an extension of 2.7 km from east to west. 
This extension would occur from Esmeralda, where 
currently the HGROPE is located, to the west in the 
vicinity of Pastor Rovaix and Consuelo. Second, be-
tween classes a2 and b2, there is a projected increase 
of 7676 ha, equivalent to 9.11%, which would imply 
an extension of approximately 5 km from east to 
west. This extension would occur from La Popular, 
which is currently HGROPE, to the west near to El 
Cairo, Estación Noé, La Plata and Bucareli. Third, 
there is a double impact in the shift between classes 
a3 and b3. The GROPE index would have a reduction 
of two units from the HGROPE (26.8-32.9) to the 
GROPEScA2 (26.8-31.1), and the index also has lower 
maximum values in class b3 (Fig. 5d).

3.3 Calculation and zoning of the WAI 
As in the previous cases, the WAI could be affected 
in the future A2 scenario (WAIScA2) because of the 
way the MAR is affected, although the relationship 
is more direct for GROPE as described in the meth-
odology (Eq. 1). WAI could therefore be impacted 
in climate scenario A2 for the territory of Gómez 
Palacio by an average reduction of 1% and a change 
in the range of values from historical levels (135.5-
149.9) to the A2 scenario (137-151.05), as shown in 
Table VI.

The spatial distribution of the WAI is presented in 
Figure 6. One salient change is the growth between 
classes a2 and b2, which is estimated to affect a 
total of 33 218 ha, derived from an increase of 10% 
between HWAI and WAIScA2 (Fig. 6c). This increase 

includes the area known as Perímetro Lavín, where 
the following stations are located: El Cairo, Com-
petencia, Noé, Dolores, Numancia and Britingham 
(Fig. 6b).

3.4 Calculation and zoning of the CAUSO index
The CAUSO is an index defined by current land use 
(Table II), and the determination of the surfaces that 
will be occupied by urban nuclei on a horizon of 
approximately 30 years (2010-2039) was based on 
the programa de desarrollo urbano (PDU, program 
of urban development) of the municipality of Gómez 
Palacio (SEMARNAT, 2012). The distribution of the 
CAUSO index is shown in Figure 7, where future im-
pacts can be assumed because of the drastic changes 
in categories C3 and C4. For the first category, there 
is a probable decrease in scrubland located in the 
western part of the municipality near Poanas, Dina-
mita and San Martín. The extent would fall from the 
19 793.5 ha (26.9%) currently estimated to 8675.5 
ha (12.2%) by 2035. For the second category, there 
is an estimated increase in the vegetation associated 
with sandy deserts (Halophyte) in the north of the 
municipality, which would grow from 4473.1 ha 
(6.1%) to 15 390.1 ha (21.7%) (Fig. 7c).

3.5 Estimation and zoning of the LWE rate 
The rate of LWE not only represents the quantity of 
soil loss per year but is also a way to evaluate envi-
ronmental loss. To determine the LWE rate, a digital 
process was conducted based on algebra maps using 
matrix operations and between digital layers (raster) 
using Eq. (4). The inputs described above in the 
context of the A2 scenario were used, as in CAUSO 
and WAI, with the exception of the edaphic index 
(CATEX). Edaphic characters such as the texture and 
the physical phase (stoniness factor) are changes not 
easily predictable in a short period of time.

Table V. Impact analysis in the GROPE index as a result in the MAR changes.

Range limit 
GROPE Impact

Historic
HGROPE

Scenario A2
GROPEScA2

ACh
(HGROPE - GROPEScA2)

RI% 

Lower 14.2 12.7 1.5 10.46
Higher 32.9 31.1 1.8 5.76
Average 23.6 21.9 1.7 7.18

RI% = (ACh/HGROPE)*100.
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Class  Range
(index)
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Table VI. Impact analysis of the WAI as a consequence of the GROPE changes 
on the municipality of Gómez Palacio.

Range limit
WAI Impact 

Historic
(HWAI)

Scenario A2
(WAIScA2)

ACh
(HWAI –WAIScA2)

RI%

Lower 135.5 137.0 1.50 1.12
Higher 149.9 151.05 1.15 0.77
Average 142.7 144.12 1.42 1.00

RI% = (ACh/HGROPE)*100.

The results indicate an average impact on the 
order of 63.06%, derived from a change in the range 
in the historical laminar wind erosion (HLWE) rate 
from 36-106 to 36-151.4 t ha–1 yr–1 in the future for 
the A2 scenario (LWEScA2), as shown in Figure 8c. 

A more detailed analysis of the impact associat-
ed with the increased susceptibility of soils to wind 
erosion and by a lower availability of moisture 
because of the lower MARScA2 indicates that this 
effect might be great and could influence nearly 
one third of the municipality (Fig. 8d). The spatial 
distribution of the three classes of erosion is shown 
in Figure 8b.

3.6 Analysis of the variables related to the aridity 
index
In addition to the calculation for LWE, as shown 
above, the aridity index provides a good complement 
to determine the magnitude of probable impacts for 
decreasing MAR and increasing MAT. AI has been 
examined in the three climate scenarios analyzed 
for the north and northeast of Mexico (Magaña and 
Caetano, 2007; Magaña et al., 2012).

3.7 Changes in mean annual temperature
According to the climate scenarios in the report of the 
IPCC (2007), the mean temperature in the northern 
hemisphere during the second half of the 20th cen-
tury was likely higher than any other 50 year period 
in the last 500, and most likely the highest over the 
past 1300 years.

According to the IPCC report (2007), significant 
changes were observed in the data for physical 
(snow, ice and frozen ground; hydrology; and coast-
al processes) and biological systems (land, marine 
and freshwater biological systems), and there was 
great variation in the air surface temperature during 
the period 1970-2004. The temperature changed on 

the order of 1 to 2 ºC within 200 km to the north of 
the Tropic of Cancer (23.5º N). This increase will 
affect almost all of the municipality, but especially 
the northern area, where Seis de Octubre and Arturo 
Martínez Adame are located.

Temperature and rain are obviously fundamental 
variables in the analysis of the deterioration of natural 
resources. Both are processed for the historic data set 
and later were calculated since the anomalies. The re-
sults in Table III suggest that the temperature change 
estimated by HMAT would be from 21 to 21.8 ºC 
in the future A2 scenario (MATScA2).

3.8 Changes in the aridity index 
Given the relationship the De Martonne model (Eq. 
5) establishes for MAR and MAT, as mentioned 
above, a decrease of rain will accompany an increase 
in temperature. In a future scenario there may be en-
vironmental deterioration manifested by an increase 
in aridity and prolonged drought as reported previ-
ously for North America and particularly for Mexico 
(Frederick and Gleick, 2001; UACH-CONAZA- 
SEDESOL-SAGARPA, 2004; IPCC, 2008).

According to the calculations made from anom-
alies already described for the MAR and the MAT 
(Table III), the aridity index in the municipality of 
Gómez Palacio would change from the historic values 
(HAI) of 9.3 to 8.7 in the future scenario A2 (AIScA2). 
It is estimated that the average impact on this index 
in the future could be –0.53 ± 0.2 (Table VII).

The estimated impact, in terms of surface area 
for the AI, indicated that the municipality of Gómez 
Palacio would most likely become more sensitive due 
to the tendency toward a hyper-arid condition, and 
reach index values in the range of 0 to 5, as already 
specified above (Table I). The impact in this case 
could cover an area of 13 072 ha, equivalent to the 
15.52% of the municipal territory (Fig. 9c).
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It is also important to mention that in addition to 
the reduction in the range of index values from his-
torical levels (6.5-9.62) to the future scenario AIScA2 
(6.11-9.17), the average of this index changed from 
8.06 to 7.64. Additionally, there is greater aridity 
in the highest class, as seen in the density of pixels 
between the two cases (Fig. 9d).

3.9 Environmental quality analysis and probable 
impacts 
Environmental quality is a term that relates to certain 
conditions of “comfort” for people and natural envi-
ronments or biological systems. The critical elements 

are the availability of fresh water, air quality and 
temperature (Karaca, 2012; Kuo-Jen et al., 2012). 
The water in the form of rain becomes important 
in regulating temperature and its relationship with 
extreme events, such as drought and dust storms, 
among others (Sun et al., 2003; Batjargal et al., 2006; 
Zhang et al., 2012).

Arid and semiarid regions will likely experience 
an increase in temperature and decrease in rain (Rive-
ra et al., 2007; García-Páez and Cruz-Medina, 2009; 
Magaña et al., 2012), especially for latitudes similar 
to the Bolsón de Mapimí, the area where Gómez 
Palacio is located.
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Although this study used an average temperature 
increase of less than < 1 ºC and a rainfall decline of 
approximately 3%, the changes may be larger. For 
example, Magaña et al. (2012) remarked that for the 
north of Mexico in the future A2 scenario, the aver-
age temperature towards the end of the 21st century 
could increase from 3.5 ºC (± 0.6), with extremes for 
the drier months (March, April and May) up to 7 ºC, 
while rainfall could decline by up to 5%.

This decrease in humidity, as shown in Figure 8, 
could not only negatively impact the rates of soil 
erosion, with probable losses in the future scenario 
A2 of up to 151.4 t ha–1 yr–1, but could also result 
in changes in the systems of biological feedback 
(Breshears et al., 2003; Harper et al., 2010), a crisis 

of freshwater availability and negative effects on 
the air quality due to a drastic increase in suspend-
ed particles. This change is potentially harmful to 
people´s health (Razo et al., 2004; Rashki et al., 
2011) and could affect the albedo at the level of the 
surface of the Earth and the atmosphere (Batjargal et 
al., 2006; Hak-Sung et al., 2011). Figure 10 shows 
an aerial view of Gómez Palacio municipality and 
an example of qualitative laminar wind erosion.

The rate of laminar wind erosion was 151.4 t ha–1 
yr–1, equivalent to the removal and transport of a soil 
layer between 12.6 and 13.7 mm thick. If the soil is 
medium textured over the entire area of study, this 
amount is between 1100 and 1200 kg m–3, which 
implies a potential loss of approximately 0.4 m in 
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Fig. 8. Spatial distribution of HLWE (a) and LWEScA2 (b); impact analysis based on surface and relative importance 
(c); impact analysis based on surface LWE by ranges and relative classes (d).
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30 years. For this type of soil, these values exceed 
the rates of soil loss tolerance (5-12 t ha–1 yr–1) pro-
posed by the United States Department of Agriculture 
(USDA) (Montgomery, 2007).

An example of changes in the biological feedback 
is that the removal of the soil directly affects the role 
of nitrogen (N). N determines plant productivity, and 
in arid environments, the soil frequently presents large 
accumulations of calcium carbonate that push the soil 
pH to a range of 7 to 8. At this pH, phosphorus (P) is 
in complex forms and not available (Munson et al., 
2011; Schlesinger et al., 2011), a set of conditions that 
matches the selection criteria of the parameters for the 
CATEX index that was described in the methodolo-
gy. In response to a deficiency of N and P, Larrea 
tridentata shows the highest levels of efficient use of 
nutrients that have been found in woody plants.

4.	 Conclusions
The models for the LWE and the AI suggest that 
in the immediate future (2010-2039) the climatic 
conditions of the area of study and its surroundings 
will deteriorate and could lead to a steady decline 
of environmental quality and health. There are two 

important implications of this study. First, the mod-
els can serve to warn people of the risks to human 
and natural environments from extreme conditions 
such as droughts and dust storms. Secondly, it is 
possible to identify local changes in use of the soil 
and deforestation.

Finally, it is important to mention that the mag-
nitude and distribution of the impact on the territory 
are relevant to planning the management of natural 
resources. This research should be taken into account 
in decision-making about preventing impacts on 
natural resources now and in the future.
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Table VII. Estimation of changes in the AI from the historic (HAI) to future A2 scenario (AIScA2) in Gómez 
Palacio.

WS Id. Name
WS-SMN

Coordinates Aridity Index 

Long. Lat. HAI AIScA2 ACh

Degrees Index

5006 Col. Torreón Jardín 103.400 25.533 8.0 7.6 0.41
5027 Presa Cuije 103.300 25.700 6.1 5.7 0.36
5028 Presa Guadalupe 103.230 25.767 6.5 6.1 0.38
5029 Presa La Flor 103.350 25.083 9.1 8.6 0.47
10004 Cañón de Fernández 103.750 25.283 10.0 9.3 0.65
10009 Cd. Lerdo (SMN) 103.520 25.533 9.2 8.7 0.52
10045 Mapimí (km 29) 103.850 25.817 10.9 10.3 0.62
10055 Pedriceña 103.750 25.083 13.6 12.7 0.91
10108 Cd. Lerdo (DGE) 103.370 25.500 8.7 8.3 0.45
10140 La Cadena 104.167 25.533 8.8 8.2 0.56
10049 Nazas 104.117 25.233 11.5 10.9 0.64
10085 Tlahualilo 103.483 26.168 8.7 8.3 0.38
NOR CENID-RASPA 103.476 25.886 6.9 6.5 0.4

Aver. 9.3 8.7 0.53
Stddev 2.1 2.0 0.20

ACh: Absolute change on aridity index (HAI – AIScA2); the value of the historic temperature (bold) for the 
WS-SMN 5006 was averaged using the values from the nearest neighborhood; Aver.: Average; Stddev: 
Standard deviation; NOR: Not officially registered in the WS-SMN.



495Modeling the potential impact of climate change
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Fig. 9. Spatial distribution of HAI (a) and AIScA2 (b); impact analysis based on surface and relative importance 
(c); impact analysis based on surface AI by ranges and relative classes (d).
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Fig, 10. Current aerial view at different scales of the superficial area of Gómez Palacio and a close-up 
to the high critical zone of laminar wind erosion.

Scrubland  & agricultural
irrigation.

Scale 500 m

Scrubland  
Scale 500 m

Municipal limit
Scale 22.9 km
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