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Background and objective: The global average surface temperature increased
by about 0.6°C, and the global sea level increased by 15 to 20 cm during the last
century. As the temperature rise, crops and forests will experience failure. In Baja
California, Mexico, there is no systematic evaluation of the spatial variability of
future temperature and precipitation. The aim of this research was to identify how

the precipitation and temperature will change in the basins according to the
Intergovernmental Panel on Climate Change climate projections.

Materials and methods: We used the MPI ECHAMS5 model scenarios A2
(pessimistic) and B2 (optimistic) of total annual precipitation (TAP) and mean
annual temperature (MAT) for 2030 and 2050; we also used the HADGEM1
model, (scenarios A2 and B2) of TAP and MAT (2030-2050). All procedures
were carried out in a geographic information system.

Results and conclusion: We evaluate for the first time which basins at the
peninsula will be more affected by changes in TAP and MAP. The relative
increase of MAT per basin depicted a trend north to south. The highest values
reach 6.0° to 6.5°, the minimum values are around 2.0°. The reduction of TAP
will be 21 mm from the baseline to 2030. The model also depicted an increase in
TAP in the south of the peninsula (12-40 mm). The northern basins will suffer
by reduction of water availability, especially for agriculture activities. The
southern basins could be affected more by flooding and landslides.

Keywords:
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Future climate patterns, (fifth-
generation atmospheric general
circulation model) MPI
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Global Environment Model
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1. Introduction

Climate change refers to a statistically significant variation in either the mean state of the climate or in
its variability, which persists for a prolonged period, typically decades or longer (Borgatti and Soldati,
2010). Also implies Climate change an increase in the frequency and intensity of extreme temperature
and precipitation events at any time of the year, regardless of the season. Climate change on Earth can
be caused by natural internal processes or external forces, as well as persistent anthropogenic
perturbation of the atmosphere composition or of land use (Borgatti and Soldati, 2010; He et al. 2020;
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He et al. 2021). Climate change effects will probably have an impact on the ecological features and
biotic assemblages of terrestrial and aquatic environments, including coastal wetlands (Gillanders,
2011).

Climate change not only affects the hydrological, biological, and ecological system, but also affects the
economy, life, consequently the future climate change effect the sustainable development of regional,
national, and global scale. Climate change will change the present situation of the hydrologic cycle and
cause the redistribution of water resources in time and space, therefore will have a direct effect on the
evaporation, runoff, the soil moisture and so on. At the same time, the water resources system changes
will affect the local climate and will exacerbate climate change in a certain extent (Nan, 2011).

In recent years, the consensus of natural scientists on the human-induced nature of climate change has
become stronger as more evidence on the issue has accumulated (Giang, 2014). Climate change, since
the last century, has accelerated because of the increase in greenhouse gases related to human activities
(Solomon et al, 2007; National Research Council, 2008). It is well recognized that during the 20th
century the global average surface temperature increased by about 0.6°C and global sea level increased
by about 15 to 20 cm, while global precipitation over land increased about 2% percent during this same
period (IPCC, 2007).

According to the Intergovernmental Panel on Climate Change (IPCC) Assessment Report 4 (AR4)
projections, the global average temperature will rise another 1.1 to 5.4°C by 2100, depending on how
much the atmospheric concentrations of greenhouse gases increase during this time. This temperature
rise will result in continued increases in sea level and overall rainfall, changes in rainfall patterns and
timing (CECC, 2008). While all nations will be affected by global warming, some areas will suffer more
than others, and some areas might even benefit from climate change.

In general, as temperature continues to rise, crops will begin to experience fail, especially if climate
variability increases and precipitation decreases (or becomes even more variable). The regional variation
in warming and changes in rainfall will also affect spatial and temporal distribution of plant disease
(Hauser et al., 2007).

Freshwater resources in semiarid and arid areas, like the peninsula of Baja California, are particularly
vulnerable to the impacts of climate change (Kundzewicz et al., 2017). Regions with higher water
temperatures, increased precipitation intensity, and longer periods of low flows are expected to suffer
from many forms of water pollution, including sediments, nutrients, dissolved organic carbon,
pathogens, pesticides, salt, and thermal pollution (Bates et al., 2008)

In Mexico, few key studies have been carried out since the beginning of the decade. Reference (L6pez
Granados et al., 2013) indicated that the models for the laminar wind erosion and the aridity index
suggest that in the immediate future (2010-2039) the climatic conditions of the area of Bolson de
Mapimi, northern México, and its surroundings will deteriorate and could lead to a steady decline. The
paper from (Gomez et al., 2011) analyzed the impacts of climate change in the potential distribution of
16 forest species based inside the Mexican Republic’s temperate, tropical, and semiarid zones. They
identified that the English (HADGEM-01) model establishes the least favorable conditions for most
species, whereas the German model (MPI-ECHAM-5) and the American model (GFDL-CM-2.0), based
on the estimated impacts, present similar values —the impact being slightly inferior in the latter. Sanchez-
Torres et al. (2011) evaluated the water resources to climate change scenarios in Tamaulipas,
northeastern México. They identified that that climate change scenarios have the most negative impact
on water availability in the agricultural sector; the results also, suggest that water concessions, irrigation
districts, and hydraulic infrastructure in the river basin need to be reconsidered and updated to assure
water availability to all its users.

Nevertheless, in Baja California, there is no systematic evaluation of the spatial variability of changes
in temperature and precipitation based on the (IPCC) projections, although according to the Baja
California Climate Change Action Program report (PEACC, 2012), is particularly vulnerable to climate
change. The PEACC (2012) indicated that the region is expected to diminish its annual average
precipitation in a range of 10-20%, while its temperature is projected to rise from 1.5°C to 2.5°C in the
next 50 years. Because of this, the following research questions are yet to be answered: which areas
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(basins) will more likely be affected by climate change within the peninsula of Baja California? What
are the patterns of increased temperature? And what about the patterns of future precipitation? The main
aim of this research was to identify how the precipitation and temperature will change in the basins
according to the IPCC climate scenario.

2. Materials and methods
2.1. Study area

Baja California is the second longest and most geographically isolated peninsula in the world. The
peninsula originally was connected to the west coast of mainland Mexico but became pulled away by
differential movements of the Pacific and North American plates since 4 to 5 million years, it has drifted
approximately 300 km to the northwest along what has become known as the San Andreas Fault
(Grismer, 2010).

The peninsula of Baja California extends around 1300 km, from the northern border of México and the
United States (32° 30" N) to Los Cabo San Lucas (22° 30" N). The peninsula is surrounded by the Pacific
Ocean (west) and the Gulf of California or Sea of Cortez (east). The width varies from 30 km (nearby
La Paz) to 240 km (United States-Mexico border), covering a surface area of 144,400 km2 (Figure 1).
The peninsula is basically formed by crystalline rocks from the Cretaceous and Pre-Cretaceous eras
(Peinado Lorca et al., 1990). The main geologic structure forms a ridge that runs from the northwest to
the southeast. Northwest Mexico is in a climatic transition zone (tropical and subtropical). Many factors
influence the climate in this area, including the cool waters of the California Current (moving from the
polar region toward Ecuador), the warm Gulf of California, and the Pacific tropical current. The
predominant climate type is very dry, dry, and temperate in small elevated northern areas (Garcia, 2014).
According to INEGI (2014), predominant soil groups are Regosols, Calcisol, and Leptosols. Land cover
and land use are characterized by several types of shrubs, chaparral, and pine forest, oak forest, and
tropical dry forest (Rzedowski, 1998; INEGI, 2006). In the peninsula, there are approximately 410 km2
of grape plantations, which represent 90% of the national wine production. In the few last years, the
surface of grapes plantation has increased with an annual rate of 5%.
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Fig. 1 — Study area.
2.2. Basins

The basins' distribution database was downloaded from the Comision Nacional para el Conocimiento y
Uso de la Biodiversidad (CONABIO), which were delineated by the Comision Nacional del Agua
(CONAGUA) for the whole country at scale 1:250 000 (CNA, 1998). There are 19 basins in Baja
California (Table 1).
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Table 1. The basins of Baja California and its area surface

ID Basins Basins Name Surface (Ha)
1 Arroyo Tijuana-Arroyo de Maneadero 1,148,800
2 Bacanora-Mejorada 743,400

3 Arroyo Las Animas-Arroyo Santo Domingo 1,433,400
4 Lago Salado-Arroyo del Diablo 961,900

5 Rio Colorado 251,300

6 Arroyo Escopeta-Canal San Fernando 1,186,300
7 Arroyo Agua Dulce-Sta. Clara 973,100

8 Arroyo Santa Catarina-Arroyo Rosarito 1,453,800
9 Arroyo Camalajue y otros 535,100
10 San Miguel-Arroyo del Vigia 2,744,500
11 Arroyo Sta. Isabel y otros 513,100
12 Lago San Ignacio-Arroyo San Raymundo 1,377,600
12 Arroyo Paterna-Arroyo Mulegi 617,700
14 Arroyo Mezquital-Arroyo Comondo 672,600
15 Arroyo Frijol-Arroyo San Bruno 319,100
16 Arroyo Venancio-Arroyo Salado 2,006,400
17 Isla Coronados-Bahia La Paz 202,800
18 Arroyo Caracol-Arroyo Candelaria 1,184,300
19 La Paz-Cabo San Lucas 726,300

2.3. Digital elevation models and climate change scenario

The climate change scenarios used in this research were developed by the fourth assessment report of
the Intergovernmental Panel on Climate Change (IPCC, 2007), those feature of spatial databases of
climatic variables available at http://atlasclimatico.unam.mx/atlas/kml/ in GeoTIFF format. Spatial
databases are based on the implemented models by Hijmans et al. (2005) and the global circulations
models emission scenarios by IPCC (2007) for Mexico and Central America (Model for the Assessment
of Greenhouse-gas Induced Climate Change. A Regional Climate Scenario Generator. Version 5.3.v2).

The scenarios of climatic change scenarios per year were analyzed by comparison. We used the MPI
ECHAMS and HADGEML1 models, which have better performance at a global level and for the region
of México than all other models (Conde et al., 2011). MPI ECHAMS is a general circulation model
(GCM) developed by the Max Planck Institute for Meteorology, it is more portable and flexible (it is
now written in the programming language Fortran 95), and because of both major and minor changes to
the different parts of code that it uses, it produces a significantly different simulated climate (Roeckner
et al., 2003). We choose scenarios A2 (pessimistic) and B2 (optimistic) for total annual precipitation
(TAP) and mean annual temperature (MAT) for 2030 and 2050.

HADGEM1 model is a coupled climate model developed at the Met Office’s Hadley Centre;
HADGEML1 is intended as a platform for incorporating components of the environmental system other
than just physical climate (Martin et al., 2006). We choose scenarios A2 (pessimistic) and B2 (optimistic)
of TAP and MAT for 1930 and 1950 (Table 2). Additionally, we used the climatic baseline of TAP and
MAT, based on data from 1950 to 2000 (Fernandez Aguiarte et al., 2014; Monterroso et al., 2014). All
the models have a 926 x 926 m resolution by pixel (Fernandez Eguiarte et al., 2014). The original
databalsesbhave a monthly temporal resolution, since we aggregate the data at annual resolution, using
map algebra.

60


http://atlasclimatico.unam.mx/atlas/kml/
http://www.cgd.ucar.edu/cas/wigley/magicc/
http://www.cgd.ucar.edu/cas/wigley/magicc/

T. Carlén-Allende et al. Journal of Nature and Spatial Sciences (2021) 1(2), 56-74

Table 2. Change models for TAP and MAT; total annual precipitation (TAP); mean annual temperature (MAT)

Number Change models Variable
1 Climatic base line vs HADGEM1 A2 2030 TAP
2 Climatic base line vs HADGEM1 A2 2030 MAT
3 Climatic base line vs HADGEM1 B2 2030 TAP
4 Climatic base line vs HADGEM1 B2 2030 MAT
5 Climatic base line vs MPIECHAMS5 A2 2030 TAP
6 Climatic base line vs MPIECHAM5 A2 2030 MAT
7 Climatic base line vs MPIECHAMS5 B2 2030 TAP
8 Climatic base line vs MPIECHAMS5 B2 2030 MAT
9 HADGEM1 A2 2030 vs HADGEM1 A2 2050 TAP
10 HADGEM1 A2 2030 vs HADGEM1 A2 2050 MAT
11 HADGEM1 B2 2030 vs HADGEM1 B2 2050 TAP
12 HADGEM1 B2 2030 vs HADGEM1 B2 2050 MAT
13 MPIECHAMS5 A2 2030 vs MPIECHAM5 A2 2050 TAP
14 MPIECHAMS5 A2 2030 vs MPIECHAM5 A2 2050 MAT
15 MPIECHAMS5 A2 2030 vs MPIECHAMS B2 2050 TAP
16 MPIECHAMS5 A2 2030 vs MPIECHAMS B2 2050 MAT

2.4. Spatial data bases projection

All the spatial databases were projected to the Geodetic System (GCS_WGS1984) with Datum WGS
1984 (Snyder, 1998; Grafarend, 2014), by standardizing the coordinate systems of climatic change
scenarlos, baseline climatology, digital elevation model, and water divides.

The flow diagram of the methodological approach applied in this research is depicted in Figure 2. The
first analysis consisted of comparing the values of TAP and MAT from MPI ECHAMS5 and HADGEM1
modells, vt\)/ith scenarios A2 and B2 by, for a couple of years (base line-2030 and 2030-2050) by using
map algebra.

Later the maps of changes from each model and scenario were overlaid to water divides using Boolean
logic operations, which allow us to recognize the interactions among the thematic databases (Shekhar,
2007). We then calculated a weighted change by the surface area of precipitation and temperature by
basins using map algebra according to Longley (Longley, 2005). All procedures were carried out in
,(Arct()BIIS )ver. 9.3 (ESRI, 2011). In synthesis, we evaluate changes of MAT and TAP in eight periods
Table 2).
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Fig. 2. Flow diagram of methodological approach applied in this research

3. Results

This section presents the results for temperature and precipitation changes from different models and
scenarios, as well as the period of change of MAT and TAP aggregated by basins.

3.1. Temperature change at basin level

According to Figures 3 to 6, the Models HADGEM1 and MPI ECHAMS scenarios A2 and B2, some
areas of the basins will have the highest increase in temperature: those are in the north of the peninsula.
The increase will reach 12°C between 2000 and 2030 and 9°C between 2030 and 2050. In general, the
basins that will experience a lower increase in temperature are in the south of the peninsula. The patterns
depicted by both models and scenarios are similar. The mean increase by basin is presented in Figures 7
and 8. The relative increase per basin depicted a clear trend north to south, with the highest values
reaching 6.0° to 6.5° the minimum values are around 2.0°. The increase is larger during the first period
(2000-2030) in comparison with the increase observed in the second period 2030-2050. Only the changes
in 2030-2050, according to MPI ECHAMS scenario B2 the area depicted a slight increase in temperature
from north to south; this pattern is a little reliable.
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Changes on mean anual temperature vs HADGEM1 A2 near scenario (30 years) Changes on model HADGEM1_A2 on the period of 2030 to 2050
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Fig. 3 - Spatial changes in mean annual temperature according to the Model HADGEM1 scenario A2.

Changes on mean anual temperature vs HADGEM1 B2 near scenario (30 years) Changes on model HADGEM1_B2 on the period of 2030 to 2050
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Fig. 4 - Spatial changes in mean annual temperature according to the Model HADGEML1 scenario B2.
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Changes on mean anual temperature vs MPIECHAMS A2 near scenario (30 years) Changes on model MPIECHAMS_A2 on the period of 2030 to 2050
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Fig. 5 - Spatial changes in mean annual temperature according to the Model MPI ECHAMDS scenario A2.

Changes on mean anual temperature vs MPIECHAMS B2 near scenario (30 years) Changes on model MPIECHAMS_B2 on the period of 2030 to 2050
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Fig. 6 - Spatial changes in mean annual temperature according to the Model MPIECHAMS5 scenario B2.
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Fig. 7 - Trends in changes of mean annual temperature according to HADGEM1 model by basins.
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Fig. 8 - Trends in changes of mean annual temperature according with MPI ECHAMS5 model.

3.2. Precipitation change at basin level

The results from the HADGEM1 model indicated that the main reduction in precipitation will happen in
the northern part of the peninsula; the center area will also have a smaller reduction (Figures 9 and 10).
The precipitation will decrease in some areas until -21 mm for the baseline to the 2030 period and -37
mm for the 2030 to 2050 period; for a relative decrease from -7 to -18 mm (Figure 11). This model also

depicted an increase in precipitation in the south of the peninsula, which can reach 12 to 40 mm of TAP;
the southern basin can increase as much as 14 mm (Figure 11).
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Changes on mean anual vs HADGEM1_A2 near scenario (30 years) Changes on model HADGEM1_A2 on the period of 2030 to 2050
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Fig. 9 - Spatial changes in total annual precipitation according to the Model HADGEML1 scenario A2.
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Fig. 10 - Spatial changes in total annual precipitation according to the Model HADGEML1 scenario B2.
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Fig. 11 - Trends in total annual precipitation according to the HADGEM1 model by basin.

According to the output of the MPI ECHAMS5 model, the spatial pattern shows that more basins will be
affected by a reduction of precipitation (Figure 12 and 13), furthermore, the reduction of precipitation
will be higher than is depicted from the previous model both for the base line to 2030 and 20130 to 2050
(Figure 14), especially if we consider scenario A2.
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Fig. 12 - Spatial changes in total annual precipitation according to the Model MPI ECHAMS scenario A2.
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Changes on mean anual precip vs model MPIECHAMS_B2 near (30 years) Changes on model MPIECHAMS_B2 on the period of 2030 to 2050
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Fig. 13 - Spatial changes in total annual precipitation according to the Model MPI ECHAMS5 scenario B2.
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Fig. 14 - Trends in total annual precipitation according to the MPI ECHAMPS5 model by basin.

4. Discussion
It is recognized that impacts of climate change may have strong implications in a semiarid region where

water resources are already under strong pressures; such is the case of Baja California, where urban
water supply is a priority, environmental and agricultural uses could experience the worst consequences
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(Molina Navarro et al., 2016). GCMs have helped scientists estimate global climate response to a variety
of perturbations, most notably changes in greenhouse gas concentrations due to anthropogenic activities,
although new generations of models could reduce some uncertainties (Carbone, 2014).

Previous studies had demonstrated that the analyses of past and present climatic trends provide ecologists
and land managers a starting point for adapting to future climate (Svejcar et al., 2016). Additionally,
change analysis is a common tool in understanding the dynamics of land cover and land use (Lopez
Granados et al., 2001; Martinez et al., 2015); especially at the basin level, it has proved to be a robust
strategy for supporting watershed management practices (Carlon et al., 2009; Mendoza et al., 2011;
Lopez-Granados et al., 2013; Leija et al., 2020). Such a type of spatial analysis can also be applied
considering climate change scenarios, the outputs can be considered a useful tool for building adaptation
strategies for basin planning. Nevertheless, these types of studies were not found in our literature review.
They are, although, some valuable previous studies in México about climate change. Maybe the first
article by was elaborated by Magafia et al. (1997) examined the adequacy of climate change scenarios
for regional vulnerability analysis; several years later, Conde et al. (2011) presented the regional climate
change scenarios for assessing the potential impacts in México on agriculture, livestock, forestry,
hydrological resources as well as on human settlements and biodiversity.

The accelerated global warming trend is also associated with an increased frequency of extreme weather
and climatic events that can be expected under future climate change (Donat et al., 2013; Easterling et
al., 2000; Smit and Pilifosova, 2003). Therefore, global climate change has the potential to increase the
variability and magnitude of extreme weather events, consequently, geomorphic, and hydrologic hazards
can happen more frequently (Borgati and Soldati, 2010; Crozier, 2010; Coe and Godt, 2012;
Sangelantoni et al., 2018; Bai et al., 2019; Davies et al., 2021). In addition, the severity of the risks they
pose to agricultural activities such as grape yields and wine production (Jones, White, Cooper, and
Storchman, 2005; Shultz, 2000).

The climatic changes described in this article are based on outputs of climatic models that include a
certain degree of uncertainty, but the general trend showed reasonable results which agree with the
results of Conde et al. (2011).

The comparison between the different climate change models and recent land cover and land use
distribution in the basins shows that agriculture activities in basins 1, 2, 3 5, and 16 would be affected.
The northern basins are occupied by vineyards; consequently, the economic activities in the area are
vulnerable to climate change. The changes related to the near future must be carefully considered since
it has been estimated that by 2020 wine consumption will increase three times. Albeit, wine grapes (Vitis
vinifera ssp. vinifera) are the world's most valuable horticultural crop, and there is increasing evidence
that warming trends have advanced wine grape harvest dates in recent decades (Mira de Oduiia, 2010;
Camps and Ramos, 2012; Weeb et al., 2012).

With an increase of around 10 °C grapes are not viable for wine production, they can only be used as
fruit (Coombe, 1987; Valenzuela Solano et al., 2014). It has been recognized that the maximum
temperature limit for the metabolic processes of the wine is between 30 and 32°C (Gladstones, 2002;
Valenzuela Solano et al., 2014). None of the models depicted an increase above 40°C, at which
temperature grapes would die (Gladstones, 2002).

On the other hand, the limited forest cover distribution in basins 1, 2, and 3 can be impacted due to
climate change in the peninsula, mainly in northern and central basins in the peninsula. For example, an
increased incidence of forest wildfires can happen (Overpeck, Rind and Goldberg, 1990). Other
threatened sparse vegetation in Baja California is the Oasis; this ecosystem depends on an increase of
water discharge, which would be reduced because of an increase of evapotranspiration and a decrease
of precipitation; this forest cover is some of the most valuable in the world, because of the ecological
functions and the ecosystem services it provides (Tabot and Adams, 2013). These types of wetlands are
highly susceptible to significant and irreversible damage from climate change impacts (Parry et al.,
2007). The rest of the peninsula is covered by shrubs that are better adapted to dry conditions than other
vegetation types, because they are less vulnerable to a precipitation reduction, but not to wildfires.
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These results suggest that land cover and land use in the northern basins (1, 2, and 3) are more vulnerable
to climate change. Nevertheless, the increase in precipitation in the southern basin in Baja California
would promote the increase of forest cover. Moreover, mass wasting processes could increase on slopes
in the southern mountain areas, as well as floods at the base of such elevation because of an increase in
the frequency and magnitude of tropical storms, which will be more frequent in the future.

5. Conclusions

We used MPIECHAMS and MPI ECHAMPS5 because they have the better performance of México in
comparison to other models, additionally, these types of GCM’s are mostly used in exploring climate
change influence on hydrology and water resources. Although, outputs include some degree of
uncertainty, the general trend depicted reasonable results. We evaluate for the first time which basins in
the Baja California Peninsula will be more affected by changes in precipitation and temperature in the
near and middle future according to the fourth assessment report of the Intergovernmental Panel on
Climate Change.

The results suggested that the water resources will be affected differently throughout the peninsula. The
northern basins will suffer from a deficit affecting agriculture activities. On the other hand, the southern
basins could be affected more by flooding and landslides.

This is the first approximation for understanding spatial change patterns in the peninsula. The outputs of
this research should be considered in decision-making about preventing impacts on natural resources
now and in the future. Albeit we call to increase research on the effects of climate change not only at a
regional scale but also at a local one, for instance, a trend analysis of meteorological data series or
modeling climatic changes based on regional circulation models. These analyses will increase the
understanding of climate change not only in the occurrence hazard but also in the potential impact on
economic activities such and wine grape production.
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