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ABSTRACT

	This study analyzes long-term climate change trends in the municipality of Autlán de Navarro, Jalisco, Mexico, focusing on temperature and precipitation over the period 1961–2023. Using ERA5-Land reanalysis data with a 9 km spatial resolution, validated and adjusted with records from nine CONAGUA meteorological stations, the research examines changes between two climatological periods (1961–1990 and 1991–2023). Descriptive statistics, trend analysis, and climate classification following García’s adaptation of the Köppen system were applied to identify climatic transformations and their potential environmental and socio-economic implications.
Results indicate a consistent increase in both temperature and precipitation. Average annual temperature shows a positive trend of approximately 0.017 °C per year, while average annual precipitation increased between 69 and 146 mm over the last 30 years, with a long-term trend of 3.27 mm per year. Rainfall remains concentrated in summer months, but recent decades exhibit higher accumulated precipitation, particularly from June to October, and drier winters in some localities. Temperature increases are moderate (generally below 1 °C per month) but persistent across all months.
These changes have led to shifts in local climate classifications, generally toward warmer and more sub-humid conditions, with reduced winter rainfall in urban Autlán and Corcovado, and increased summer and winter precipitation in areas such as El Chante and the Sierra de Manantlán. The study discusses implications for agriculture, water availability, forest fire risk, and ecosystem vulnerability.
The conclusion is that localized climate analyses are essential for effective adaptation planning. They recommend improved water management, adoption of efficient irrigation technologies, agroforestry and polyculture practices, reforestation, fire prevention strategies, and environmental education to mitigate climate change impacts and strengthen regional resilience.
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1. INTRODUCTION
The increase in greenhouse gases has accelerated global warming and modified atmospheric circulation worldwide (Tiempo, 2021). As a result, significant changes have been recorded in various meteorological variables, such as air and soil humidity, temperature, atmospheric pressure, and precipitation, gradually transforming the planet's climate (Correa-Ortiz et al., 2021; Garizábal et al., 2017; Tapia-Vargas et al., 2011). These transformations, which take place over prolonged periods, are what is known as climate change.
Research has been carried out (e.g., Santana, 1984; Cáceres et al. 1998; Estrela, 2044; Aguirre et al. 2010; Karlin, 2012; Hurtado et al. 2013; Brown-Manrique et al. 2015; González et al. 2015; Blanco, 2021) that focus on studying changes in the climate in recent decades. These modifications are generated by changes in precipitation and temperature and are generating significant environmental, economic and social challenges. Therefore, it is urgent to implement measures to mitigate its effects and adapt to new climate scenarios.
As the impact of this global phenomenon depends on the geographical, social, economic and environmental conditions of each place. It is necessary to carry out regional studies, even at the municipal level, in order to develop and implement strategies adapted to the needs and possibilities of each region (Sánchez-Rodríguez, 2015). 
In this work, a climatological analysis of the meteorological variables of temperature and precipitation is carried out in Autlán de Navarro, Jalisco, one of the most representative municipalities of the South Coast region of the state, during the last 63 years. The aim is to examine how these variables have evolved over time, as well as to identify climate transformation trends. In addition, it seeks to understand how social activities in the study area could have negatively impacted ecosystems. The results of this research provide valuable information to make more accurate decisions in the management of natural resources and in the implementation of specific public policies for the region. All this with the purpose of optimizing actions that help mitigate situations appropriate to changes in the local climate. 
The municipality of Autlán de Navarro, Jalisco, México, stands out from other municipalities in the South Coast region of the state of Jalisco (Gámez et al., 2017) thanks to its status as the district capital, which favors the flow of visitors from neighboring municipalities. In addition, it is characterized by its rich diversity of vegetation (Robles-Martínez et al., 2021) and for having 4 types of climates (IIEG, 2021). 
According to the 2020 population count, Autlán de Navarro has 64,931 inhabitants and experienced a population growth of 12.8% between 2010 and 2020. Approximately 38.95% of the population is engaged in agriculture, growing products such as sugar cane, red fruits, vegetables, corn, and agave, an activity that occupies 26.88% of the territory (Robles-Martínez et al., 2021). However, according to Gámez (2017), this production is threatened by the decrease in rainfall and the loss of nutrients from the soil, factors that, together with climatic conditions, affect the development and growth of crops (Radio Costa, 2023). However, increased rainfall in the coming years could also cause the loss of organic matter and, as a consequence, reduce agricultural production (Sandoval-Legazpi et al., 2017; Arrieta-Aguilar et al., 2023 and Núñez-González, 2023).
The main source of water supply is the Armería-Coahuayana hydrological region and the Ayuquila-Armería river sub-basin. However, the region's media have reported drought problems in Autlán de Navarro, when there is a delay in the storm (Canal 44, 2023). 
In addition, they have revealed that deforestation over the years and fires in dry weather generate vulnerability to heavy rains, as ash and deforestation prevent water filtration and increase runoff that carries stones, sticks and ashes, overflowing rivers and streams and affecting homes located within the riverbeds, such as the case of the overflow of the El Cangrejo stream, which according to the scientific team of the Jalisco State Civil Protection and Firefighters Unit (UEPCyBJ) the disaster that occurred on Autlán on September 25 has a high chance of repeating itself. (Labcsa, 2023).
To achieve a more effective response to the strategies implemented by the government and even determine if it is necessary to adjust them, it is essential to know the area of study in detail. Therefore, the results of this research allow us to identify the response of the study region to the specific impacts of climate change and to develop concrete adaptation plans, such as the protection of key crops or the modification of agricultural practices and thus obtain improved management of natural resources and implementation of more effective public policies. 
This research presents estimates with a degree of uncertainty due to the limitations of the available data. In the absence of a robust network of weather stations with an extensive historical database, reanalysis data from ERA5-Land were used, which combine measurements with data from global weather numerical models (such as the ECMWF). Although these data comply with the laws of physics, the estimates derived from them have an inherent degree of uncertainty (like any other simulation). However, they provide a reasonably accurate representation of the physical processes that govern the components of the Earth system.
In addition, the data used in this study have a spatial resolution of 9 km and a time range of 63 years, making this dataset highly useful and reliable for a wide range of land-surface-related applications.
2. methodology
To analyze the evolution of temperature and precipitation, as well as the trends of climate transformation in the study area, monthly precipitation and temperature reanalysis data from ERA5 Land, with a horizontal resolution of 9 km, corresponding to the period from 1961 to 2023, were used. To validate these data, nine CONAGUA meteorological stations located in the study area were selected (Figure 1) and the information was compared. Most of the values of ERA5 Land were found within the dispersion range of measurements from local weather stations, allowing it to be used as a database for this research.
However, not all ERA5 Land data met this criterion, so to improve the accuracy of the data, the points in the study area that exceeded the dispersion range of the measurements were replaced with measurements from local weather stations, integrating them into the ERA5 Land database. This combination of information, along with the use of the  Python contour library, allowed adjustments to be made that resulted in a more accurate spatial estimate (Figures 2, 3, and 4).
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Fig. 1. Study area (municipality of Autlán de Navarro) with its neighboring municipalities and CONAGUA meteorological stations. Own elaboration.

After validating and adjusting the temperature and precipitation data, descriptive statistics were applied, by calculating the mean and standard deviation for every three decades. By contrasting both periods, changes in climatic variables and their respective anomalies were identified.
To obtain the climate transformation trends for each variable, the trendline adjustment method for the periods 1961-1990 and 1991-2023 was used. 
Later, Enriqueta García's classification was made (García, 1988; INEGI 2001, IIEG, 2021 and Hernández-Cerda et al., 2018) for each 30-year period and were countered to see changes in climate and finally social activities that could mitigate negative impacts on local ecosystems were investigated.
a)
b)

Fig. 2. Map a) shows the comparison of the annual mean temperature data for the period 1961-1990 from the CONAGUA meteorological stations with their standard deviation (in white) and the ERA5 Land data with a resolution of 9 km (in black). The difference between the ERA5 Land data and the station data is indicated in yellow. Graph b) shows the trend lines of the time series corresponding to the municipality of Autlán de Navarro (latitude 19.76, longitude -104.36). The blue line represents the trend calculated from the observational data recorded by the Autlán de Navarro meteorological station, operated by the National Water Commission (CONAGUA), while the green line corresponds to the trend derived from the ERA5-Land data. The blue dots indicate the individual values recorded by the CONAGUA station. Both series refer to the same geographical location, which allows the comparison of trends between the measurements and the estimates of the reanalysis, where the gap in the 1981-1986 data is observed.

[image: ]
Fig. 3. Map a) shows the comparison of the temperature data for the period 1991-2023 from CONAGUA's meteorological stations with their standard deviation (in white) and the ERA5 Land data with a resolution of 9 km (in black). The difference between the ERA5 Land data and the station data is indicated in yellow. Figure b) shows the trend lines of the time series corresponding to Chante (latitude 19.71, longitude =-104.20). The blue line represents the trend calculated from the observational data recorded by the Autlán de Navarro meteorological station, operated by the National Water Commission (CONAGUA), while the green line corresponds to the trend derived from the data of the ERA5-Land reanalysis. The blue dots indicate the individual values recorded by the CONAGUA station. Both series refer to the same geographic location, allowing for comparison of trends between the measurements and the reanalysis estimates.
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Fig. 4. Mean annual precipitation maps, a) the blue characters are the value of the CONAGUA meteorological stations (includes the standard deviation of the measurements) and the black characters are the ERA5 Land data. While the difference between the ERA5 Land data and the station data is shown in red.  Map b) shows the adjusted (or reconstructed) average annual precipitation map. The same is done for the period 1991-2023.

3. results and discussion

Precipitation
The comparison of the average annual rainfall between the periods 1961-1990 and 1991-2023 (Figure 5) shows a similar spatial distribution. In both precipitation maps, it can be seen that it rains less in Autlán than in the surrounding municipalities (Casimiro Castillo and Cuautitlán de García Barragán). Within the municipality, there are higher annual accumulated rainfall in the mountainous region surrounding the municipality (part of the Sierra de Manantlán) than in the urban area of Autlán, which coincides with the climatological map of the National Meteorological Service (SMN) on the Development website, (2024b).
Figure 6 shows the changes in accumulated precipitation over the last 30 years, highlighting a generalized increase in the region. The municipality of El Limón presents the least variation in the average annual rainfall, with an increase of 69 mm, while Casimiro Castillo exhibits the highest increase, reaching 146 mm. This trend is consistent with the results of Méndez-González et al. (2008), who also identify a pattern of increase in different areas of the country.
In relation to the monthly climatology (Figure 7), rainfall is distributed throughout the year, although the highest accumulated rainfall is concentrated between June and September. July is identified as the month with the highest depth of rainfall, which is consistent with the SMN climograms (Desarrollo, 2023c). On the other hand, April registers the lowest level of precipitation. Regarding the changes observed in the last 30 years (Figure 8), the months with the smallest variations in the accumulated are January, March, April, May and November, while June, July, August, September, October and December show the most significant increases.
Finally, the trend line of the precipitation data from 1961-2023 at coordinates 19.76 and -104.36 corresponding to the municipal seat of Autlán de Navarro (figure 9) shows increases in precipitation (3.27 mm/year), reaffirming the increase in precipitation over the years in the study area.
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Fig. 5. Reconstructed average annual rainfall for the periods 1961-1990 and 1991-2023.
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Fig. 6. Precipitation from 1991-2023 minus the period from 1961-1990.
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Fig. 7. Monthly precipitation climatology in the periods 1961-1990 and 1991-2023, of the urban area (municipal seat) of Autlán de Navarro.
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Fig. 8. Changes in the monthly precipitation climatology in the periods 1961-1990 and 1991-2023, of the urban area (municipal seat) of Autlán de Navarro.
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Fig. 9. Trend in the average annual rainfall (1961-2023) of the urban area (municipal seat) of Autlán de Navarro.
Temperature
The spatial distribution pattern of the average annual temperature for the period 1991-2023 shows few differences with respect to that of 1961-1990 (Figure 10), as it continues to show the municipality of Casimiro Castillo as the warmest and the Sierra de Manantlán as the coldest. In addition, no temporary changes greater than one degree Celsius are shown in the last 30 years. However, they allow us to appreciate a spatial difference of approximately 5°C between the urban area (23.5°C and 23.24°C) and the mountainous areas (part of the Sierra de Manantlán with 18.6°C and 18.19°C. These findings are consistent with the NMS's climate map available on its Development website (2024b).
Comparing the average annual temperature between the periods (1961-1990 and 1991-2023), an increase in average annual temperature is observed in Autlán, Manantlán, El Limón and El Corcovado.
In the urban area of Autlán de Navarro, Figure 11 compares the monthly climatology of the average temperature between the periods 1961-1990 and 1991-2023. April, May and June stand out as the warmest months, with values above 25 °C, while December and January are identified as the coldest. During the last 30 years, every month shows an increase in the average annual temperature that does not exceed 1 °C (Figure 12), which is within the range of variation indicated by the bars, where these results coincide with the study by Ramírez-Sánchez et al. (2024), which also reports upward trends in temperature in the state of Jalisco.
[image: ][image: ]On the other hand, the trend line of the historical data for the 62 years (1961-2023) is shown in Figure 13 indicating temperature increases (0.017 °C/year).








Fig. 10. Reconstructed annual mean temperature for the periods 1961-1990 and 1991-2023. Only the names of the locality and the values of the stations that were used in each date range are displayed.
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Fig. 11. Monthly temperature climatology in the periods 1961-1990 and 1991-2023, of the urban area (municipal seat) of Autlán de Navarro.
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Fig.12. Difference in the average monthly temperature of the periods 1961-1990 and 1991-2023, of the urban area (municipal seat) of Autlán de Navarro.
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Fig.13. Annual temperature trend (1991-2023), of the urban area (municipal seat) of Autlán de Navarro.
These changes in precipitation and temperature during the time studied have generated some modifications in the local climate of the municipality of Autlán de Navarro that are shown in table 1. 

Table 1 Climate Change Trends in Selected Jalisco Weather Stations (1961–2023)
	Weather Station Location
	Type of climate for the period 1961-1990
	Climate type for the period 1991-2023
	Tendency

	Autlán de Navarro (urban area)
	
Awi’

Average annual temperature greater than 22ºC (23.45°C) and temperature of the coldest month greater than 18ºC (20°C). Precipitation of the driest month less than 60 mm (of 3.7 mm); summer rainfall with a P/T index greater than 22.9 (from 28.8) and a percentage of winter rainfall from 5% to 10.2% of the annual total.
	
Aw(w)i'

Average annual temperature greater than 22ºC (24°C) and temperature of the coldest month greater than 18ºC (20.8°C). Rainfall in the driest month less than 60 mm (from 0 mm); summer rainfall with a P/T index greater than 22.9 (out of 33.29). In addition, the percentage of winter precipitation represents less than 5% of the annual total (3.8%).
	Warmer and sub-humid, with greater accumulated rainfall in summer and drier winters.

	El Corcovado
	
Aw(w)i'

The average annual temperature is above 22°C (from 23.8°C), and the temperature of the coldest month exceeds 18°C (from 19.8°C). Precipitation in the driest month is less than 60 mm (out of 1.8 mm), and rainfall is concentrated in summer, with a P/T ratio above 22.9 (out of 29.48). In addition, the percentage of winter precipitation represents less than 5% of the annual total (4.76%).
	
Aw(w)i'

Average annual temperature greater than 22ºC (25°C) and temperature of the coldest month greater than 18ºC (21.6°C). Rainfall in the driest month less than 60 mm (of 3.5 mm); summer rainfall with a P/T index greater than 22.9 (out of 33.65). In addition, the percentage of winter precipitation represents less than 5% of the annual total (4.1%).

	Warmer and sub-humid, with greater accumulated rainfall in summer and drier winters.

	Sierra de Manantlán
	
(A)C w2(w)i'

Semi-warm group C, temperate with warm summer.
The average annual temperature is less than 22°C (18.6°C), and the temperature of the coldest month is less than 18°C (14.94°C). Precipitation in the driest month is less than 60 mm (out of 1.5 mm), and rainfall is concentrated in summer, with a P/T index above 55 (out of 66.1). In addition, the percentage of winter precipitation represents less than 5% of the annual total (3.98%).
	
[bookmark: _Hlk201503847]A(C) w2(x')i'

Group A semi-warm
The average annual temperature is less than 22°C (19°C), and the temperature of the coldest month is less than 18°C (18.72°C). Precipitation in the driest month is less than 60 mm (out of 27.2 mm), and rainfall is concentrated in summer, with a P/T index above 55.3 (out of 69.9). In addition, the percentage of winter precipitation represents more than 10.2% of the annual total (10.3%).
	Warmer, humid and subhumid, with greater accumulated rainfall in summer and winter. 

	El Chante
	
Aw(w)i'

The average annual temperature is above 22°C (from 22.7°C), and the temperature of the coldest month exceeds 18°C (from 19.3°C). Precipitation in the driest month is less than 60 mm (out of 1.47 mm), and rainfall is concentrated in summer, with a P/T ratio above 22.9 (out of 36.57). In addition, the percentage of winter precipitation represents less than 5% of the annual total (3.27%)
	
Aw(w)i'

The average annual temperature is above 22°C (from 22°C), and the temperature of the coldest month exceeds 18°C (from 19.65°C). Precipitation in the driest month is less than 60 mm (out of 0 mm), and rainfall is concentrated in summer, with a P/T ratio above 22.9 (out of 42.3). In addition, the percentage of winter precipitation represents less than 5% of the annual total (4.76%). 
	 Tendency to greater accumulated rainfall in summer and winter.




The climate trends identified for Autlán de Navarro, Jalisco, are broadly consistent with regional, national, and global patterns of climate change reported in recent decades. The observed increase in average annual temperature (0.017 °C per year) falls within the range documented for much of Mexico and other subtropical regions, where warming rates typically vary between 0.01 and 0.03 °C per year (Ramírez-Sánchez et al., 2024; Tapia-Vargas et al., 2011). These trends are largely attributed to rising greenhouse gas concentrations and changes in land use, which alter surface energy balances and regional atmospheric circulation (IPCC, 2021).
The relatively moderate magnitude of warming observed in Autlán—generally below 1 °C when comparing the periods 1961–1990 and 1991–2023—is comparable to findings from other regions with strong orographic influences. Mountainous areas, such as the Sierra de Manantlán, tend to experience slower warming rates than surrounding lowland and urban areas due to elevation-related thermal gradients and vegetation cover (Hernández-Cerda et al., 2018). Similar spatial contrasts have been reported in the Sierra Madre Occidental, the Andean foothills, and parts of southern Brazil, where temperature increases are more pronounced in urbanized or agriculturally intensive lowlands (Correa-Ortiz et al., 2021; García-Garizábal et al., 2017).
Regarding precipitation, the increasing trend identified in Autlán de Navarro (3.27 mm per year) is consistent with studies that report a general intensification of rainfall in western and southern Mexico (Méndez-González et al., 2008; Ramírez-Sánchez et al., 2024). However, this increase is not uniform throughout the year. As observed in Autlán, precipitation gains are concentrated primarily during the summer rainy season, while winter rainfall shows stagnation or decline in some localities. This seasonal redistribution of rainfall has also been documented in northeastern Argentina, southeastern Brazil, and Central America, where climate change manifests as increased seasonal contrast rather than a homogeneous rise in annual totals (Blanco, 2021; Brown-Manrique et al., 2015).
The strengthening of summer precipitation in Autlán aligns with evidence of an intensification of the North American Monsoon system, which affects large portions of western and northwestern Mexico (Tapia-Vargas et al., 2011). Similar patterns have been identified in Sonora, Sinaloa, and along the Mexican Pacific coast, where enhanced summer rainfall coincides with reduced or more variable winter precipitation. This behavior resembles trends observed in Mediterranean-type climates, such as central Chile, southern Spain, and California, where climate change has been associated with drier winters and more intense wet-season precipitation events (IPCC, 2021; Hurtado et al., 2013).
The observed shifts in climate classification toward warmer and more sub-humid conditions in Autlán, Corcovado, and El Chante are consistent with global evidence of climate zone migration. Numerous studies have documented poleward and altitudinal shifts in climate regimes, particularly transitions from temperate or semi-warm climates toward warmer and more humid or seasonally concentrated precipitation regimes (García, 1988; Hernández-Cerda et al., 2018). The increase in both summer and winter precipitation in the Sierra de Manantlán mirrors findings from other protected mountainous regions, where changes in atmospheric moisture and circulation patterns modify local microclimates (García-Garizábal et al., 2017).
From a socio-environmental perspective, the implications identified for Autlán de Navarro—such as increased stress on water resources, heightened agricultural vulnerability, and elevated forest fire risk—are widely reported across many regions affected by climate change. Drier winters combined with rising temperatures have been linked to reduced soil moisture, higher evapotranspiration, and an increased frequency and intensity of wildfires in western North America, southern Europe, and Australia (Peláez et al., 2004; IPCC, 2021). Conversely, intensified summer rainfall has been associated with greater erosion, flooding, and nutrient leaching in agricultural soils, trends that have been observed in tropical and subtropical farming systems in Latin America (Sandoval-Legazpi et al., 2017; Arrieta-Aguilar et al., 2023).
Overall, the results for Autlán de Navarro confirm that climate change is expressed locally through a complex interaction of gradual warming, altered precipitation timing, and increased seasonal variability. While the magnitude of change is comparable to that observed in other regions, the specific combination of topography, land use, and socio-economic activities underscores the importance of localized climate assessments. These findings support the broader scientific consensus that effective adaptation strategies must be context-specific, integrating local climate trends with regional and global climate change projections to reduce vulnerability and enhance long-term resilience (United Nations, n.d.; IPCC, 2021).
4. Conclusion
This work analyzed the average temperature and precipitation of the periods 1961-1990 and 1991-2023 using descriptive statistics, identifying the change and trends in temperature and precipitation in the region of Autlán de Navarro over time, as well as the possible impacts on the local climate of the municipality, obtaining: 
· The average annual temperature has increased over the last 30 years in the municipality of Autlán de Navarro and shows a slow and increasing trend of 0.017 °C/year. 
· The average annual rainfall increased between 69 and 146 millimeters in the last 30 years and considering the 62 years of average annual rainfall in the urban area (municipal seat) of Autlán de Navarro, there is an increasing trend of 3.27 mm per year. 
· According to the reconstructed precipitation and temperature series (1961-2023), the percentage of winter precipitation has decreased in the last 30 years in the municipal seat of Autlán de Navarro and Corcovado (going from an Awi' to Aw(w)i' climate); while it has increased both in summer and winter in El Chante and in the Sierra de Manantlán.  in the latter passing from (A)Cw2(w)i' to A(C) w2(x')i'.
· The urban area of Autlán, Corcovado and La Sierra de Manantlán show a trend towards an increase in average annual temperature. While Autlán, Corcovado, El Chante and the Sierra de Manantlán, show a slight increase in temperature in the colder months.
Dry winters can favor agriculture that requires little water, such as agave, vegetable and berry crops. However, the decrease in water levels in water sources could complicate the supply for agricultural irrigation and livestock consumption, increasing production costs. Likewise, this situation could negatively impact the supply of water for domestic use and industrial activities.
On the other hand, drier winters can reduce the occurrence of diseases caused by fungi and bacteria in crops, facilitate forestry activities and improve the transport of timber products. However, it also limits the availability of natural pastures, forcing farmers to invest in supplementary feed, further increasing costs. Although dry winters eliminate mud problems in pastures and improve access to livestock, they also significantly increase the risk of forest fires (Peláez et al., 2004). These fires, in addition to their immediate effects, can leave soils more vulnerable to erosion, especially on steeply sloping terrain.
Some actions that help mitigate the scarcity of natural pastures, the risk of forest fires due to the lack of humidity and deficit of water supply for agricultural irrigation and livestock consumption, are: 
1. The implementation of good practices for the efficient use of water resources, such as the use of technified irrigation systems, such as drip and sprinkler irrigation, as well as the use of water reserves captured during the rainy season in summer. However, for these practices to be applied effectively, it is essential to train and raise awareness among farmers and ranchers about their importance and benefits. In this sense, this environmental education strategy (carried out in Mexico since the 1990s in marginalized communities vulnerable to climate change) has shown positive results both nationally and in various countries in Latin America and the Caribbean, as indicated by the work of Calixto-Flores (2022) in Cuba, Argentina, and Bolivia.
2. Another mitigation strategy in the face of such adverse situations is the use of ancestral techniques, such as introducing drought-resistant species adapted to local conditions (resistant local varieties), cultivating two or more plant species on the same land, at the same time or in rotation, in order to make better use of resources and increase biodiversity (polycultures). Combining trees and shrubs with crops or livestock (agroforestry), thus helping soil conservation and yield (Hernández-Medina et al., 2022).
3. In addition to promoting reforestation in the urban area, reinforce fire prevention campaigns and strategies, through the media and social networks.
4. Disseminate these sustainable collective skills through the educational sector, the media and social networks.
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