Spatial and temporal evolution of Urban Heat Islands in a city with warm subhumid climate (2019-2024). Case: Guadalajara Metropolitan Area
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ABSTRACT
	The rapid growth of the Guadalajara Metropolitan Area (GMA), Jalisco, Mexico, has caused the urban heat island effect to increase its average annual temperature year after year, with record maximum temperatures recently recorded during the spring, specially in 2023 and 2024. This context motivates the present study, which analyzes the spatial and temporal evolution of the heat island effect in order to identify patterns and trends that can inform decision-making to mitigate the long-term adverse effects in specific areas of the study region. The approach is quantitative, using descriptive statistics and vector calculus tools. Maximum temperature data were obtained from the ERA5-Land reanalysis and were adjusted in Python based on the National Meteorological Service (SMN) meteorological station database. The results show an increase in the average maximum temperature over the last 6 years in most of the GMA, with a trend toward an increase in the average monthly minimum temperature of ≈0.1°C per year in the municipalities of Guadalajara and Tlaquepaque, and ≈0.5°C/year in Tonalá. The heat island effect was concentrated in the south and east of Guadalajara, areas with the highest population density and the lowest density of green space per inhabit-ant. All of the above highlights the need to strengthen the mitigation strategies that have been implemented in the study area to reduce the development of the urban heat island effect, especially in the south and east of Guadalajara.
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1. INTRODUCTION 

Unsustainable cities often face serious difficulties due to the increase in ambient temperature (global warming) that has been recorded worldwide in recent years (Ángel, Ramirez & Dominguez, 2010), especially during dry periods when rainfall is scarce or nonexistent.
In the case of the Guadalajara Metropolitan Area (Figure 1), which is considered the third most important city in Mexico due to its accelerated urban-industrial growth (García-Guadalupe et al, 2013) in recent years, growth that, according to the Institute of Statistical and Geographic Information, has exceeded 15% in the last 15 years (IIEE 2020). This development has been both spatial and vertical (Jauregui, 2022; Obras, 2024 and N+, 2024), a situation that favors the increase in ambient temperature (UNAM, 2025), particularly during dry periods (March-May, when rainfall is scarce or nonexistent) (IAM,s.f). In this context, it is essential to monitor and mitigate the temperature increase in the urban area, as the city, with its warm subhumid climate (Clima Jalisco, s.f.), could face risks to the health of its inhabitants due to the rising temperatures. Therefore, the present study focuses on analyzing the spatial and temporal evolution of the heat is-lands in the Guadalajara Metropolitan Area, Jalisco.
 [image: ]	Comment by Yusuf  Yakubu: Pls add grid lines and scale, then insert a world map to indicate its location on the world map.
Figure 1. Study area, Guadalajara Metropolitan Area (GMA) of Jalisco, Mexico (Jalisco,,s.f).
The Urban Heat Island (UHI) phenomenon occurs year-round (Brito, 2016) and refers to the presence of significantly higher air temperatures in certain areas of urban environments compared to the surrounding rural regions (UNAM, 2025). This effect results from the interaction of solar radiation with materials such as asphalt, concrete, and bricks (Angel, Ramirez & Dominguez, 2023; Ibredola, s.f), which heat up more quickly than vegetation because they require less energy to increase their temperature (having a relatively low specific heat). Moreover, these materials cool slowly due to their high heat retention capacity (acting as thermal insulators), allowing them to store heat during the day and gradually release it at night (Oke & Cleugh,1987; Santamouris, 2001; Akbari, Pomerantz & Taha, 2001; Chan & Davydova, 2020). Consequently, urban areas experience nights with higher minimum temperatures than in previous decades, when these areas were covered by vegetation. Plants, unlike urban materials, do not heat up as much and serve as thermal regulators, as their water content gives them a relatively high specific heat, enabling them to retain and release heat more efficiently (Monteith & Unsworth, 2013; Gutierrez-Rivera, 2022). Another factor contributing to the high temperatures in specific urban areas (Heat Islands) is the dense concentration of vertical buildings located in areas where wind flow is restricted, as they hinder heat dissipation and limit the dispersion of pollutants (Zhang & Chen, 2018).	Comment by Yusuf  Yakubu: Standardize terminology and capitalization: “heat island” vs “Heat Island,” “urban heat island (UHI)” after first definition, “material and methods” → “Materials and methods,” and ensure consistent spellings (e.g., “GMA” vs “AMG”).[user text]
A few sentences are overly long; splitting t	Comment by Yusuf  Yakubu: Standardize terminology and capitalization: “heat island” vs “Heat Island,” “urban heat island (UHI)” after first definition, “material and methods” → “Materials and methods,” and ensure consistent spellings (e.g., “GMA” vs “AMG”).[user text]
A few sentences are overly long; splitting t
This phenomenon was identified in 1994 in the central and southern areas of Guadalajara, showing a strong correlation with building density (Bello-Fuentes, 1994). Later, other studies indicated that this Heat Island phenomenon resulted in an annual increase of 0.05°C in average temperatures, primarily due to the rapid expansion and industrialization of Guadalajara in the 1980s (Tereshchenko & Filonov, 2001; Onu-Habitat, 2016). However, these warmer environments are moderated by the La Primavera Forest (Díaz-Vera, Filonov & Tereschenko, 2005), which is cooler (with an average temperature of 18.6°C) compared to the urban area (with an average temperature of 20.8°C). Over time, urban development has made the presence of Heat Islands more evident, increasing the minimum temperature by 0.94°C per decade and the maximum temperature by 2.27°C per decade (Davydova & Chan, 2019). Additionally, Heat Islands in the Guadalajara Metropolitan Area (GMA) have been studied from a thermal comfort perspective, revealing that the intensity of the heat island is classified as mildly warm, with the highest values found in the industrial area of Tlaquepaque and in the central and eastern parts of Guadalajara (Chan & Davydova, 2020).
Record-breaking maximum temperatures have recently been recorded in the Guadalajara Metropolitan Area (GMA). For example, on June 13, 2023, temperature records were broken at three locations in the GMA. At the Colomos meteorological station (Zapopan), a temperature of 40.5°C was recorded, surpassing the previous record of 39.5°C set on June 7, 2010. In Tlaquepaque, 40.5°C was measured, exceeding the previous maximum of 40°C recorded on June 4, 1982. Additionally, in the Minerva area of Guadalajara, 37.9°C was reached, surpassing the 37.2°C recorded in June 1995 (Saavedra, 2023; Gutiérrez, 2023). Similarly, on November 10, temperatures reached 32.4°C, breaking the 32.3°C record set in 2017. The temperature remained high in December, reaching 31°C on the 1st, surpassing the 30.5°C recorded in 1995 (Barajas, 2024).
As a result, the Jalisco Institute of Statistical and Geographic Information (IIEG) conducted a series of interviews with residents of the GMA, who confirmed the rise in temperatures in the region (IIEE, 2023). This phenomenon was further confirmed in the spring of 2024, when ice production could not keep up with demand, as ice makers were unable to meet the increased need (Admin, 2024; Beas, 2024). There were also multiple complaints about water shortages, especially in the outlying neighborhoods of the metropolis. As evidenced in the previous paragraphs, the temperature records broken were recorded within the Heat Island. Therefore, it is necessary to analyze how urban Heat Islands have evolved spatially and temporally over the last six years in the GMA. This is the objective of this research.
The answer helps identify the areas within the study area that are most vulnerable to heat-related illnesses, such as heat stroke and dehydration, which lead to higher energy demand due to the intensive use of air conditioning and refrigeration systems, ultimately resulting in increased carbon emissions. This information is crucial for those aiming to design local adaptation plans to mitigate the adverse effects of climate change.	Comment by Yusuf  Yakubu: In the introduction, add 2–3 sentences that clearly state: “Previous studies have done X, Y; none have examined Z (e.g., evolution of UHI centers during recent record‑heat springs using ERA5‑Land plus station‑corrected trends) 

2. material and methods

To achieve the purpose of this research, a quantitative methodology was employed, using descriptive statistics and considering two key characteristics of urban heat islands:	Comment by Yusuf  Yakubu: Specify sample sizes and periods more precisely: number of stations retained after QC, exact months and years used for each analysis (e.g., “March–June for 2019–2024, 24 months total”) 
· They show an increase in minimum temperatures over time due to changes in land use (Monteith & Unsworth, 2013; Gutierrez-Rivera, 2022; Jáuregui, 2012).
· The air temperature is significantly higher than that of the surrounding areas (UNAM, 2025).
Based on the aforementioned, the methodology is divided into two parts: the analysis of temporal and spatial evolution:
Temporal
Meteorological stations of the National Water Commission (CONAGUA) under the National Meteorological Service (SMN), located within and around the study area (Figure 2), were selected to obtain data on the Average Monthly Minimum Temperature (AMMT) from different points in the Metropolitan Area. It is important to note that only real observation data from CONAGUA (SMN, s.f) were used, as the meteorological stations of this official institution adhere to the standards established by the World Meteorological Organization (WMO). Data from private meteorological stations or those not supervised by official entities were discarded, as they might not meet inter-national standards for reliable measurements.	Comment by Yusuf  Yakubu: When you mention “warm months with the highest correlation between AMMT and weather patterns,” briefly define the criterion (R² threshold, months selected) so readers see that the choice is objective. 
Furthermore, in the first part of this section, only data from meteorological stations were chosen, not from the ERA5-Land reanalysis, because direct measurements allow us to later detect any anomalies in the reanalysis data, thus providing more ac-curate information on the Heat Island phenomenon.
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Figure 2. INEGI ecological planning map (INEGI, s.f), showing the location of the CONAGUA meteorological stations (SMN, s.f). Prepared by the authors.
Once the database was built, the quality of the information from the meteorological stations was assessed, and time series with significant data gaps were eliminated. If only a few data points were missing (one or two), these gaps were filled with the average of the time series to prevent incorrect or biased statistical results.
The consistency test for the average minimum temperature time series (Cervantes-Osornio et al, 2023) was also conducted. This test ensures that the maximum of the monthly average minimum temperatures is equal to or greater than the average minimum temperature and is also equal to or greater than the minimum temperature of the average minimums. Additionally, all three temperatures should be greater than the lowest extreme minimum temperature (Figure 3).
Once the data meeting these criteria were selected, the trend line of the data scatter plot was calculated using Microsoft Excel. This function also displays the slope (which indicates how many degrees the average monthly minimum temperature in-creases or decreases each year) and the coefficient of determination R2, which, with values between 0 and 1 (Posada Hernández, 2016; Browckwell & Davis, 1991), indicates how closely the data fit the regression line.
The process was then repeated for the entire ERA5-Land average monthly minimum temperature field from 2019 to 2024 (CDS, 225), which combines measurements and observations from around the world, along with data from the European ECMWF model, providing a complete and globally coherent dataset based on the laws of physics (Google, s.f). This means there are no gaps in the time and spatial series, and the resolution grid is approximately 9 x 9 km. This database is a three-dimensional array, and data adjustments (such as the slope) were calculated in the same manner as for the meteorological stations, but now for each node of the ERA5-Land grid (which was adjusted to the data from the stations), resulting in a map that shows zero, positive, and/or negative slopes. This map allowed us to delimit the Heat Island based on the observed in-creases and decreases in the average minimum temperature, providing a clearer view of the thermal dynamics in the region.
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Figure 3. Evaluation of the quality of data from the meteorological stations of the National Meteorological Service. Prepared by the authors.
Spatial Analysis
The monthly maximum temperature is graphically represented in two dimensions to obtain a spatial view of the Heat Island (HI), identifying its center where the highest HMW values are recorded. This will be done only for the spring months, typically March, April, May, and part of June, when maximum temperature records have been broken. These months pose a risk to society due to the heat islands. Furthermore, to strengthen the identification and delimitation of the HI, the average maximum temperature gradient is calculated for each month and year:
(1)
Where ∇T is the gradient of a scalar function T(x,y,z) to which the gradient operator (∇) is applied, resulting in the vector field ∇T The components of this vector field are represented by the partial derivatives ∂T/∂x in the direction of the unit vector  indicating the changes in TMPM with respect to longitude, and ∂T/∂y in the direction of the unit vector  (Spiegel, 2009). This calculation will allow us to visualize, through the vectors, where the TMPM temperature increases the most at different points in the study area.

3. results and discussion

The results obtained in the first part of the methodology (temporal analysis) re-veal that urban heat islands have changed over time, with minimum temperatures in-creasing in recent years. Table 1 shows the trend in average monthly minimum temperatures at different meteorological stations in the study area during the months with the highest correlation between average monthly minimum temperatures and weather patterns. Guadalajara and Tonalá showed an increase in average monthly minimum temperatures of approximately 0.05°C to 0.1°C per year, with moderate certainty sup-ported by a squared correlation coefficient of 0.4 to 0.6. Tlaquepaque also showed an increasing trend in minimum temperatures of approximately 0.1°C, but since the time series was shorter, the correlation coefficient was ≤ 0.3.
Likewise, Ixtlahuacán de los Membrillos shows a downward trend in minimum temperature, but with very little or no certainty due to the correlation coefficient values being below 0.24, caused by the wide range of variation in the average minimum temperature. Meanwhile, in Zapotlanejo, no significant trend is observed, as the slope is close to zero and the correlation coefficient is also zero, indicating that the minimum temperature does not change over the years.

Table 1. Temporal evolution of the average minimum temperature of the warm months of the GMA that they have more R2.	Comment by Yusuf  Yakubu: Tables 1–4 and Appendix tables are repeatedly referenced but not fully described in the text; add short figure/table captions summarizing the main message (e.g., “Red areas indicate statistically significant warming of minimum temperature”) 
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1 Prepared by the authors.

This explains why municipalities with industrial land use and settlements in Tonalá, Guadalajara, and part of Zapopan do not show significant variation in average minimum temperatures, but rather a gradual increase over the years. The same is true for Tlaquepaque, which also has areas with human settlements as well as agricultural land in Toluquilla, so it shows an upward trend in temperature, albeit to a lesser extent. In contrast, the municipalities with fauna and flora land use (Zapotlanejo) as well as agricultural land use (Ixtlahuacán de los Membrillos) show more variation in aver-age minimum temperature values, but no significant trend in the case of fauna and flora land, and a tendency towards decreasing temperatures in agricultural land.
Applying the above to the entire study area, Table 2 shows maps of the trend to-wards an increase (red) or decrease (blue) in minimum temperature in the municipalities of the GMA, where an increase in minimum temperature is observed each year in May and June, with values of 0.2°C and 0.5°C, respectively. Appendix B shows March and April with values between 0°C and 0.1°C in most of the GMA. The results in this table only provide the trend behavior of the last 6 years, offering greater certainty regarding the spatial increase in temperatures, with a resolution of 9 km x 9 km. The greatest in-crease in temperature in May appears to occur in the Minerva area of Guadalajara and its borders with Zapopan. However, in June, a greater increase is usually observed in surrounding regions, possibly associated with the onset of the rains, which increases humidity and decreases temperatures. This effect is likely due to the presence of agricultural land, more green areas, and lower population density in that area—characteristics that retain humidity and contribute to the temperature decrease. Similarly, to the south of Tonalá, where there is land use for livestock and lower population density, according to data from SIGmetro (SIGMetro, s.f.).
Regarding the results of the second part of the methodology (spatial analysis), and considering that Urban Heat Islands exhibit significantly higher air temperatures than the surrounding rural areas, as well as an increase in minimum temperatures compared to previous periods, the figures in Tables 3 and 4 show the maximum temperatures recorded during the months of March, April, May, and June from 2019 to 2024. In most cases, these figures indicate that the maximum temperature values are concentrated in the municipalities of Tonalá, Guadalajara, Tlaquepaque, Zapopan, Zapotlanejo, and a small part of Ixtlahuacán del Río. The center of the heat island (where the highest temperature is recorded) is generally located in the Libertad sector of Guadalajara (south of the Huentitán and Oblatos areas).
 Table 2. Linear fit slope showing the minimum temperature trend for each GMA coordinate (2019-2024). The trend of the minimum temperature to increase is the red color and the trend of the decrease is the blue color.
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2 Prepared by the authors.

Furthermore, the white arrows of the temperature gradient (Tables 3 and 4) indicate the direction and magnitude of each vector, and the size of the arrow illustrates whether the increase is small or large. The non-symmetrical dynamics of the average monthly minimum temperature are also shown; that is, at some points in the AMG, the most significant arrows (medium and large) converge toward the highest temperatures (March 2019, April 2019, April 2020, and April 2022), indicating the location of the Heat Island. Meanwhile, in the months of May and June, an anticyclonic circulation of the maximum temperature is observed, with the highest maxi-mum temperatures located at the center of the vortex, thus also delimiting the urban Heat Island. While almost every month showed higher maximum temperatures centered in Guadalajara, there were exceptions, such as March and April 2019 and March 2023, where the Heat island was concentrated in Zapopan, Tlaquepaque, and Zapotlanejo, rather than in the Guadalajara area (Huentitán, Oblatos, and Tetlán areas) as seen in the other months.
Finally, it is important to mention that in some months, higher temperatures were observed in the municipal seat of Zapotlanejo than in the surrounding areas, specifically in April 2020 and 2021, May and June 2021, and June 2022.

Table 3. Spatial distribution of the average maximum temperature of March and April of the GMA and the average monthly maximum temperature gradient (white arrows).
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2 Prepared by the authors.
Table 4. Spatial distribution of the average maximum temperature of May and June of the GMA and the average monthly maximum temperature gradient (white arrows).
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2 Prepared by the authors.
The results obtained in this study confirm the findings of previous research, as they show that the highest temperature values are in Guadalajara. However, in recent years, these values were not detected in the central zone (Obras, 2024), but now they have been observed in the eastern part of the city (Huentitán, Oblatos, Olímpica, and Tetlán areas) (Bello-Fuentes, 1994). According to data from IMEPLAN's SIGmetro, these areas are the most densely populated in the urban area per Basic Geostatistical Area (Figure 4) and have the lowest density of green spaces per inhabitant (Figure 5).
Furthermore, the research shows a positive correlation between minimum temperature and the passage of time in most of the Guadalajara Metropolitan Area (GMA), with the exceptions of Zapotlanejo and Ixtlahuacán de los Membrillos. The range of variation in this correlation depends on the location within the GMA, ranging from 0.4°C to 1.14°C every 10 years, which coincides with the results of (Davydova & Chan, 2019), who re-ported an increase of 0.94°C in the minimum temperature on the Heat Island every 10 years. On the other hand, Chan & Davydova, 2020 found maximum temperatures ranging between 30°C and 34°C for the period (1999-2018). However, according to the results of this study, recent years (from 2022 onwards) have recorded temperatures of 35°C and 36°C in May.
Regarding the smaller range of minimum temperature variation in the municipalities of Tonalá, Guadalajara, and part of Zapopan in the GMA, compared to municipalities with green areas, Díaz-Vera, Filonov & Tereschenko, 2005 agrees, stating that the urban area is warmer and exhibits less temperature variation.
It should be noted that previous and current studies used different measurements from the same study area, corresponding to different time periods and employing different methodologies. Nevertheless, the results and conclusions of both are consistent. This suggests that the findings on the Heat Island in the GMA are robust and reliable because they do not depend on a single approach or data set.
However, this study has some limitations regarding the time series, which should be considered when interpreting the results. First, the trends observed in the maps over the last six years should not be interpreted as a prediction of what will occur in the coming years. This is because the data sample is small, and the results only reflect the increases or decreases observed during that period, making it unwise to project future behavior with certainty.
Another limiting factor was the lack of longer time series (over 30 years) from meteorological stations (for example, in Zapotlanejo), as well as a denser network of stations, especially in municipalities such as Tlajomulco, El Salto, and Ixtlahuacán del Río. The availability of both elements could have provided a more accurate and com-prehensive view of the Heat Islands. As the temperature in the urban Heat Island continues to rise, one strategy that could be implemented is the use of cellular concrete, which is ideal for buildings where high temperatures are reached. Additionally, in-creasing areas with vegetation, installing green roofs on buildings (Cardador-Vázquez, 2021), creating linear parks, and constructing the city in a way that allows winds to pass through are also recommended. 
Finally, it is recommended to continue researching this phenomenon, incorporating an analysis of the interaction between wind flow and the vertical growth of the city. This approach will provide a better understanding of how vertical construction may or may not have influenced the intensification of this phenomenon.
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Figure 4. Population density map by Basic Geostatistical Area (AGEB). Information taken from SIGmetro (SIGMetro, s.f.). Prepared by the authors.
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Figure 5. Green area density map per inhabitant by basic geostatistical area (AGEB). Information taken from Sigmetro (SIGMetro, s.f.). Prepared by the authors.
Finally, it is recommended to continue researching this phenomenon, incorporating an analysis of the interaction between wind flow and the vertical growth of the city. This approach will provide a better understanding of how vertical construction may or may not have influenced the intensification of this phenomenon.

4. Conclusion

This paper answers the research question: How have urban heat islands evolved spatially and temporally in the last 6 years in the GMA? The temporal analysis of historical data from CONAGUA meteorological stations indicates that minimum temperatures have continued to rise in recent years in Guadalajara, Tonalá, and Tlaquepaque, with low to moderate certainty, supported by a squared correlation coefficient between 0.3 and 0.6. This contrasts with Ixtlahuacán de los Membrillos, which shows a decrease in minimum temperatures, with very low or no confidence due to the wide range of variation in the average minimum temperature. Meanwhile, in Zapotlanejo, no significant trend is observed, which is why the slope is zero, indicating stability in minimum temperatures over the years. The municipalities with the least temperature variation are those with predominantly industrial and settlement land use in Tonalá, Guadalajara, parts of Zapopan, and Tlaquepaque. Municipalities with flora and fauna land use (Zapotlanejo) and agricultural land use (Ixtlahuacán de los Membrillos) show greater variation in average minimum temperature values. This confirms that variability in temperature ranges is associated with land use.
Regarding the seasonal behavior of the last 6 years, it was found that in March and April, the minimum temperature increased each year by between 0° and 0.1°C in most of the GMA, and by between 0.2° and 0.5°C in May and June. Furthermore, the spatial analysis reveals and confirms that the highest temperatures in the Heat Island are found in the municipalities of Tlaquepaque, Tonalá, Guadalajara, parts of Zapopan, and Zapotlanejo. The highest maximum temperatures are found in the south and east of Guadalajara (Huentitán, Oblatos, Olímpica, and Tetlán), which are the areas with the highest population density in the city.
Furthermore, it was observed that the center of the Heat Island is not concentrated in a single location. In months such as March and April 2019 and March 2023, the heat was concentrated in Zapopan, Tlaquepaque, and Zapotlanejo, rather than in the Guadalajara area (Huentitán, Oblatos, and Tetlán), as observed in the other months. It would be interesting to analyze the past 30 years to verify whether these isolated events also occurred, whether they were more frequent, and to conduct more localized studies to understand the causes of these anomalies.
Finally, thanks to the application of the thermal gradient technique, it was possible to observe that in March and April, the vectors converge, indicating the direction in which the temperature increases most intensely, thus pinpointing the location of the Heat Island. In contrast, in May and June, an anticyclonic circulation of maximum temperatures is observed, with the center of the vortex showing the highest temperatures, thus delimiting the urban Heat Island.
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APPENDIX a
Table a1. Temporal evolution of the average minimum temperature of the warm months of the CONAGUA meteorological station located at the Colomos observatory.
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Table a2. Temporal evolution of the average minimum temperature of the warm months of the CONAGUA meteorological station located at the Toluquilla-San Pedro Tlaquepaque.
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Table A3. Temporal evolution of the average minimum temperature of the warm months of the CONAGUA meteorological station located at the Tonalá.
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Table A4. Temporal evolution of the average minimum temperature of the warm months of the CONAGUA meteorological station located at the Ixtlahuacán de los Membrillos.
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Table A5. Temporal evolution of the average minimum temperature of the warm months of the CONAGUA meteorological station located at the Zapotlanejo.
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APPENDIX b

Table B1. Linear fit slope showing the minimum temperature trend for each GMA coordinate (2019-2024).
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