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Highlights  

 Peri-urban areas in Santiago warm faster than urban parks and residential areas. 

 Of the three areas, the peri-urban area has shown the greatest decreases in rainfall. 

 Urban park area exhibited the largest increase in daily temperature range. 

 Intra-annual variability is greater in cooler than in warmer months in peri-urban area. 

 Soil drying in peri-urban areas causes the highest warming due to permeable surfaces. 
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ABSTRACT 

Cities are particularly vulnerable to climate change, which continues to drive rising air 

temperatures. The morphology of a city also influences local climate through diverse surface 

properties and configurations, leading to diverse responses to warming trends. We examined the 

impact of climate change on Santiago, Chile, a valley city with a semi-arid climate. Near-surface 

air temperature and rainfall data from Chile’s Bureau of Meteorology over the past 63 years were 

collected from three different local climate zones (LCZs) in a peri-urban, urban park, and 

residential areas. The research employed regression analysis, a seasonal time series model, and 

standardised anomalies to assess air temperature and rainfall trends. Results show that the peri-

urban area has experienced the highest rate of warming and the greatest decline in rainfall, 

alongside a doubling of the warming rate in recent years. Discrepancies in maximum and 

minimum temperature trends resulted in varying daily temperature ranges (DTR) across LCZs. 

The peri-urban area also displayed significant intra-annual variability in air temperature and 

rainfall, leading to trend variations over the years in contrast to the other LCZs. Our findings 

underscore the accentuated impact of climate change in the peri-urban area due to its 

permeable bare soil surfaces with an increase of 0.36°C per decade of warming, compared to the 

areas characterised by impermeable surfaces and well-irrigated green spaces of 0.25°C per 

decade on average. It highlights the importance of analysing urban air temperatures through LCZ 

classifications, challenging the conventional urban-rural temperature dichotomy that underpins 

urban heat island assessments. 
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1. INTRODUCTION 

Urbanization is a key driver of change at local, regional and global scales (Cleugh & Grimmond, 

2012). It significantly alters natural surface conditions, transforming the physical environment 

and affecting energy and carbon exchanges, thermal conditions, moisture fluxes, and wind 

circulation systems (Oke et al., 2017). Different urban design types with varying surface and 

atmospheric properties modifications lead to distinct urban microclimates (Hall et al., 2016; Joshi 

et al., 2022) that are influenced by climate change (Cleugh & Grimmond, 2012) in differing ways. 

Studies report rising observed temperatures in urban areas worldwide (Ajaaj et al., 2018; Pingale 

et al., 2014) as well as an accelerating trend in recent years (Dodman et al., 2023; Hobbie & 

Grimm, 2020). Therefore, although increasing urban temperatures are often attributed to large-

scale climate change (Masson et al., 2020), different urban landscapes within the same city can 

exhibit varying long-term temperature trends. This raises a critical question: To what extent and 

how do temperature trends differ across various urban landscapes within a city in response to 

climate change?  

Radiative, thermal, humidity and aerodynamic properties of the urban surface characterise its 

spatial heterogeneity. Surface properties produce variations in temperature response depending 

on the climatic conditions (Lai & Cheng, 2010), so the thermal climate of a specific urbanised 

area will differ significantly from that of other zones with contrasting structure and cover 

(Stewart, 2013). Changes in rainfall patterns, primarily driven by climate change (Ohba, 2021), 

affect water availability and evapotranspiration (Li et al., 2016), and global warming-induced soil 

drying in urban areas (Lauwaet et al., 2016) can enhance intra-urban temperature contrasts. In 

particular, changes in daily temperature ranges (DTR) have been linked to both increased 
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heterogeneity in land cover and shifts in precipitation (Irizarry-Ortiz et al., 2013; Lai & Cheng, 

2010). However, findings remain inconclusive, as short-term analyses sometimes report 

negligible trends (Bonacci & Ðurin, 2023), highlighting the complexity of attributing climatic 

changes solely to urbanisation or global warming. 

Cities in the Global South are often understudied due to climate data scarcity, sparking a vigorous 

debate in recent years on how to understand these urban environments (Randolph & Storper, 

2023). Of particular interest are cities in arid and semi-arid climates, not only because they face 

dry conditions and severe challenges exacerbated by climate change (Minderlein & Menzel, 

2015; Shen & Chen, 2010) but also due to the limited research available on them (Licón-Portillo 

et al., 2024). Semi-arid climates are characterised by extreme variability, with frequent droughts 

and uncommon periods of above-average rainfall (Snyder & Tartowski, 2006). The west coast of 

South America, extending from the equator to the Mediterranean climate regime of central 

Chile, is dominated by semi-arid conditions. Santiago, situated in this central region, is the Chile’s 

primary urban centre, characterised by dry summers and a cold semi-arid climate with recurrent 

serious impacts from droughts (Aldunce et al., 2017; Garreaud et al., 2020; Moser et al., 2018).  

Santiago has experienced rising heatwave frequencies coupled with drier soils during warmer 

months and increasing climatic stress in recent decades (Piticar, 2018; Stolpe & Undurraga, 

2016); trends expected to intensify under future climate scenarios (McPhee et al., 2014). 

In terms of urban design, Santiago is a chaotic mosaic of built-up areas with mixed patterns of 

high-rise and mid-rise buildings and low-rise houses with green areas, all of different standards 

(Sarricolea et al., 2022). Due to this spatial urban heterogeneity, distinguishing the impacts of 

local urbanisation from those of climate change on long-term air temperature trends is 
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challenging, particularly when comparing areas with differing urban structures and permeable 

and impermeable surfaces. The combination of climate change's impact on this city and its urban 

heterogeneity generates uncertainty in understanding the long-term urban climatic conditions 

and possible future climate scenarios that the city may face. 

Assessing climatic conditions in urban environments relies on climate data at both local and 

regional scales. Numerous studies have investigated urban-scale temperature trends associated 

with climate change, using long-term data expressed as annual anomalies (Ajaaj et al., 2018; 

Bayer-Altın et al., 2024), DTR (Irizarry-Ortiz et al., 2013), seasonal patterns (Livada et al., 2019) 

and shifts in extreme temperature (Arsiso et al., 2018; Pingale et al., 2014). Although year-on-

year differences may be minimal and intra-annual variability is often removed, such comparisons 

are not always like-for-like, as they may obscure trends in intra-annual data due to shifts in 

seasonal fluctuations. Therefore, it is necessary to analyse the time series climatic data on both 

inter- and intra-annual scales.  

Time series analysis provides insights into climate behaviour through statistical evaluation 

(Mudelsee, 2019), with advanced methods improving trend estimation and uncertainty 

assessment, thereby supporting climate science. Regression analysis is commonly used for trend 

estimation, assuming the absence of outliers or their prior removal through extreme value 

analysis (Mudelsee, 2014). However, while linear transformations preserve data distribution and 

facilitate comparisons of long-term trends, they are not strictly generalisable due to locational 

differences. A mathematical transformation helps remove the influence of location and spread, 

making datasets more comparable (Wilks, 2019), and accounting for seasonal variations 

(Koudahe et al., 2017; Liu et al., 2018). Standardising data into anomalies further enables 
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meaningful comparisons of long-term changes across locations with distinct urban 

characteristics. Moreover, understanding irregular variations in seasonal temperature trends is 

crucial to describe the nature of temporal processes (Privalsky, 2023). The seasonal time series 

model helps identify underlying distributions and outliers through irregularity detection (Mills, 

2019). 

To contextualise air temperature trends within urban environments, it is essential to consider 

urban surface characteristics. The local climate zone (LCZ) methodology (Stewart & Oke, 2012) 

provides a robust framework for this purpose. The core scientific premise of the LCZs is that 

similar neighbourhoods exhibit comparable local climatic effects and relatively homogeneous 

temperatures compared to nearby neighbourhoods, a concept validated through various 

temperature observation techniques (Masson et al., 2020). 

This study aims to assess air temperature changes over 63 years in three LCZs in a semi-arid city 

to understand how climate change impacts urban landscapes differently according to surface 

characteristics and rainfall variability, using long-term weather station data. The study seeks to 

answer two research questions: 

 How does the inter-annual trend of air temperature in response to climate change differ 

across three LCZ types, which are represented by locations of: a) sparsely developed peri-

urban, b) an urban park in a dense, low-rise urban, and c) an intermediate residential 

area; and  

 How do intra-annual trends differ in response to climate change in these three different 

LCZs? 
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These research questions are based on the hypothesis that a featureless landscape with a 

permeable surface, predominantly bare soil, will exhibit a stronger warming response to changes 

in rainfall and drought than a more open, low-rise built environment with permeable green areas 

in a warming world. Consequently, the peri-urban area is expected to experience a more 

pronounced increase in air temperature than urban park and residential areas, as 

evapotranspiring ground surfaces without irrigation being to behave more like impervious 

surfaces during prolonged drought. While all LCZs will respond to global warming, their sensitivity 

to drought periods associated with climate change will vary. 

2. MATERIAL AND METHODS 

This section provides a general geographical description of the city under study, followed by a 

detailed explanation of the methodology, including the long-term weather station data, the 

analysed LCZs, and the time series methods applied.  

2.1. Santiago’s climate 

The central macroregion of Chile is predominantly characterised by a temperate climate, 

covering 91% of this region. Tundra climates, accounting for less than 6%, are confined to high 

mountain areas, while arid climates occupy just 3% of the total area (Sarricolea et al., 2017). 

Santiago, Chile’s capital and largest metropolis, with almost 8 million inhabitants, equivalent to 

42.5% of the national population (INE, 2019), lies in this zone. This city is situated in a valley 

bordered by the Andes Cordillera to the east and the Coastal Cordillera to the west and an 

elevation of approximately 520 m a.s.l. The city itself has a semi-arid climate, specifically 
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classified as BSk and Csa under the Köppen-Geiger system (Beck et al., 2018), with rainy winters 

and dry summers. Precipitation concentrates in autumn, winter, and spring, while cloudless days 

are primarily observed in summer. 

2.2.  Methodological analysis  

Fig. 1 depicts the methodological analysis framework to analyse the climate change impact in 

Santiago, Chile. Initially, we chose three long-term weather stations in Santiago, operated by 

Chile’s Bureau of Meteorology, whose temperature and rainfall data were downloaded from its 

database (DMC, 2024). Surrounding each station, temporal observations of satellite imagery 

were conducted to detect changes in land cover and classify the LCZs. The satellite imagery 

platforms used were Google Earth Pro (2025) and the U.S. Geological Survey (2025). Finally, a 

time series analysis was applied, based on regression analysis, a seasonal time series model and 

standardised anomalies, to determine the impact of climate change on air temperature and 

rainfall trends in three contrasting LCZs. Additionally,  ANOVA test and Spearman rank correlation 

coefficient was applied to examine the consistency and correlation. 
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Fig. 1. Methodological analysis framework to analyse long-term temperatures of the LCZs studied. The grey arrows 

indicate a step process, and the black arrows reflect the products. The time series analysis is explained in section 2.6. 

2.3. Weather stations and local climate zones 

The three long-term weather stations in Santiago, installed since the last century, are located in 

the northwest, centre, and east of the city (Fig. 2). The characterisation of the location of the 

stations was reclassified based on the previous work of Sarricolea et al. (2022) using the LCZ 

methodology (Stewart & Oke, 2012). Due to deviations from standard LCZ classes, each site was 

assigned specific subclasses based on the surrounding built types, land cover, and geometric 

properties within a 500-metre radius. The notation for the subclasses is LCZ Xy, where X is the 

dominant class in the standard set of LCZs, and y is the lower class from the standard set. The use 

of these subclasses is justified as the secondary characteristics (subscript y) are expected to 

influence the local microclimate. This classification is particularly relevant given the study’s focus 

on assessing the impacts of climate change in urban environments. 
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The first station, located in the northwest and inside the Santiago International Airport (peri-

urban area), was classified as LCZ FE, characterised by a predominance of bare soil and some 

paved surfaces (e.g., the aeroplane runway). The second station, in a dense, low-rise urban area, 

sits within an irrigated urban park with scattered trees, grass, bare ground, scattered buildings, 

and paved surfaces, and was classified as LCZ 9D. However, the park is surrounded by dense, low-

rise buildings with limited vegetation and covered mainly by pavements and building concrete 

materials. The third station, near the eastern mountains, is located at an aerodrome (Eulogio 

Sánchez) surrounded by compact, low-rise residential buildings. The station, positioned beside 

the runway, was classified as LCZ 6D, characterised by a mix of low-rise buildings, scattered trees 

in irrigated gardens and streets, and pervious surfaces with minimal and no grass in the 

aerodrome area. 
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Fig. 2. Location of Chile in South America and administrative map of Chile with the location of its capital, Santiago. 

Relief of Santiago and its mountainous surroundings (OpenStreetMap, 2025). Satellite images of the three LCZs of 

study: (A) Peri-urban, (B) Urban park and (C) Residential (Google Earth Pro, 2025). 

2.4. Air temperature and rainfall data 

Near-surface air temperature available data (at a height of 1.5 m (DMC, 2024)) from 1961 to 

2024 was accessed for the three Santiago weather stations. The data from 1961 to 1970 was 

available at an annual average resolution, and this 10-year period served as the baseline for 

calculating temperature anomalies after 1971. The data from 1971 to 1980 and from 1981 to 

2024 were available at a monthly average and daily average resolution, respectively, and were 

used to calculate the annual average. The long-term trend was investigated from 1971 onwards.  
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The annual minimum and maximum temperature averages and the daily temperature range 

(DTR) were examined to study the long-term trends of these values. The temporal resolution of 

these data, from 1961 to 2023, was the annual average.  

Rainfall data (annually and monthly) were similarly sourced from the three Santiago weather 

stations from 1961 onwards. 

2.5.  Satellite observations for land cover change 

Satellite imagery of the three sites (LCZ FE, LCZ 9D and LCZ 6D) was analysed to identify potential 

land cover changes surrounding each weather station from 2000 and 2024 (Table 1), such as in a 

few cases that have been investigated (Jones et al., 2008). Due to the satellite spatial resolution 

prior to 2000, it was not possible to accurately calculate the properties in the LCZs. 

The survey indicated no significant land-use changes in the urban park (LCZ 9D) and residential 

areas (LCZ 6D) but an increase in the impervious surface in the peri-urban area (LCZ FE). Beyond 

the boundary of this last area, within a 2-kilometre radius, there was a reduction in bare soil (LCZ 

F) and tree cultivation (LCZ B), which was replaced by large, low-rise buildings without vegetation 

(LCZ 8) and paved areas for aircraft operations (LCZ E) from 2006 onwards.  

 

 

                  



15 
 

Table 1. Values of geometric and surface cover properties for LCZs from 2000 to 2024 study period. All properties are 

unitless except the height of roughness elements. Land cover is calculated within a 500-meter radius surrounding 

each weather station. 

Parameters 
Peri-urban Urban park Residential 

LCZ LCZ FE LCZ 9D LCZ 6D 

Representation 
   

Sky view factora 1.00 >0.6 >0.3 

Canyon (or building) aspect ratiob - 0.1-0.7 0.1-0.3 

Mean vegetation height (m)c <0.25 20.3 7.70 

Mean building height (m)d - 8.80 5.70 

Terrain roughness classe 1 5-6 6 

2000 (year) 

Impervious building surface fraction (%)f - 15.6 21.5 

Impervious ground surface fraction (%)g 14.8 9.0 20.9 

Pervious surface fraction (%)h 85.2 75.4 57.6 

2024 (year) 

Impervious building surface fraction (%)f - 18.3 22.8 

Impervious ground surface fraction (%)g 33.3 13.0 24.9 

Pervious surface fraction (%)h 66.7 68.7 52.3 
a
Ratio of the amount of sky hemisphere visible from ground level to that of an unobstructed hemisphere (Stewart & Oke, 2012). 

b
Mean height-to-width ratio of street canyons or building spacing. 

c
Geometric average of tree heights. 

d
Geometric average of buildings heights. 

e
Effective terrain roughness Z0 classification by (Davenport et al., 2000). 

f
Ratio of impervious building plan area to total plan area.  

g
Ratio of impervious ground plan area to total plan area (paved surface). 

h
Ratio of pervious plan area to total plan area (bare soil, vegetation, water). 
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2.6. Time series analysis of long-term temperature data 

2.6.1. Regression analysis 

The regression analysis has been used to estimate trends in climate equations analysis 

(Mudelsee, 2014). The general climate equation is: 

𝑋(𝑖) = 𝑋𝑡𝑟𝑒𝑛𝑑(𝑖) + 𝑆(𝑖) × 𝑋𝑛𝑜𝑖𝑠𝑒(𝑖)  (1) 

Eq. (1) decomposes the climate data, 𝑋(𝑖), into a trend component and a noise component, 

where the latter has a mean of zero. The trend, 𝑋𝑡𝑟𝑒𝑛𝑑(𝑖), is a key focus in climatology as it 

describes the mean state of the system, and 𝑆(𝑖) quantifies the variability around the trend. 

The linear regression describes 𝑋𝑡𝑟𝑒𝑛𝑑(𝑖) using two parameters: the intercept, 𝛽0, and the slope, 

𝛽1. The model is: 

𝑋(𝑖) = 𝛽0 + 𝛽1 × 𝑇(𝑖) + 𝑆(𝑖) × 𝑋𝑛𝑜𝑖𝑠𝑒(𝑖)  (2) 

𝑇(𝑖) is the time variable assigned to 𝑋(𝑖). Since this statistical model uses parameters, the 

output is in the form of estimated parameter values with an uncertainty measure. 

2.6.2. Seasonal time series model 

A time series 𝑍𝑡 comprises trend-cycle (𝑃𝑡), seasonal (𝑆𝑡), and irregular components (𝑒𝑡), which 

can be represented as an additive seasonal model in the form (Wei, 2019):   

𝑍𝑡 = 𝑃𝑡 + 𝑆𝑡 + 𝑒𝑡 = 𝛼0 + ∑ 𝛼𝑖
𝑚
𝑖=1 𝑈𝑖𝑡 + ∑ 𝛽𝑗𝑉𝑗𝑡

𝑘
𝑗=1 + 𝑒𝑡  (3) 

where 𝑃𝑡 = 𝛼0 + ∑ 𝛼𝑖
𝑚
𝑖=1 𝑈𝑖𝑡, and the 𝑈𝑖𝑡 are the trend-cycle variables; 𝑆𝑡 = ∑ 𝛽𝑗𝑉𝑗𝑡

𝑘
𝑗=1 , and the 

𝑉𝑗𝑡 are the seasonal variables. The coefficients 𝛼 and 𝛽 are regression parameters. The trend-
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cycle component 𝑃𝑡 captures the long-term evolution of the series, indicating the overall 

direction over time, while the seasonal component 𝑆𝑡 reflects regular short-term fluctuations 

(e.g., monthly patterns). The irregular component 𝑒𝑡 accounts for random noise or unexplained 

variations. This model helps identify the different influences on the data with an uncertainty level 

described by mean absolute percentage error (MAPE). 

2.6.3. Standardised anomalies 

The standardised anomaly 𝑧 is calculated by subtracting the sample mean 𝑥̅ from raw data 𝑥 and 

dividing by the corresponding sample standard deviation 𝑠𝑥, yielding a normalised, dimensionless 

quantity: 

𝑧 =
𝑥−𝑥̅

𝑠𝑥
=

𝑥′

𝑠𝑥
  (4) 

In atmospheric science, an anomaly 𝑥′ refers to the deviation of a data value from a relevant 

average and does not imply that the value is abnormal or unusual (Wilks, 2019).  

2.7.  Statistical analysis 

To assess the consistency of the evaluation results, an analysis of variance (ANOVA) was 

performed to determine the significance of the regression analysis related to inter-annual 

variations. Additionally, due to the variability of rainfall and the seasonal pattern of temperature, 

Spearman’s rank correlation coefficient was applied to examine the relationships among these 

two variables and the fraction of pervious surface at a monthly temporal resolution, thereby 
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addressing correlations in the intra-annual variations. Both statistical analyses were conducted 

with statistical significances defined at P < 0.05, P< 0.01 and P < 0.001. 

3. RESULTS 

This section is structured around the research questions of this study, analysing the inter- and 

intra-annual variability of temperature and precipitation in each LCZ. 

3.1. Time evolution of the air temperature and rainfall observations: inter-annual variations 

3.1.1. Air temperature anomalies and rainfall trends 

A significant warming trend was observed from 1971 onwards, with considerable variation in the 

rate of warming among the three LCZs (Fig. 3). The linear trend from 1971 to 2023 was most 

pronounced in the peri-urban area (0.36 °C per decade), exceeding those in the urban park (0.21 

°C per decade) and residential areas (0.30 °C per decade). This pattern persisted in the most 

recent period (2000–2023) with the warming rate in the peri-urban area nearly doubling 

compared to the entire study period, while the residential area exhibited a moderate increase. In 

the urban park, however, the warming trend remained consistent across the two periods. 

Concurrently, inter-annual rainfall variability differed among the three LCZs, with a decreasing 

trend evident in recent years (Fig. 4). Prior to 2006, the peri-urban area exhibited substantial 

variability, with years of well-above-average and well-below-average rainfall. After 2006, however, 

very wet seasons disappeared, and below-average rainfall events became more frequent. The 

urban park and residential areas initially displayed similar patterns to the peri-urban area. 
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Towards the end of the period, the increase in below-average rainfall was less marked in the 

urban park and residential areas. 

    

Fig. 3. Average annual temperature anomalies (°C) from original data (black line) with the linear trends for two 

distinct periods (blue and red lines) for the (A) peri-urban, (B) urban park, and (C) residential areas. Significance 

reported from the Anova test in linear fitting for each tendency is indicated by asterisks (* indicates p < 0.05, ** 

indicates p < 0.01, and *** indicates p < 0.001).  
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Fig. 4. Time series of annual rainfall (mm) data for the (A) peri-urban, (B) urban park, and (C) residential areas. Blue 

and yellow bars represent rainfall above and below the average of the 1961-1980 reference period (286.2 mm; DMC, 

2024), respectively. Red horizontal dashed line represents the 2000-2023 average rainfall for each area. The average 

value is shown in the top-right corner of each plot, with the corresponding period's standard deviation shown inside 

the parentheses. 

 

3.1.2. Minimum and maximum temperatures and daily temperature range trends 

The warming rates of minimum and maximum temperatures showed significant variability across 

the LCZs, resulting in differing trends in the DTR (Fig. 5). In the peri-urban area, a greater increase 
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in minimum temperatures compared to maximum temperatures led to a negative but no-

significant DTR trend. Similarly, the residential area exhibited a no-significant DTR trend but 

positive. Both areas presented gradients are far less than ±1%. Conversely, the urban park area 

has a significantly greater increase in maximum temperatures compared to the minimum 

temperatures, resulting in a positive DTR trend.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Annual average minimum, maximum, and DTR temperature data (°C) with linear tendencies differentiated by blue, 

red, and black dots and lines for the (A) peri-urban, (B) urban park, and (C) residential areas, respectively. Significance 

reported from the Anova test in linear fitting for each tendency is indicated by asterisks (* indicates p < 0.05, ** indicates 

p < 0.01, and *** indicates p < 0.001). NS indicates no-significance. 
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3.2. Intra-annul variations of air temperature and rainfall observations 

Fig. 6 illustrates the average and standard deviation of temperature, irregular variations of 

temperature and rainfall variability in the annual cycle for the period of study of the peri-urban 

area. July (winter), the rainiest and second coldest month, exhibits the most irregular 

temperature variations. In contrast January (summer), the warmest and least rainy month, 

experiences the least irregular temperature variations. November, although it presents an 

intermediate temperature and rainy intensity concerning the other months, shows great irregular 

temperature variations. 

Fig. 7 depicts the temporal evolution of monthly rainfall in the peri-urban area, showing a clear 

decrease towards the end of the analysed period (Box A1). Boxes A2 and A3 of Fig. 7 show the 

standardised difference in temperature between the three LCZs. For the first two-thirds of the 

analysed period, temperature changes were more pronounced in the urban park and residential 

areas. Towards the end of the period, greater temperature changes were observed in the peri-

urban area. 

In line with the above, the peri-urban area also experienced the most notable land cover change 

between 2000 and 2024, particularly a reduction in the proportion of pervious surfaces, as 

shown in Table 1. Consequently, Table 2 presents the results of the Spearman’s rank correlation 

analysis, which examines the correlation of monthly temperature against rainfall and pervious 

surface fraction data. The analysis reveals a statistically significant negative correlation (r < 0, p < 

0.001) between monthly temperature and rainfall data. 
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Fig. 6. Monthly temperature average and its standard deviation (°C) (A1), irregular temperature (°C) variations per month 

obtained by the time series model with a MAPE value of  5.32% (A2), and monthly rainfall (mm) data (A3) are represented in 

the peri-urban area from January 1981 to July 2024. Each colour represents each month for the analysis period.  
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Fig. 7. Monthly average rainfall (mm), 5-year running monthly average rainfall (mm), pervious surface (%), and 

temperature (°C) in the peri-urban area (A1) are represented by dark blue bars (y-axis to the left), light blue lines (y-

axis to the right), bronze yellow line (mini-box y-axis to the left), and red line (mini-box y-axis to the right), 
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respectively. Standardised differences in monthly air temperature between the urban park and peri-urban area (A2), 

and between residential and peri-urban areas (A3) from January 1981 to July 2024. Both the 5-year running monthly 

average rainfall and standardised differences were smoothed using Fourier harmonics to capture variables' modest 

but obvious deviations from a single sine wave. The standardised differences, ∆z, were calculated by subtracting the 

standardised anomalies of each location (Eq. 3), where ∆z = zx - zy for each month in the study period. This ensures 

that the resulting index will have a unit standard deviation.  

 

Table 2. Spearman rank correlation between monthly average temperature (°C), rainfall (mm) and pervious surface 

(%) data in the peri-urban area (r values) from January 2000 to July 2024. Asterisks indicate statistical significance for 

each relationship (* indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001). NS indicates no-

significance. 

 
Spearman rank correlation coefficients 

Variables Temperature Rainfall Pervious surface 

Temperature 1.00*** -0.73*** -0. 093NS 

 

 

4. DISCUSSION 

4.1. Inter-annual air temperature and rainfall variability 

The analysis of urban time series data provides valuable insights into historical climate trends and 

the potential influence of urbanisation on these patterns (Masson et al., 2020). While global 

climate change exhibits regional variability in trends and risks (Cleugh & Grimmond, 2012), its 

effects on the urban scale show significant variation in air temperature response and rainfall 

variability on both inter- and intra-annual timescales. Our investigation of urban air temperature 

trends in a valley city with a semi-arid climate and their relationship with rainfall variability due to 
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climate change revealed discrepancies in the warming rate over the entire study period (1971–

2023) and the recent years (2000-2023). The peri-urban area (LCZ FE) presented the highest 

warming rate during the entire period (0.36°C per decade), and it worsened in recent years by 

increasing by 97% to 0.71 °C per decade under conditions of well-below-average rainfall. While 

this increasing air temperature trend in recent decades in this area could be linked to the 

accelerated global warming (Forster et al., 2024; WMO, 2024), this hypothesis was discarded 

since the warming rate in the urban park and residential areas remained almost consistent across 

the two periods and did not show similar recent increases.  

Drought conditions in central Chile, where Santiago is located, have been extensively reported 

(Garreaud et al., 2020; Peña-Guerrero et al., 2020). Decreased soil moisture affects its thermal 

inertia, modulating the surface-atmosphere thermal interaction (Martilli et al., 2020). Such 

conditions are consistent with environmental patterns where higher temperatures are associated 

with drier soil (Chen et al., 2025; Lanet et al., 2024), as these influence the surface energy 

balance by increasing sensible heat while latent heat is reduced (Oke et al., 2017). This validates 

our hypothesis since the peri-urban area, characterised by a permeable surface (predominantly 

bare soil) and minimal impermeable surface, exhibited a stronger warming response to changes 

in rainfall and drought. This puts peri-urban areas of Santiago on alert to the increase in warming 

rate compared with reports in other semi-arid and arid urban areas (Pingale et al., 2014).  

The urban park weather station showed a smaller decrease in precipitation compared to the peri-

urban area and the lowest warming rate. There are two conditions under which the warming rate 

is little altered by decreasing rainfall in this area: i) well-irrigated conditions  (Reyes-Paecke et al., 

2019) that largely maintain the energy balance during dry periods and ii) the surrounding 
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impermeable surfaces, predominantly dense, low-rise buildings and paved surfaces, which 

remain substantially unaffected by drought as their thermal properties are not influenced by the 

lack of moisture. Similarly, the residential area has a combination of impermeable and permeable 

surfaces but contains more vegetation cover, sustained through residential irrigation during the 

whole year at a fairly constant rate (Sanzana et al., 2019). This irrigation mitigates the effects of 

droughts and supports evaporative cooling, significantly reducing air temperatures and increasing 

atmospheric water content. As a result, it enhances the 'oasis effect,' where advected energy 

from hotter, drier surrounding areas influences the irrigated areas (Vivoni et al., 2020). 

Climate change also affects the DTR trends, which are related to the thermal interactions 

between the surface and the atmosphere (Martilli et al., 2020). Due to the contrasting urban 

surfaces analysed in this study, different DTR trends were obtained, explained by the variability of 

trends in maximum and minimum temperatures. The maximum temperature trends in the three 

areas were similar (0.27°C per decade on average), driven primarily by regional warming rather 

than precipitation changes. However, it is important to note that the urban park exhibited the 

highest rate of warming of maximum temperature (0.30°C per decade), slightly above the other 

areas. This is possibly due to advection processes that transport warm air masses from the 

surrounding large concrete surfaces and buildings (Yan et al., 2018) influencing the measured 

temperatures. 

Differently, minimum temperatures showed disparities, leading to a difference of 0.20°C per 

decade between the three LCZs. Climate change-induced rainfall reduction and higher 

temperatures due to global warming led to prolonged periods of dry soil (Stolpe & Undurraga, 

2016). Unlike wet and saturated soils, a dry soil has significantly lower heat capacity, it cools 
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down quickly at night and heats up rapidly in the morning. Impermeable surfaces such as 

concrete and asphalt, however, store more heat during the day due to higher thermal inertia 

than soil, and they released it at night as infrared energy. The thermal characteristics of these 

two surfaces explain why the peri-urban area had the highest increase in minimum 

temperatures. Conversely, the urban park area exhibited the lowest increase in minimum 

temperatures, followed by the residential area. Here, again, the well-irrigated conditions in both 

areas allowed the minimum temperature trends to be most linked to regional warming. So far, 

these partial results highlight the role of permeable surfaces in regulating temperature trends 

due to moisture changes, addressing the study's first research question focused on inter-annual 

air temperature trends in the context of climate change. 

4.2.  Intra-annual temperature and rainfall variability 

Whereas prior studies have quantified the impact of climate change on urban warming in terms 

of inter-annual variability (Ajaaj et al., 2018; Arsiso et al., 2018; Pingale et al., 2014), our 

investigation delves deeper into exploring its implications for intra-annual variability. Specifically, 

regarding irregular temperature variations in the peri-urban area the most affected LCZ by rainfall 

decreases our analysis demonstrates that the high rainfall variability during the coldest months 

exerted more pronounced irregular variations during these months. This occurs through changes 

in evaporative cooling due to the permeable surface conditions. However, a similar effect is 

observed in the final months of the annual cycle, during which the drying effect, driven by a 

weakened water vapour source (i.e., reduced rainfall), further amplifies irregular variations. 
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Considering this intra-annual variability over the long study period, the standardised anomaly 

method provided further insight. Using the peri-urban area as a reference, we observed that 

temperature changes were primarily concentrated in the urban park and residential areas at the 

beginning of the study period. Rainfall was variable but did not decrease in this first part. 

However, towards the end of the period, a progressive decline in rainfall intensity led to 

significant alterations in the air temperature in the peri-urban area, largely attributed to soil 

drying. It is important to note a significant reduction of 18.5% in the pervious surface for this 

area. According to the Spearman rank analysis, the correlation between monthly temperature 

and pervious surface data was very low (-0.093), with an absence of a statistically significant 

correlation. 

Monthly (intra-annual) and yearly (inter-annual) fluctuations in rainfall were key to understanding 

the internal temperature variability of each LCZ, in which the peri-urban area established a clear 

precedent: its temperature can fluctuate significantly from year to year and month to month 

compared to other areas due to its permeable bare soil surface conditions, as previously 

highlighted. The results of intra-annual variability not only strengthen the validation of our 

hypothesis but also address the second research question of how the intra-annual temperature 

variability differs in response to climate change for the three contrasting LCZs. 

4.3.  Recommendations and future lines 

The results of this study indicate that temperature variations within all three LCZs are not only 

possible on annual and monthly scales, but they are virtually inevitable to occur due to their 

intrinsic conditions. This underscores the need to move beyond simplistic urban-rural 
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comparisons and adopt methodologies such as the LCZ approach to better understand urban-

atmosphere interactions (Martilli et al., 2020). As global temperatures continue to rise due to 

increasing greenhouse gas emissions, we caution that temperature variability within each LCZ, 

driven by their surface conditions, is expected to persist in response to the accelerating rate of 

global warming. 

Our study combined temperature, rainfall and land cover data to assess the impact of climate 

change on a valley city characterised by a semi-arid climate. However, a more comprehensive 

evaluation of climate change in urban environments requires the inclusion of additional 

environmental parameters, such as wind speed and direction. Future investigations into urban air 

temperature could benefit from integrating in-situ observations with high-resolution urban 

climate models, allowing for a more complete analysis that incorporates these environmental 

variables alongside land-use changes, using the LCZ classification framework. Moreover, 

incorporating data on vegetation decline provides a more holistic understanding of urban 

warming trends associated with urban browning (widespread vegetation loss). 

Urgent measures to combat soil drying caused by decreased rainfall are needed since it can 

induce urban browning due to water shortages in central Chile (Meza et al., 2014). Zhang et al. 

(2021) observed a predominantly negative vegetation trend across South America from 2000 to 

2018. Similarly, Du et al. (2025) recently analysed the urban browning phenomenon in cities 

across the Global South, finding that Santiago is affected, with temperature rising 0.05 °C per 

decade due to this process.  

We strongly recommend that urban planners and governments prioritise the control of 

vegetation loss, particularly in biophysically (urban greenness) and socio-economically vulnerable 
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areas. Such loss can exacerbate air warming through reduced evaporative cooling, more so than 

through its drying caused by a weakened water vapour source (Du et al., 2025). For instance, 

urban forestry can be sustained by integrating traditional practices with emerging technologies to 

enhance resilience against drought and high temperatures (Esperon-rodriguez et al., 2025). 

National and local governments must share the responsibility of supporting disadvantaged urban 

areas, which often lack the resources for greening initiatives (Ju et al., 2023) and rainwater 

harvesting systems for irrigation (Eisenman et al., 2025). This is particularly urgent in many arid 

and semi-arid cities where water security is critical and unsustainable practices persist (Di 

Baldassarre et al., 2018). Furthermore, economically constrained communities may benefit from 

cost-effective strategies such as public awareness campaigns, educational materials on urban 

gardening, and the distribution of low-cost seedlings to promote local vegetation efforts (Puskás 

et al., 2021). 

4.4.  Methodological limitations 

In an urban context characterised by significant heterogeneity, achieving an accurate 

temperature measurement that fully represents all spatial and surface features is inherently 

challenging. Temperature measurements within the urban canopy that adhere to the standard 

requirements for urban measurement siting (Oke, 2006) can be difficult to obtain due to the 

pronounced spatial variability of the temperature field. The LCZ methodology developed by 

Stewart & Oke (2012) allows direct comparison of point temperature measurements as a spatial 

average over a 500-meter radius or less. Point measurements remain a valuable means of 

representing air temperature in response to climatic factors and surface energy balance, 
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particularly for configurations that are not yet fully understood. This principle underpins the use 

of models which rely on physical principles to reflect our current understanding of how the 

atmosphere interacts with the Earth’s surface. In this regard, the use of weather meteorological 

stations served two critical purposes in this research. First, the stations, which are managed by 

government meteorological entities, follow the parameters and recommendations of the World 

Meteorological Organization (WMO), ensuring high-quality measurements. Second, the long-

term operation of these stations, spanning several decades, enabled us to investigate the impact 

of climate change in a semi-arid urban area and assess how its responses vary depending on 

urban surface characteristics. These long-term datasets were essential for identifying the 

complex interactions between rainfall variability, surface permeability, and temperature trends, 

ultimately strengthening the robustness of our findings and advancing research in urban valley 

climates and conditions. 

5. CONCLUSIONS 

This study identified varying long-term temperature trends in Santiago, Chile, driven by global 

warming and rainfall variability due to climate change across three distinct LCZ scenarios. The 

peri-urban area (LCZ FE), characterised by permeable surfaces (e.g. bare soil), exhibited the 

highest inter-annual warming rate and intra-annual temperature variations due to prolonged 

drought periods in comparison to the urban park (LCZ 9D) and residential (LCZ 6D) areas. 

However, these last two areas initially showed slightly greater temperature variations in the intra-

annual analysis. As rainfall progressively declined, temperature increases became more 

pronounced in the peri-urban area (0.71 °C per decade) towards the end of the study period 
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compared to urban park (0.22°C per decade) and residential areas (0.36 °C per decade). The well-

irrigated permeable surfaces in the urban park exhibited more stable thermal conditions, limiting 

significant temperature fluctuations despite rainfall changes. Meanwhile, the residential area 

benefited from abundant vegetation and well-irrigated conditions, mitigating climate change 

effects. Future research should prioritise local-scale comparisons using the LCZ methodology to 

enhance understanding of urban surface-atmosphere interactions rather than relying on 

simplistic urban-rural differences that underpin urban heat island reporting. Furthermore, 

climate change mitigation policies in Santiago should focus on quantifying impacts at the 

neighbourhood scale rather than at citywide or regional levels, particularly in light of the 

increasing drought in this semi-arid region and the accelerating pace of global warming. It calls 

for more comprehensive research that includes variables like wind and urban browning, and 

urges urban planners to prioritise vegetation management, especially in vulnerable areas, to 

mitigate urban warming and strengthen climate resilience in semi-arid cities. 
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