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Urban areas are particularly vulnerable to climate change due to the Urban Heat Island (UHI) effect, which can
be mitigated by urban vegetation through shading and evapotranspiration. Nevertheless, there is still a lack of
spatially explicit information on the cooling capacity of green infrastructure for most Latin American cities. In
this study, we employed Land Surface Temperature (LST) of the Neotropical Mexican city of Xalapa to (1)
analyze its Surface UHI (SUHI) compared to its peri and extra-urban areas, (2) to assess the cooling capacity of
urban green spaces larger than 1 ha, and (3) to evaluate the role of green spaces’ size, shape and their sur-
rounding tree cover percentage (Tc) on green spaces cooling range. We evaluated the cooling range of green
spaces and their relationships with green spaces metrics and Tc via a linear mixed-effect model and identified
threshold values for the variables at 25 m, 50 m, 100 m, and 200 m from the borders of green spaces through
Classification and Regression Trees. Xalapa exhibits a SUHI of 1.70 °C compared to its peri-urban area and
4.95 °C to the extra-urban area. Green spaces > 2 ha mitigated heat at ~2 °C and the cooling range was
influenced by the size of green spaces > 2.8 ha and Tc > 21% at 50 m and only by Tc surrounding the green
spaces at 100 m and 200 m. This shows that the size threshold of urban green spaces should be complemented
with the presence of Tc starting at least 50 m to maximize the cooling capacity provided by the green infra-
structure. Planning agendas should account for the interaction between the size of green spaces and the cu-
mulative cooling effect of scattered vegetation inside urban areas towards compact green cities to cope with
urban warming.

1. Introduction climate change (Santamouris, 2015).

The UHI was first assessed using air temperatures, measured by in-

Due to the thermal properties of their material components, urban
areas exhibit the so-called urban heat island (UHI) effect, which pro-
vides the most dramatic evidence of human activities’ impact on local
climate (Peng et al., 2012; Yang et al., 2016). The UHI term refers to the
fact that urban areas are generally warmer than their surroundings (Oke,
1995). Currently, it is one of the most documented phenomena of local

situ weather stations, to analyze the urban canopy layer, which ex-
tends from the ground to the building’s rooftops and represents the area
on which urban inhabitants experience local temperatures (Oke et al.,
2017). In the last decade, an increasing body of literature has focused on
the surface UHI (SUHI) assessment, due to the increasing availability of
remote sensing data, which enabled the analysis of spatially continuous
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urban land surface temperature (LST) information, based on systemat-
ically acquired satellite images (Chakraborty and Lee, 2019; Clinton and
Gong, 2013; Peng et al., 2012). LST modulates the lower layer of urban
air temperatures and affects energy fluxes, influencing human comfort
(Voogt and Oke, 2003). Although UHI and SUHI are not equal, empirical
evidence shows that both are coupled and correlated (Nichol et al.,
2009; Prihodko and Goward, 1997). Therefore, relevant insights for
urban planning can be derived from the LST and SUHI indicators.

SUHIs cause several negative consequences for urban inhabitants;
thus becoming one of the main urban planning challenges of the twenty-
first century (Rizwan et al., 2008; Yow, 2007). SUHIs promote heat
stress especially in the warmest season, affecting human well-being by
increasing (i) cooling energy and water use and its associated costs, (ii)
air pollution, (iii) thermal discomfort, (iv) spread of vector-borne dis-
eases, and (v) heat-related health incidences (Heisler and Brazel, 2010;
Mohajerani et al., 2017; Nuruzzaman, 2015). It has been shown that the
SUHI effect and heat waves are synergetic, with SUHI causing increased
heat wave frequencies and heat waves intensifying the SUHI effect,
increasing heat-related mortality in urban areas (Tan et al., 2010; Zhao
et al., 2018).

Diverse strategies to mitigate the SUHI effect have been proposed,
such as planning and management of street geometry (e.g., built-up
distribution and density, design, height, and orientation) and vegeta-
tion cover (e.g., ground vegetation, shade trees, urban parks, green
roofs, green walls and facades). Other climate adaptation strategies
include the use of cool materials with high albedo for buildings and
pavements (e.g., reflective coatings, smother surfaces), and incorpora-
tion of waterbodies and water-retaining pavements. Each mitigation
strategy causes different effects on radiation, wind path, wind speed,
temperature, humidity, and thermal comfort (Akbari and Kolokotsa,
2016; Lai et al., 2019; Nuruzzaman, 2015; Rizwan et al., 2008; Xu et al.,
2019, 2017). Nonetheless, the most studied and applied strategies for
SUHI mitigation involve vegetation cover due to its potential and
possible implementation through urban planning at the city scale
(Aleksandrowicz et al., 2017; Aram et al., 2019a, 2019b; Duncan et al.,
2019).

The use of green infrastructure to mitigate SUHIs includes imple-
menting green roofs, green facades, greenways, urban forests, parks, and
other green spaces (Aram et al., 2019a; Bowler et al., 2010), which help
to mitigate diurnal SUHIs by modulating temperature through shading
and evaporative cooling (Chakraborty and Lee, 2019; Clinton and Gong,
2013; Higueras, 2006; Peng et al., 2012). Due to these properties, urban
green spaces are generally cooler than their impervious surrounding
areas (Chibuike et al., 2018; Lin et al., 2015; Yan et al., 2018). The
cooling capacity of green infrastructure can be extended several meters
beyond its boundaries (i.e., the cooling range). Nonetheless, cooling
capacity varies according to the plant type, canopy density, connectiv-
ity, shape, and size of vegetation patches across urban areas (Aram et al.,
2019a; Chen et al., 2014; Xiao et al., 2018).

Due to the multiple factors influencing SUHIs across different cli-
matic backgrounds, each SUHI exhibits specific dynamics (Lemoine-R-
odriguez et al., 2022; Yow, 2007). Knowledge on SUHIs and the cooling
capacity of local urban green spaces is essential to implement heat
mitigation strategies in urban areas (Du et al., 2017; Norton et al., 2015;
Yuetal., 2017). Woefully, SUHI research has been mainly focused on the
temperate regions of Europe, North America, and Asia, and, to a lesser
extent, on African and Latin American cities (Chakraborty et al., 2020;
Liu et al., 2021; Schwarz and Manceur, 2015). For African and Latin
American subtropical and tropical regions, knowledge about SUHI dy-
namics and their possible mitigation strategies, including the use of
urban green spaces, is still underrepresented in the urban climate and
urban planning literature (Aleksandrowicz et al., 2017; Aram et al.,
2019a; Bowler et al., 2010; Roth, 2007). Nonetheless, cities showing
intense SUHISs (i.e., > 3 °C annual average during daytime) are distrib-
uted in these regions (Peng et al., 2012). Analyses of Latin American
cities” SUHIs are particularly relevant because this region has a high
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percentage of urban population (81 %), mainly distributed in
medium-sized and small cities (United Nations, 2019). Therefore, the
largest amount of population experiencing the negative health impacts
of the SUHI effect are located in these types of cities. Knowledge of heat
mitigation strategies to inform planning is crucial for Latin American
cities since they have shown high levels of social heat vulnerability and
lack of adaptive capacity (Huang et al., 2019; Inostroza et al., 2016).
Projected scenarios suggest that cities in this region, particularly the
ones located in tropical areas, will suffer the highest levels of warming
due to urbanization in the coming years (Huang et al., 2019). Moreover,
medium-sized cities are expanding at the fastest pace and they are the
most dynamic areas in terms of urban form change (Lemoine-Rodriguez
et al., 2020). Most of these cities lack spatially explicit information on
their corresponding SUHIs and the cooling capacity of their green
infrastructure to mitigate high temperatures (Palme, 2021).

Empirical evidence shows that patch size is the main variable
influencing the internal LST of urban green spaces (Du et al., 2017; Liang
et al., 2020; Yu et al., 2017). Adittionally, high tree cover and simple
overall patch shape (i.e., round) promote lower LST inside urban parks
(Wang et al., 2021; Yu et al., 2017). The spatial arrangement and
composition of vegetation patches also influence the cooling range of
urban parks, showing a negative correlation between green spaces’ size
and simple shape and the LST in surrounding areas (Chen et al., 2014;
Huang et al., 2018; Yu et al., 2017). Here, scattered vegetation patches
surrounding urban parks can also contribute to reduce LST (Chen et al.,
2014; Geng et al., 2022; He et al., 2021). Nevertheless, it is not yet clear
what is the cumulative cooling effect of urban parks and their sur-
rounding tree cover across the urban tissue.

Aiming to contribute with spatially explicit information for the
management and planning of Latin American cities, in this study we
assess the SUHI intensity and cooling capacity of the green spaces of
Xalapa, Veracruz, Mexico at different spatial units. While it is well-
known that urban green spaces have the potential to mitigate SUHI,
the cumulative cooling contribution of urban parks and surrounding
smaller green patches is not yet clear. Our objectives were: (1) to analyze
the SUHI along the gradient of urbanization of the city (2) to assess the
effect of the shape and size of the green spaces on their internal LST, and
(3) to evaluate the interplay between the green spaces’ shape and size
and surrounding tree cover (Tc) on their cooling range across the city at
different distances. Our main research questions were: (1) is there a
cumulative cooling effect between urban parks and smaller surrounding
green spaces inside the city? (2) which variables are relevant for cooling
at different distances from the green patches’ borders (i.e., shape, size or
surrounding Tc), and (3) in which way do these variables interact across
space inside the city? The main contribution of this research is the
quantitative relationship between the size and shape of urban green
spaces, as well as the contribution of scattered vegetation (mixed land
use) across the urban tissue to mitigate urban heat in a Neotropical
medium-sized Latin American city. Moreover, the spatial interaction
between these variables was assessed to measure the cumulative cooling
effect of the green infrastructure at different distances. This assessment
provides relevant insights for planning green infrastructure maximizing
its cooling capacity and cooling range inside the city, based on empirical
evidence.

2. Methods
2.1. Study area

We conducted this study in the city of Xalapa, a medium-sized
Neotropical city located in Eastern Mexico (19°32'50” North,
96°55'10"" West; Fig. 1). The city is the state capital of Veracruz and
covers an area of 65.5 km?2, with a population of ~550 000 inhabitants
(INEGI, 2021; Lemoine-Rodriguez et al., 2019). Due to its elevation
range (600 masl: 1120-1720 masl), Xalapa has subtropical highland
(Cfb; Northwest) and humid subtropical (Cfa; Southeast) climates, with



R. Lemoine-Rodriguez et al.

96°59' 96°50'

N . ~
& | Mexico | &
2 e
Land cover
N @ Built-up
Grassland
Trees
™ Water
Analyzed
green spaces
N
N |
2 Km 2

96°50' 96°50'

Fig. 1. Location and land cover map of Xalapa highlighting the urban green
spaces assessed in this study.

an annual mean precipitation of 1493 mm (Kottek et al., 2006). The
annual mean temperature is 18 °C, ranging between 7 °C in winter to
35 °C in summer, with the highest temperatures in April and May
(INEGI, 2014; Soto-Esparza and Gomez-Columna, 1993). The original
vegetation covering the region before the city development, predomi-
nantly consisted of cloud forest (Rzedowski, 1978), followed by tropical
dry forest and riparian vegetation (Castillo-Campos, 1991). Preexisting
urban green cover decreased as a consequence of infill urbanization in
Xalapa, while new green patches were embedded in the city as it
expanded, leading to the current woody vegetation cover of ~20% in-
side the city (Lemoine-Rodriguez et al., 2019). Urban vegetation in
Xalapa is mainly distributed in private gardens, public parks, ecological
parks, median strips, and forest patches, composed by a significant
number of exotic plant species (Capitanachi et al., 2004; Falfan and
MacGregor-Fors, 2016).

2.2. Land surface temperature retrieval

To compute the LST of Xalapa, we employed a Landsat 8 OLI/TIR
image from April 12th of 2019, the warmest month of the year for which
a high-quality image was available, with a 30 m spatial resolution and
no cloud cover on the city area. We preprocessed the image by applying
a Dark Object Subtraction (DOS) image-based atmospheric correction to
the visible and infrared bands in order to obtain surface reflectance
values (Chavez, 1996), using the RStoolbox R package (Leutner et al.,
2019). All further processing steps were conducted in R (R Core Team,
2019), by means of the R-package LSTtools (Lemoine-Rodriguez and
Mas, 2020) to process thermal data. We converted the Digital Numbers
(DN) contained in the Thermal Infrared band 10 (TIR) to at sensor
spectral radiance (L;), employing the multiplicative and rescaling fac-
tors contained in the image metadata, as suggested by USGS (2019; Eq.
1.

L, =ML % Q.q +AL (@)

Where:
ML= Radiance multiplicative scaling factor of the band.
Q.q= Pixel value in DN.
AL= Radiance additive scaling factor of the band.

To compute LST, it was necessary to estimate the ground emissivity
values for each pixel in the image, for which we applied the modified
Normalized Difference Vegetation Index (NDVI) threshold method
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(Sobrino et al., 2008). We computed the NDVI employing the Red and
Near Infrared (NIR) bands. Based on the NDVI values, the modified
NDVI threshold method classifies pixels into soil pixels (NDVIg < 0.2),
fully vegetated pixels (NDVIy > 0.5) and mixed pixels (i.e., pixels with
mixed infrastructure and vegetation, none of them showing a pixel
proportion of > 0.8; NDVI > 0.2 and NDVI < 0.5). According to this,
fixed emissivity values of 0.97 for soil pixels and 0.99 for vegetated
pixels were defined. For mixed pixels, emissivity was computed
following Eq. (2):

& =¢s5+ (ey —é€5) * Py 2)

where:

£s= Soil emissivity.

ey= Vegetation emissivity.

Py= Proportion of vegetation, computed based on the NDVI as fol-
lows (Eq. 3):

NDVI — NDVIg \ *
v = ( S> 3

NDVIy, — NDVIg

We derived the brightness temperature (BT) from the at sensor

radiance of the TIR band (Eq. 4). After this, we corrected the BT values

using the Planck function, adding the influence of the computed per-

pixel emissivity and then converting the values from Kelvin to Celsius
degrees (Eq. 5).

K,
0

where:

BT = +1 (4

L;= At sensor radiance (W/(m?  sr * um)).
K;= Calibration constant (W/(m?  sr * um)).
K>= Calibration constant (K)

BT

P En e

—273.15 5)

where:

BT= Brightness temperature.

A= Central band wavelength of emitted radiance.

p=hxc/o (1.438 %1072 m*K), where ¢ is the Boltzmann constant
(1.38 *10723 J/K), h is the Planck’s constant (6.626 *10734 J*s), and cis
the light velocity (2.998 *108 m/s).

&= Emissivity.

2.3. Surface urban heat island assessment

To assess the urban temperatues of Xalapa, we employed the SUHI
intensity indicator, which measures the difference between LST inside
the city and its surroundings (Oke, 1973). We computed the SUHI in-
tensity based on the mean LST at three spatial units representing the
gradient of urbanization: (i) the urban area (represented by the dense
continuous built-up), (ii) the peri-urban area (delineated as an inner
buffer of 420.51 m from a smoothed limit of the city polygon according
to MacGregor-Fors (2010), and (iii) the extra-urban area (defined by an
outside buffer from the smoothed city polygon at the same distance than
the peri-urban area; Fig. 2). To spatially define the urban green spaces,
we employed land cover data including ‘built-up’, ‘grassland’, ‘water’
and ‘trees’ (Lemoine-Rodriguez et al., 2019). This cartography was
based on a SPOT image with a spatial resolution of 2.5 m and achieved
an overall map accuracy > 82%. Finally, we computed the proportion of
vegetation (‘trees’ and ‘grassland’ land cover classes) for the urban,
peri-urban, and extra-urban areas.
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Fig. 2. LST values in Xalapa for the spatial units representing the urbanization
gradient of the city.

2.4. Green space delineation and computation of landscape metrics

For the delineation of green spaces, we extracted and updated the
class ‘trees’ from the land cover classification, based on the 2019
Landsat image (Fig. 3). We did not consider the administrative bound-
aries of the green spaces (e.g., official urban parks), but the continuous

|:| Inputs
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tree cover, since official limits do not accurately represent the extension
of the vegetation for most tree cover patches.

To assess if a relationship exists between the size and shape of the
green spaces and their LST and cooling capacity, we computed the Patch
Area (PA) and the Shape Index (SI) landscape metrics at patch level,
following McGarigal et al. (2012; Fig. 3). PA is measured in hectares and
is a metric that reflects the size of the patch. SIreflects configuration and
is considered the most straightforward measure of overall shape
complexity. When a patch is compact (i.e., square or circle), SI is equal to
one and increases without limit as patch shape becomes more irregular
(McGarigal et al., 2012).

2.5. Relationship between cooling capacity and landscape metrics

We employed a linear regression model (LM; multiplicative) to test
for relationships between the internal LST of the green spaces and their
spatial metrics (i.e., PA and SI in their log forms due to skewed distri-
butions given by the largest green area of the city; Fig. 3). To assess the
extent of the cooling range provided by the urban green spaces (i.e., the
distance from the green spaces’ borders up to which they provide a
cooling effect) in a spatially explicit manner, we defined a set of external
spatial buffers at 25 m, 50 m, 100 m, and 200 m from the border of tree
cover patches in the city > 1 ha (n = 40; Figs. 1, 3 and 4a). The selection
of distances was based on the scale of analysis and the aim of repre-
senting intraurban LST differences across the city. Our maximum dis-
tance (200 m) was defined to avoid high overlap between buffers and
surrounding green spaces. We assessed the cooling capacity-distance
relationship (i.e., cooling range) by comparing the mean LST of green
spaces with that of each buffer distance employing a linear mixed-effect

Processes

Linear regression,
classification and

Land surface

temperature
(LST) I

D Assessments H

regression tree i spaces ] E
LST ~PA * SI elineation an H
T selection E
Internal coolin; Greenispaces’ sl E
; 8 €— size (PA)and |[€— metrics H
Ot green spaces shape (SI) estimation E

Urban green

.......... # e

Linear mixed-effect model
LST ~ Green areas and Buffers' distances

Cooling range at
¥ different buffer

Surface urban
heat island
(SUHI)

estimation

Urban - peri-urban Urban - extra-urban
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Linear mixed-effect model,
classification and
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LST ~PA +SI+ Tc

and 200m from

green spaces'
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Fig. 3. Steps carried out to conduct the a) SUHI, b) green spaces’ internal cooling capacity, and c) green spaces’ cooling range assessments. Arrows indicate the work

flow and dashed squares correspond to each assessment.
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showing results of Tukey contrasts.

model (LMM, Pinheiro et al., 2020). We computed subsequent Tukey
contrasts from this model to identify pairwise differences in LST of green
spaces and the consecutive buffers (Lenth et al., 2020). For the case of
LST at each buffer distance from the green spaces’ borders, we assessed
the same spatial metrics plus the tree cover percentage (Tc) inside
buffers using a LMM to test the green spaces’ cooling range (Fig. 3).
Finally, to identify thresholds for LST inside the green spaces and buffers
concerning PA and SI metrics and Tc in the buffers, we carried out
Classification and Regression Trees (CARTs; Fig. 3; Therneau and
Atkinson, 2018; as suggested by Bowler et al., 2010).

3. Results
3.1. Urban heat island of Xalapa

The LST values of Xalapa exhibit a clear gradient related to the de-
gree of urbanization of each spatial unit (Fig. 2; Table 1). Lowest values
of LST are mainly distributed in the surroundings of the urban fringe
(North and West), where forest patches are located, and along the larger
urban green spaces of the city polygon (Fig. 2). Intermediate values of
LST are located in the South and East of the city, where grassland
patches are distributed. The urbanized area of the city exhibited the
lowest proportion of vegetation and the highest mean LST. Mean LST
decreases while proportion of vegetation increased in the peri-urban and
extra-urban areas of the city. Xalapa exhibited a mean SUHI effect with
an intensity of 1.70 °C compared to the peri-urban area and 4.95 °C
based on the extra-urban area. The highest standard deviation was
present inside the urban polygon, followed by the extra-urban and peri-
urban areas (Table 1).

3.2. Effect of configuration and composition on green spaces’ land surface
temperature

LST of the analyzed green spaces > 1 ha in Xalapa ranged from

26.68 °C to 38.81 °C with a mean value of 30.46 °C ( & 2.26 °C SD). The
PA of these spaces varied from 1.01 ha to a maximum of 326.13 ha, with

Table 1

a mean value of 15.48 ha ( + 50.64 ha SD) and the SI ranged from 2.16
t0 9.90, with a mean of 3.87 ( & 1.53 SD), indicating mainly an irregular
form for the green spaces (Fig. 1). The LM results showed a negative and
significant association of green spaces’ LST with PA variation (F; 37 =
49.50, p < 0.001), and a negative non-significant tendency with SI (Fy 37
=1.02, p = 0.319). On the other hand, the interaction between PA and
SI showed a non-significant trend (F; 37 = 3.49, p = 0.070). Accord-
ingly, green spaces with the lowest mean LST were mainly the largest
ones: ‘Cerro de Macuiltepetl’ (29.09 °C, 31.32 ha), ‘Cerro de la Galaxia’
(29.23 °C, 48.50 ha), ‘Lomas del Seminario’ (29.43 °C, 20.34 ha) and
‘Parque Natura’ (29.66 °C, 326.13 ha). The results from the corre-
sponding CART (Fig. 5), pointed to green spaces > 6.4 ha as cooler by
3 °C on average than those < 6.4 ha. Green spaces < 2 ha had warmer
LST by 4 °C on average, compared to green spaces > 6.4 ha.

(PA )

2 6.4ha <6.4ha
PA
= 2.0ha < 2.0ha
| |
31 33 35
n=13 n=16 n=11

Fig. 5. Classification and regression tree (CART) showing the relationships
between LST and green spaces’ metrics.

Descriptive statistics of urban, peri-urban and extra-urban LST (°C), SUHI (°C), and proportion of vegetation.

Spatial unit Min. Max. Range Mean SD SUHI intensity (peri-urban, extra-urban) Proportion of vegetation
Urban 26.68 41.20 14.52 34.12 2.53 1.70, 4.95 20.35
Peri-urban 25.03 38.72 13.69 32.42 2.35 - 36.21
Extra-urban 24.71 38.38 13.67 29.17 2.40 - 85.06
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3.3. Effect of configuration and composition on cooling range

The LMM results indicated that LST increased with larger distance
from the green spaces (F415601 = 142.46, p < 0.001; Table 2). Ac-
cording to Tukey contrasts, LST of green spaces was significantly lower
than LST of buffers and LST differed significantly between consecutive
buffers, except between 100 m and 200 m (Table 3, Fig. 4b). Therefore,
the cooling range of green spaces in Xalapa extends up to 50 m from
their borders. According to the second LMM, LST at the four evaluated
buffer distances showed negative linear relationships with PA (F; 3g =
10.04, p = 0.003) and Tc (Fy,118 = 30.48, p < 0.0001). Namely, smaller
green spaces and lower tree cover percentages derive in higher LST as
distance increases from the borders of the green spaces (Figs. 6 and 7).
CARTs corroborated the LMM results and showed differential relevance
of PA and Tc at each buffer distance. Specifically, PA was the only
relevant variable affecting buffers’ LST at 25 m and was an important
variable at 50 m, but it was not relevant at 100 m and 200 m. Further-
more, PA > 6.4 ha exhibited the highest cooling effect at 25 m and PA
< 2.8 ha showed no cooling effect. On the other hand, Tc interacted
with PA to influence the cooling range at 50 m, mainly when Tc was
< 21% and green spaces size was > 2.8 ha. With values > 21% at 50 m,
> 18% at 100 m, and > 22% at 200 m, Tc was the only relevant factor
for LST regulation inside the buffers (Fig. 8).

4. Discussion
4.1. Surface urban heat island of Xalapa

Like most cities located in non-arid climates, the city of Xalapa ex-
hibits a positive diurnal SUHI (Chakraborty and Lee, 2019; Clinton and
Gong, 2013; Lemoine-Rodriguez et al., 2022). This effect has already
been reported for the city, albeit following different, mainly
non-spatially continuous methodological approaches (Barradas, 1987;
Méndez Romero, 2017; Tejeda-Martinez and Acevedo-Rosas, 1990). Our
work is the first spatially explicit and continuous SUHI assessment of
Xalapa, which employs a clear delineation of the assessed spatial units.
The SUHI of Xalapa compared to its extra-urban area (4.95 °C) is within
the intensity range of other Latin American areas (i.e., 3-8 °C), such as
Mexico City, Santiago de Chile, Sao Paulo, Rio de Janeiro, and Belo
Horizonte (Lemoine-Rodriguez et al., 2022; Montaner-Fernandez et al.,
2020; Monteiro et al., 2021; Sarricolea and Meseguer-Ruiz, 2019).
Compared to other Mexican cities, the SUHI of Xalapa is higher than
larger cities such as Guadalajara and Monterrey (Roth, 2007). Yet, our
results differ from the previously reported maximum UHI intensity of
7 °C for the city (Tejeda-Martinez and Acevedo-Rosas, 1990). Here, it is
important to consider that those authors compared the temperature of
downtown Xalapa with that of Las Vigas, Veracruz as the external
reference. Las Vigas is located ~35 km northwest from Xalapa, at
~2400 masl, and with a subhumid moderate rainy summer (Pereyra
Diaz et al., 1992). Furthermore, Tejeda-Martinez and Acevedo-Rosas
(1990) argue that the “not extremely intense” UHI effect of 7 °C was
due to the few industries and to the high vegetation density in and
around Xalapa. It has been shown that cities with fragmented spatial
patterns as consequence of sprawled urban development (i.e., low-dense
and dispersed urbanization) exhibit strong SUHI intensity due to high

Table 2
Descriptive statistics of LST (°C) for green spaces and buffers.

Spatial unit Min. Max. Mean  SD A mean LST - preceding spatial

unit

Green 26.68 38.81 30.46 2.26 -
spaces

25m 27.72 39.69 33.20 2.02 2.74

50 m 28.33 40.69 34.23 1.96 1.03

100 m 27.34 41.20 34.63 2.08 0.40

200 m 27.15 41.04 34.89 2.20 0.26
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Table 3

Tukey contrasts for green spaces and buffers.
Contrast Estimate SE Df t ratio P
GS-25m -1.36 0.123 156 -11.09 < 0.0001
GS - 50 m -2.06 0.123 156 -16.74 < 0.0001
GS -100 m -2.44 0.123 156 -19.87 < 0.0001
GS -200m -2.49 0.123 156 -20.27 < 0.0001
25-50 m -0.70 0.123 156 -5.65 < 0.0001
25-100 m -1.08 0.123 156 -8.78 < 0.0001
25-200 m -1.13 0.123 156 -9.18 < 0.0001
50-100 m -0.39 0.123 156 -3.13 0.018
50-200 m -0.43 0.123 156 -3.53 0.005
100-200 m -0.05 0.123 156 -0.40 0.994

tree cover loss (Lu et al., 2020; Stone et al., 2010). Xalapa has exhibited
an increasingly sprawled urban expansion in the latest decades, adding
forest patches from its periphery while reducing pre-existent urban
green spaces due to infill urbanization (Lemoine-Rodriguez et al., 2019).
Despite Xalapa lacks proper city planning, ~20% of the city area cor-
responds to Tc (Lemoine-Rodriguez et al., 2019), with positive effects on
SUHI mitigation. While it is necessary to promote a less sprawled urban
development, the preservation of an urban interconnected green infra-
structure with the aim of strengthening its mitigation effects on SUHI
and climate change will be challenging, especially considering the low
contribution of small green areas to heat mitigation.

Several cities exhibiting intense SUHIs (i.e., > 3 °C annual daytime
mean) are distributed in Latin American tropical and subtropical areas
(e.g., Sao Paulo, Bogota, Mexico City; Peng et al., 2012). Nevertheless,
comparisons with other settlements of similar size and climate are
limited due to the lack of information for medium-sized Latin American
cities and different methods employed to compute SUHI (Inostroza,
2014; Montaner-Fernandez et al., 2020; Monteiro et al., 2021). More-
over, the lack of standardization in the assessment of SUHI and LST, such
as the delineation of the urban area and external reference, adds high
uncertainty to cross-city comparisons (Lemoine-Rodriguez et al., 2022).

The assessment of the thermal urban environment should not only be
based on the SUHI indicator, since this metric is context-dependent (i.e.,
influenced by elevation, local climate, delineation of spatial units) and
does not represent the temperatures that urban inhabitants experience
(Lemoine-Rodriguez et al., 2022). LST and air temperatures need to be
considered in the assessments in order to compare surface and canopy
urban temperatures with local heat stress thresholds and therefore to
determine if temperatures are actually a health risk for the population
(Martilli et al., 2020).

4.2. Urban green spaces’ structure and cooling capacity

The relevance of green spaces to mitigate the SUHI effect has been
proven at global (Clinton and Gong, 2013; Peng et al., 2012; Yang et al.,
2021) and local scales (Kong et al., 2014; Li et al., 2012; Wang et al.,
2021; Yu et al., 2017). Since daytime LST is particularly high in tropical
and temperate cities (Yang et al., 2021), recently, there has been an
increasing interest in the study of urban temperatures in such climates.

The relationship between the spatial structure of urban green spaces
and LST is complex and influenced by several factors. We analyzed the
cooling capacity of green spaces during the warmest month, since the
strongest cooling effect from vegetation is provided during this time of
the year (Chen et al., 2014; Duncan et al., 2019; Huang et al., 2018). In
line with our findings, green patch size has been proven to have the
strongest influence on the LST inside green spaces, as well as on their
cooling range (Du et al., 2017; Liang et al., 2020; Yu et al., 2017). This is
the result of the cumulative evaporative cooling, lower thermal inertia
and shading provided by larger vegetated areas (Weng et al., 2004).
While this relationship is already known, detailed studies show that the
effect of patch size is context-dependent and should be analyzed at local
scales. In fact, the same vegetation structure in different locations will
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Fig. 6. Linear regression plots between mean LST and PA at different buffer distances.

not provide the same cooling effect (Duncan et al., 2019). Our results
show that green spaces < 2 ha exhibit LST 2 °C higher than the mean
value for all green patches > 1 ha (33 °C), and that areas > 6.4 ha are
necessary to decrease the LST by 2 °C (31 °C). Other research has found
minimum size values of 3.25 ha (Kong et al., 2014) for green spaces to
influence LST. There are reported saturation thresholds from which the
decrease in LST is not influenced by larger patch size of the green spaces;
40 ha (Du et al., 2017), 4.55 ha (Yu et al., 2017), 37 ha (Huang et al.,
2018). These methods are limited by the accuracy of the land cover
classification, the minimum size and amount of urban green spaces
considered, and the lack of other indicators which can be affecting the
cooling capacity of the urban green infrastructure (e.g., tree species and
their morphological and physiological characteristics).

Different and even contrasting findings between green spaces’
overall shape and LST have been found. Our results show that the main
overall shape of the green spaces of Xalapa is irregular, and that SI does
not play a relevant role for LST nor cooling range in Xalapa. Most
research studies have found that simple overall patch shapes (i.e., circle,
square) are related to lower LST inside green spaces (Yu et al., 2017).
Nevertheless, other evidence suggest the opposite relationship, in which
a more irregular and even fragmented shape leads to lower LST (Chen
etal,, 2014; Du et al., 2017; Li et al., 2012). It has been found that patch
shape affects cooling capacity especially in cold months (Chen et al.,
2014). It would be necessary to explore the seasonal variation in Xalapa
to determine if this is also true for this city. Nonetheless, the warmest
time of the year is still the most relevant season to analyze SUHI, since it
is when the urban inhabitants experience the strongest thermal comfort
issues.

While other research has found that, for green spaces > 14 ha, size is
the most relevant factor influencing cooling (Jaganmohan et al., 2016),

in our study, independently of size, PA was the only important variable
for LST inside green spaces. For cooling range, PA was complemented by
Tc starting at the 50 m buffer and Tc was the only relevant variable at
100 m and 200 m, with a negative relationship between cooling range
and distance. Literature suggests different distance thresholds up to
which cooling range is provided by green spaces; 50 m (Chen et al.,
2014),120 m (Huang et al., 2018), and 180 m (Yu et al., 2017), pointing
out the need of city-specific detailed analyzes. Although some authors
suggest that several small green patches provide more efficient cooling
than a single large patch of the same size (Kong et al., 2014; Yu et al.,
2017), others found the opposite results (Cao et al., 2010). While these
contrasting findings can be due to other local factors such as vegetation
species composition, climate, built-up structure, among others, it is a
fact that, independently of urban areas’ size, mixed land cover at fixed
distances has the potential to maximize the cooling range, as our find-
ings show. Green spaces’ cool island can be extended if it connects with
neighboring smaller patches (mixed land cover), enhancing the cumu-
lative cooling effect inside cities (Kong et al., 2014).

Despite being a region with high demand for heat mitigation inside
cities, information on the cooling capacity of green spaces in Latin
America is still limited (Palme, 2021). Moreover, most research con-
ducted in this region has focused on large cities (e.g., Sao Paulo, Mexico
City, Buenos Aires, Rio de Janeiro, Lima, Bogota and Santiago; Inos-
troza, 2014; Lemoine-Rodriguez et al., 2022; Palme, 2021). Yet, studies
conducted for Latin American cities have confirmed the cooling poten-
tial of urban vegetation on LST (Colunga et al., 2015; Duarte et al., 2015;
Gioia et al., 2014; Gomez-Martinez et al., 2021; Inostroza, 2014).
Nevertheless, the cumulative cooling contribution of urban green spaces
and scattered vegetation has been poorly explored with empirical data,
especially for medium size cities (Palme, 2021).
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Fig. 7. Linear regression plots between mean LST and Tc at different buffer distances.

Limitations of this work should be considered when interpreting our
results. We analyzed the cooling capacity of green spaces > 1 ha
composed by continuous tree cover, based on their size and shape.
Therefore, smaller green patches were not assessed. Nevertheless, we
included all tree cover patches when analyzing the effect of Tc at
different distances from the green spaces > 1 ha. We did not analyze the
role of shrubs and grassland, which also contribute to cooling but in
lower magnitude than trees (Kong et al., 2014). Other structural prop-
erties of green spaces that affect cooling, such as species composition,
horizontal and vertical vegetation features, or green cover rate, were
also out of our scope (Kong et al., 2014; Wang et al., 2021). Since we
focused on green infrastructure, we did not analyze the spatial
arrangement nor the composition of built-up and water bodies, which is
important to include in further research to understand the thermal
environment of Xalapa. While employing a recent image of the warmest
month (i.e., April 2019) enabled us to understand the current state of the
cooling capacity of urban green spaces in the most relevant time of the
year for human thermal comfort, ad-hoc time-series analyzes are needed
to understand the spatial and temporal LST trends of Xalapa.

4.3. Implications for urban planning

Urban green infrastructure provides benefits to the urban ecosystem,
such as recreation, flood retention, groundwater recharge, biodiversity,
air filtering, carbon sequestration, and climate regulation (Burkhard
et al., 2012; Chang et al., 2017; European Commission, 2014, 2013).
Due to the challenges posed by climate change under the current, fast
urbanizing scenario, the role of green spaces to mitigate heat has gained
relevance for urban planning. In the case of Xalapa, our findings indicate
that, to maximize their cooling capacity, green spaces should have a

minimum size of 2.8 ha and be complemented with other green patches
beyond, at least 50 m (mixed land cover), to reach a cumulative cooling
effect. This arrangement should be weighted with an urban agenda that
limits urban sprawl towards a more compact green urban expansion (i.
e., a less dispersed urban development that preserves greenspaces) than
the one the city experienced in the past decades in order to define
coherent planning paths (Lemoine-Rodriguez et al., 2019). Although
other strategies have demonstrated relevance for heat mitigation, such
as the implementation of low thermal building materials and modifi-
cation of street canyons, vegetation is a less costly method to modify
features for SUHI mitigation (Clinton and Gong, 2013). It is necessary to
understand the local city-specific cooling capacity of green spaces in
order to incorporate such information in urban planning agendas (Kong
et al., 2014). Cooling capacity can be improved by maintaining a PA
between the local optimal thresholds (Du et al., 2017) and implementing
mixed land cover at fixed distances, thus maximizing the provision of
climate regulation. Moreover, including high tree species diversity with
dense tree cover in urban green spaces can further enhance their cooling
capacity (Wang et al., 2021). Towards a climate adaptation approach,
green infrastructure should be analyzed, planned, and administrated
according to their spatial continuity and not following the administra-
tive park limits, implying different types of management for single tree
patches that provide cooling as one entity.

Further research analyzing the relationship between LST, the pres-
ence and structure of green spaces and socioeconomic level of the
population can help identify city areas with high need of heat mitigation
intervention (Duncan et al., 2019). For Xalapa, it has been found that
public urban green spaces show a clustered pattern, with no presence of
these spaces in almost half of its neighborhoods, and that the lower
number, surface, and percent of greens spaces were associated with
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Fig. 8. Classification and regression trees (CARTs) showing the relationships between LST, PA, and Tc at different buffer distances.

areas of low socioeconomic level (Carmona-Ortega, 2021). Woefully,
this is a common scenario in Mexican (Reyes-Plata and Gabriel-Bolea,
2018; Romo-Aguilar and de, 2008) and other Latin American cities
(Gomez and Velazquez, 2018; Inostroza et al., 2016; Reyes-Packe and
Figueroa-Aldunce, 2010).

Moreover, empirical results are particularly important to understand
the dynamics of SUHI in cities located in warm-humid climates, in which
a strong increase on heat stress is projected due to the combination of
high temperatures and air humidity (Zhao et al., 2014). Under the
current climate change scenario, heat mitigation measures should be
based on spatially explicit empirical data to properly inform planners.
This information needs to be periodically updated and monitored to
detect spatio-temporal trends and adapt the ongoing process of urban
spatial planning.

5. Conclusions

In this study we analyzed the SUHI intensity of Xalapa during the
warmest month (i.e., April) of 2019 and the cooling capacity of its urban
green spaces > 1 ha. Our results show that a green Neotropical city like
Xalapa can exhibit a SUHI intensity of almost 5 °C, with a mean urban
LST of 34.12 °C. The relationship between size of urban green spaces
and Tc along the city with cooling range, outlines the need of green
spaces with a minimum area of 2 ha to mitigate heat at ~2 °C. The size
threshold of urban green spaces should be complemented with the

presence of scattered Tc starting at least 50 m from their borders (mixed
land cover) to maximize the cooling capacity provided by the green
infrastructure. At 50 m distance, areas with > 21% of Tc exhibited the
lowest LST (33 °C), followed by zones with < 21% of scattered Tc
combined with parks > 2.8 ha (35 °C), which were 1 °C cooler than
areas with < 21% of Tc and smaller parks (36 °C). At 100 m and 200 m
distance from parks’ borders it is necessary to focus on the scattered Tc
to mitigate heat, since park size does not influence LST at these dis-
tances. The contribution of mixed land cover to mitigate heat must be
weighted with proper development agendas towards a compact green
future urbanization in order to find feasible planning paths to implement
adequate urban climate adaptation strategies.
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