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RESUMEN

Durante 2023 y 2024, México experimento olas de calor intensas que afectaron amplias zonas del pais. En
este articulo se evalta la respuesta diferenciada de tres olas ocurridas en 2023 y cuatro en 2024 en cinco
zonas climaticas locales (LCZ, por su sigla en inglés) de la ciudad de Puebla (México), siguiendo el criterio
de cinco dias consecutivos en que las temperaturas diarias rebasaron el percentil 90, aplicado a las tempe-
raturas maximas (27.4 °C) para las olas diurnas y a las minimas (17.4 °C) para las olas nocturnas. Las olas
se clasificaron como circadianas cuando fueron diurnas y nocturnas en las mismas fechas. La intensidad de
las olas se calcul6 en dias-grado y en horas-grado para obtener mayor precision. Adicionalmente, se aplicd
el indice Humidex para estimar los efectos bioclimaticos en horas-grado por encima del valor del Humidex
preferente. Se encontrd que las olas nocturnas en el centro de la ciudad son mas intensas, probablemente de-
bido a la isla de calor urbana, y que las LCZ con mayor vegetacion incrementan la intensidad de las olas si se
incorpora a su evaluacion la contribucion de la humedad atmosférica. Se utilizaron datos termohigrométricos
tomados cada 15 min en cinco estaciones meteorologicas durante 2023 y durante seis meses de 2024. Como
en México no abundan los trabajos que evalten los efectos diferenciados en distintas zonas de una ciudad,
se seguira este enfoque en el presente articulo.

ABSTRACT

In 2023 and 2024, Mexico experienced intense heatwaves that affected large areas of the country. This article
evaluates the differentiated responses of three events in 2023 and four in 2024 in five local climate zones
(LCZ) in the city of Puebla (Mexico). Heatwaves were identified based on the criterion of five consecutive
days in which daily temperatures exceeded the 90th percentile, applied to the maximum temperature (27.4 °C)
for diurnal waves and to the minimum temperatures (17.4 °C) for nocturnal waves. When thermal thresh-
olds were exceeded during both day and night over the same period, waves were classified as circadian. To
achieve greater precision, the wave’s intensity was calculated in degree-days and degree-hours. Addition-
ally, the Humidex index was applied to estimate the bioclimatic effects in degree-hours above the preferred
Humidex value. The findings indicate that nocturnal waves in the city center are more intense, partly due
to the urban heat island effect, and that LCZ with greater vegetation show increased wave intensity when
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atmospheric humidity is included in the analysis. Thermohygrometric data recorded every 15 min at five
meteorological stations throughout 2023, and six months of 2024, were used. Given the limited number of
studies in Mexico evaluating the spatially differentiated effects of heatwaves within urban areas, this study

adopts a localized approach.

Keywords: degree-hours, heatwaves, human bioclimate, Humidex, local climate zones.

1. Introduction

So far this century, the frequency and intensity
of heatwaves have increased, producing adverse
effects on health, ecosystems, agriculture, and the
economy (Campbell et al., 2018; IPCC, 2023; Wang
et al., 2023). One of the most extreme examples is
the European 2003 heatwave, which resulted in the
loss of between 50000 and 70 000 human lives (de
Bono et al., 2004; Robine et al., 2008). The criteria
and methodologies for evaluating heatwaves are not
unique, mainly because the diversity of climatic,
social, and cultural conditions worldwide, which
makes it difficult to apply a uniform approach (Per-
kins and Alexander, 2013). Moreover, the effects of
heatwaves are not limited to those caused only by
high temperatures; they are also accompanied by
indirect effects attributable to other meteorological
variables, such as atmospheric humidity (Cheng et
al., 2024; Narayanan et al., 2025), solar radiation
—whose evaluation indoors and shaded assessment
remains complex— and wind, for which detailed in-
formation is often lacking. Regarding temperatures,
not only daily maximums have an impact, but also
nighttime temperatures, which can have notable
consequences for vulnerable populations such as
the elderly and infants (Gosling et al., 2009; Zhou
et al., 2024).

There are several antecedents of studies of heat-
waves in Mexico that reflect the growing concern
about rising temperatures in urban environments.
Jauregui (2009) reported that the number of days ex-
ceeding the 30 °C threshold in Mexico City between
1991 and 2000 was twice that of the previous two
decades and nine times that of 1870. This increase
was attributed to the effects of urbanization on ambi-
ent temperatures (Jauregui, 1997, 2000). His findings
highlight how urban growth has intensified both the
frequency and intensity of heatwaves, providing a
foundational reference for understanding long-term
climatic trends in the region.

An extreme case, given its already very hot sum-
mers, is the city of Mexicali, located in the desert
region of northwestern Mexico, bordering the Amer-
ican Southwest. Garcia-Cueto et al. (2010) reported
that heatwaves—according to the criterion of three
or more consecutive days above the 44 °C thresh-
old—tripled in the first decade of the 21st century
compared to the 1970s. Martinez-Austria et al. (2016)
observed for the same city that, from the 1960s to
2010, the number of times in which the average July
daily maximum temperature (42.3 °C) was exceeded
increased from less than 10 times to more than 20.

Studies have shown that the diverse landscape
and topographic configurations within cities lead
to spatial variability in heatwave behavior. This has
been documented in Brno, Czech Republic (Geleti¢
et al., 2018); in Guadalajara, Mexico, through satel-
lite-based assessments of extreme heat risk (Lopez-
Garcia, 2018); and in Mexico City, using a network of
meteorological stations (Vargas and Magafa, 2020).

In the case of Puebla, research on the urban
climate began over half a century ago. Géb (1970,
1976) conducted the first studies on the urban heat
island (UHI), reporting that the city center tended
to be warmer than surrounding areas with higher
elevation and vegetation cover, which were 2 to 4 °C
cooler. These findings provided early evidence of the
relationship between land cover, elevation, and local
temperature variation in the region.

Towards the end of the 20th century and the
beginning of the 21st, the topic was revisited in
several studies (Balderas-Romero et al., 2009; Bal-
deras-Romero, 2018). Around 1997, thermohygro-
metric measurements were conducted using a vehicle
equipped with sensors, during nocturnal transects
from the periphery to the city center on clear nights
(3:00 to 6:00 LT), under stable atmospheric condi-
tions with calm or light winds. On both a cold season
night (February 28) and a warm season night (May
11), a UHI was detected, with a contrast of 13 °C
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in the center of the city compared to 10 °C in the rural
periphery, on the former date, and from 17 to 14 °C
on the latter (Balderas-Romero, 2018). By April
2007, similar but contrasting patterns were observed.
Balderas-Romero (2018) identified that the warmest
zones are typically located over urbanized territory,
with a tendency to settle over the city center and
extend towards the northwest, an area with a high
density of human settlements. Temperature differ-
ences ranged from 2 to 3 °C at night and 5 to 6 °C
during the day. These findings confirm that land use
plays a relevant role in the behavior of both the UHI
and heatwaves, as demonstrated by several studies
(Zou et al., 2021; Mohammad-Harmay, 2022; Salau
et al., 2025).

Global daily mean temperatures remained at
record-high levels for nearly half of 2023 and much
of 2024 (Ripple et al., 2024). In the case of Mexico,
during 2023 and 2024, large areas were affected
by extreme heatwaves, with temperatures reaching
unprecedented levels. Initially, 2023 was classified
as the driest year since 1942 and the warmest since
1953 (CONAGUA, 2024a). The summer of 2023 in
the Northern Hemisphere was unusual due to extreme
heat. In Mexicali, in the state of Baja California, a
temperature of 51.4 °C was recorded (WMO, 2024).
Health impacts doubled in Mexico compared to 2022.
In one semester, there were 4306 cases of heat stroke,
dehydration, and burns, with 421 recorded deaths
(DGE, 2023; CENAPRECE, 2024).

In 2023, the increase in sea surface temperature in
most ocean basins, especially in the North Atlantic,
contributed to global record temperatures. Several
studies indicate that the El Nifio phenomenon was
one of the main factors associated with this global
thermal increase (Voosen 2024; Marengo et al., 2025;
Zhou et al., 2025).

The year 2024 has been the warmest on record
globally, with average temperatures 0.72 °C above
the 1991-2020 mean and 1.60 °C above pre-industrial
levels (1850-1900). On July 22, the average global
temperature reached an unprecedented 17.16 °C
(C38, 2025). In Mexico, this anomalous warming
was reflected in extreme temperature events across
various regions. On May 9, 2024, 10 cities record-
ed their highest-ever temperatures. In Puebla, for
instance, the record was broken with a maximum
temperature of 35.2 °C (CONAGUA, 2024b), break-

ing a 77-year-old record, and the next day, 35.6 °C
was reached (SMN, 2024). These record-breaking
values occurred during officially recognized heat-
wave periods. However, in Mexico, heatwaves are
defined using national-level dates established by the
National Meteorological Service (one day above the
95th percentile), which do not always correspond to
regional or local thermal behavior. For example, the
third official heatwave of 2023 in Mexico spanned
from June 1 to June 22, yet the onset, intensity, and
duration of heat events varied markedly across local
climates and urban configurations.

In his review of current literature on heatwaves—
focusing on the physical processes that generate
them, methods of analysis, and their impact both on
natural and human ecosystems—McGregor (2024)
highlights the complexity of establishing a universal
definition of a heatwave that incorporates both physi-
cal and social dimensions. Boni et al. (2023) highlight
the need for a multidisciplinary definition when a
biophysical and sociopolitical phenomenon occurs.

The present research adopts the heatwave defini-
tion established by the former Expert Team on Cli-
mate Change Detection and Indices (ETCCDI; Zhang
et al., 2011), which defines a heatwave as occurring
when daily temperatures exceed the 90th percentile
for five consecutive days. Maximum daily tempera-
tures were used to identify diurnal heatwaves, while
minimum daily temperatures were used for nocturnal
ones. Furthermore, heatwaves were classified as cir-
cadian when both diurnal and nocturnal thresholds
were exceeded on the same dates. The heatwave
intensity was calculated in degree-days using the
index proposed by Chen and Li (2017) and applied
to China (1961-2010), and by Garcia-Martinez and
Bollasina (2021) for the United States and Mexico
(1950-2005). To achieve greater precision, the index
was adapted to calculate intensity in degree-hours.
Additionally, the Humidex human bioclimate index,
which accounts for the combined effects of air tem-
perature and atmospheric humidity (Cvijanovic et al.,
2023), was applied to estimate heatwave intensities
in degree-hours above the preferred Humidex value.

In this article, the differentiated response of three
waves in 2023 and four in 2024 will be evaluated
across five local climatic zones in the city of Puebla.
To support this work, a broad review and correction
of the thermohygrometric data, recorded every
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15 min throughout 2023 and the first half of 2024,
was performed.

The next section (number 2) describes the study
area, including its climatology and thermal trends,
the meteorological stations used for this study, and
their corresponding local climatic zones. Section 3
describes the data, its completeness, and the method
used to impute missing data. The methodology for
assessing heatwave intensity, detailed in section 4,
builds upon the approach proposed by Chen and Li
(2017) by incorporating hourly ambient temperature
and atmospheric humidity data, allowing a transition
from a purely thermal assessment to a bioclimatic
analysis. The results are presented and discussed in
section 5 graphically and descriptively, and conclu-
sions are drawn in section 6.

2. Study zone
The municipality of Puebla, which contains the city of
the same name (the fifth most populous in Mexico),

is located in the central-western part of the state of
Puebla (Mexico), with an area of 544.65 km?. The
city of Puebla is located between the parallels 18° 50’
and 19° 14’ N, and the meridians 98° 18’ and 98° 01’
W (INEGI, 2010). The location of the municipality
in the Mexican territory and in the state of Puebla
is shown in Figure 1. The urban area of the city of
Puebla occupies about one-third of the municipality
(SPCGIR, 2018).

The municipality is in the central sector of a broad
open valley, flanked to the west by the mountain
range that includes the Popocatépetl (5419 masl)
and Iztaccihuatl (5220 masl) volcanoes and to the
north by the Matlalcuéyetl volcano, also known as La
Malinche, which rises to 4420 masl (INEGI, 2024).
The altitudes within the municipality range from
1980 to 4400 m, reaching their highest point near the
summit of the La Malinche volcano. At an average
elevation of 2140 masl, the terrain is a plain with a
slight northeast-southwest slope (Flores-Gonzélez
and Ladino-Alvarez, 2018).
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Fig. 1. Location of the municipality of Puebla. Own elaboration based on data from CONABIO (2024)

and IMPLAN Puebla (2016).
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2.1 Climatology

The municipality has two different climate areas.
In most of its territory (96%), it has a temperate
subhumid climate with rains in summer, and in the
remaining area (4%), a semi-cold subhumid climate
with rains in summer (INEGI, 2010).

The average annual temperature of the munici-
pality ranges between 12 and 18 °C, the maximum
average annual temperature is in the range of 26 to
30 °C in the southern region of the municipality, 22
to 26 °C in the central metropolitan area, and 18 to
22 °C in the northern part of the municipality. The
ranges for annual average minimum temperatures are,
for these respective regions, 12 to 18 °C, 8 to 12 °C,
and 4 to 8 °C. The average annual precipitation ranges
between 400 and 800 mm (Vidal-Zepeda and Hernan-
dez-Cerda, 2007), depending on the specific area.

Winds are characterized by symmetrical behavior:
northerly breezes at night and southerly winds during
the day. A brief shift from the east typically occurs in

the early afternoon, while calm conditions are most
common during the night and morning until midday.
The most intense ones occur between 12:00 and
18:00 LT, reaching speeds of between 4 and 8 m's .
The maximum average speed occurs in April and
October (Balderas-Romero, 2018).

Since 2005, the Red Automatica de Monitoreo
Meteorologico (RAMM, Automatic Meteorological
Monitoring Network) has been in operation, run by
the Departamento de Investigaciones Arquitectonicas
y Urbanisticas (DIAU, Department of Architectural
and Urban Research) of the Benemérita Universidad
Auténoma de Puebla, which consists of 20 Vantage
[I-type automatic wireless stations (Davis Instru-
ments) installed on building rooftops, positioned at
the upper limit of the urban canopy and the lower part
of the atmospheric boundary layer. The five stations
used in this work are shown in Figure 2, and their
local climatic zones are detailed in Table I. These five
meteorological stations were selected because they
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Fig. 2. Study area and location of the RAMM stations. Marked in red are those used in this work. Own
elaboration based on data from CONABIO (2024) and IMPLAN Puebla (2016). (RAMM: Red Automatica
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Table I. Geographic location and local climatic zones (Stewart and Oke, 2012) of the five stations used in this work.

Name Type LCZ Latitude Longitude Elevation
(°N) (°W) (masl)
2p: compact
DIAU Urban mid-rise buildings 19° 02’ 38” 98°11°47” 2153
with scattered trees.
Lomas del g 1 pan 6: open low-rise 50 ), 300 ggo (2437 2131
Marmol buildings.
Azumiatla  Rural Co: bushes with g0 540330 980 140307 2125
sparse buildings.
Dg: low plants
El Ameyal  Suburban with open low-rise ~ 19° 05’ 58” 98° 15”47 2160
buildings
Resurreccion  Rural g:scattered g0 65 15 410 ggoge3.95 2340

buildings.

LCZ: local climate zones.

had sufficient data to complete the information using
the imputation method described in the data section.

Using RAMM temperature data, the thermal
distribution of the Puebla valley was analyzed for
2007. In the lowest-elevation zones, average annual
temperature ranged between 21 and 22 °C, while val-
ues near the summit of La Malinche ranged between
4 and 5 °C. To eliminate the altitude factor in the
isotherm charts obtained from route measurements

or from RAMM stations, a linear regression was
applied, yielding a gradient vertical thermal tem-
perature of —0.007 °C m™! (Balderas-Romero et al.,
2009). The thermographic pattern obtained reflects,
as expected, the modifying effects of urbanization
(Balderas-Romero, 2018).

To detect the influence of the UHI superimposed
on global climate change, Lemus-Flores (2016) quan-
tified the number of days per each year in which the
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ambient temperature of 30 °C was exceeded at two
locations: a suburban point 12 km southwest of the
city center, influenced by a nearby body of water,
and an urban point, characterized by commercial and
residential buildings, 3.5 km south of the city center
(see Table II). It is noteworthy that, as Lemus-Flores
(2016) emphasizes, although the city center station
is 56 m above the suburban station, it has recorded
more days with temperatures above 30 °C, which
could in part be attributed to urban-induced atmo-
spheric warming.

Table II. Number of days in which the temperature
exceeded 30 °C in a suburban point (Echeverria, 18° 58’
59” N, 90° 16’4 8” W, 2066 masl) and in the city center
(18° 56 24” N, 98°12° 0” W, 2122 masl). Adapted from
Lemus-Flores (2016).

Decade Suburban station City center
1954-1963 52 180
1964-1973 70 156
1974-1983 52 265
1984-1993 35 143
1994-2003 18 200
2004-2013 27 328

To the current evidence of urban atmospheric
warming, the trends of climate change indices were
added (Zhang et al., 2011) in Table III for the DIAU
urban station from 2008 to 2023 (shown in Fig. 3).
The results are consistent: on one hand, the frequen-
cy of warm-related indices has doubled over those
16 years; on the other, the number of cool days has
decreased by practically two-thirds. This warming is

Table III. Climate change warm-related indices (Zhang et
al., 2011) for the DIAU station from 2008 to 2023.

Criterion

Ix>25°C

Description

Summer days

Cool days Tx < 10th percentile
Warm nights Tn > 90th percentile
Hot days Tx > 90th percentile

T,: daily maximum temperature; 7,: daily minimum
temperature.

attributed to both global climate change and urbaniza-
tion, and trends show it will continue. So, an increase
in both the frequency and intensity of heatwaves is
expected over time, with fluctuations induced by
climate variability.

Regarding atmospheric humidity, Galvez-Vidal
(2021) and Tejeda-Martinez et al. (2023) confirmed
the inverse relationship between temperature and
relative humidity, as Gab (1976) had already shown.
Galvez-Vidal (2021) compared 10 recent years of
daily vapor pressure between a site in the city cen-
ter (DIAU station) and a suburban site (Lomas del
Marmol), finding that the differences between them
are minimal, almost insignificant. Tejeda-Martinez et
al. (2023) reported that, in general terms, the city of
Puebla presents a vapor content (absolute humidity)
3 to 5 g m™ higher than in the rural environment
during the diurnal period, with smaller differences
at night that occasionally become inverse (—1 g m™)
at dawn and dusk.

3. Data
For the period 2008-2023, the completeness of the
data measured at 15-min intervals at the DIAU station
was evaluated. The number of missing data is shown
in Table I'V.

Missing data were imputed based on the simple
linear regression model:

y = 0.00824 + 1.03449x (1)

where y is the temperature of the DIAU station and
x that of the El Carolino station (19° 2’ 34” N, 98°
11° 41” W, 2165 masl), which is located 200 m in
a straight line from the DIAU station and at nearly
the same elevation. The coefficient of determination
of the imputation model is 96.7% and the standard
error of estimate is 0.87 °C with a significance level
of 0.005. This imputation method was selected be-
cause linear regression models provide a systematic
and effective approach for handling missing values in
climate variables such as temperature, by accurately
predicting missing data based on available obser-
vations (Kotsiantis et al., 2006). Furthermore, this
technique has been among the most relevant methods
for imputing missing values in climate data over the
past decade (Alejo-Sanchez et al., 2025).
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Fig. 3. Climate change indices for the DIAU station from 2008 to 2023: cool days, summer days, warm nights and hot

days. Source: own elaboration.

Table IV. Number of missing data per year (2008-2023)
from the DIAU station (total of 35040 records per year).

Year Missing Year Missing
data (%) data (%)
2008 0.02 2018 0.14
2009-2013 0 2019 0.17
2014 0.17 2020 0.08
2015 0.01 2021 1.10
2016 0.03 2022 0
2017 0.09 2023 0

In the four non-urban stations used for this study,
missing data were identified in the original 15-min
interval records collected over the 18 months ana-
lyzed (12 in 2023 and six in 2024, that is, a total of
52512 data). The proportion of missing data was 5%
at El Ameyal, 4% at Lomas del Marmol, and 1% at
Azumiatla and Resurreccion. To complete the dataset,
linear regression models were applied using observed
data from paired stations, as shown in Table V for
temperature and in Table VI for relative humidity.

4. Methodology

Heatwaves were identified based on the ETCCDI
(Zhang et al., 2011) definition, that is, five consecu-
tive days in which daily temperatures exceeded the
90th percentile of the 2008-2023 temperature series
of the DIAU station, applied to maximum tempera-
tures (90th percentile equal to 27.4 °C) for diurnal
waves and to minimum temperatures (90th percentile
equal to 17.4 °C) for nocturnal waves. When heat-
waves are both diurnal and nocturnal on the same
dates, they are considered circadian.

Thus, based on the threshold temperatures shown
above and the criterion of five consecutive days, the
dates of the heatwaves that occurred during 2023
and 2024 were identified, choosing those with the
longest duration, regardless of the meteorological
station where they were recorded. Thresholds were
not obtained for each station because, first, the DIAU
station represents the urban climate in the city center,
and second, the time series for the other stations are
shorter than the 16-year available for the DIAU station.
Using these criteria, the heatwaves shown in Table VII
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Table V. Linear models (significance level of 0.005) applied to impute missing temperature data.
Stations Model Coefficient of  Standard error of
determination (%) estimate (°C)
Lomas del Marmol () vs. DIAU (x) y=1.067Ix-1.7659 97 0.90
Azumiatla (y) vs. DIAU (x) y=1.0258x—1.8889 94 1.43
El Ameyal (y) vs. Azumiatla (x) y=1.0117x +0.1440 94 1.26
Resurreccion (y) vs. El Ameyal (x) y=10.9203x—0.0563 95 1.13
Table VI. Linear models (significance level of 0.005) applied to impute missing data for relative humidity.
Stations Model Coefficient of Standard error of
determination (%) estimate (percentage
points)
Lomas del Marmol (y) vs. DIAU (x) y=0.9024x + 1.0313 89 53
Azumiatla (y) vs. DIAU (x) y=1.2964x — 5.0465 88 7.9
El Ameyal (y) vs. Azumiatla (x) y=12424x + 8.7529 87 7.2
Resurreccion (y) vs. El Ameyal (x) y=1.0161x + 3.3851 88 10.8
Table VII. Heatwaves selected for this analysis.
Identifier =~ Dates Station with the longest duration
I March 22 to April 8, 2023 Lomas del Marmol
I April 24 to May 8, 2023 DIAU and Lomas del Marmol
I June 8 to 24, 2023 DIAU and Lomas del Marmol
v February 20 to 29, 2024 DIAU and Lomas del Marmol
\% March 7 to 24, 2024 Lomas del Marmol
VI April 12 to 21, 2024 DIAU and Lomas del Marmol
Vil April 24 to June 13, 2024 DIAU and Lomas del Marmol
were selected, although some were limited to a single duration
season or with 1pterrupt10ns in warm periods that do  gwp = Z T.i—Too00. VT > Teog
not allow a continuous wave to be configured. P 2)

The intensity of the heatwaves, expressed in
degree-days of the waves, was calculated with the
following procedure: for daytime heatwaves, the
threshold Tyg9 corresponds to the 90th percentile
of the daily maximum temperatures in the 2008-
2023 series from the DIAU station, provided it is
sustained for five consecutive days; similarly, 790
was determined for daily minimum temperatures,
serving as the threshold for nocturnal heatwaves (all
the temperatures are expressed in °C).

The intensity of the diurnal heatwave (HWD) was
calculated according to the index proposed by Chen
and Li (2017):

where T; is the daily maximum temperature during
the wave.
The intensity of the nocturnal heatwave (HWN)

was:
duration

Z Tni - Tn90’ VTni > Tn90

i=1
where T),; is the daily minimum temperature during
the wave. Accordingly, the intensity of the circadian
heatwave (HWC(), in degree-days, was:

HWN = 3)

HWC = HWD + HWN (4)
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for dates in which HWD # 0 and HWN # 0.

To evaluate the intensity in degree-hours, daily
temperature data were used, assuming that the daily
occurs around 15:00 LT, taken as the thermal noon
for practical purposes. The daytime period was de-
fined as six hours before and after 15:00 LT, that is,
from 9:00 to 21:00 LT. Then, the diurnal period was
defined as 9:00 to 20:00 LT, and the nocturnal period
as 21:00 to 8:00 LT.

The intensity of the diurnal heatwave in de-

gree-hours:
20hours

[HWD} =) T, - T, (5)
j=9
for every hourly temperature 7; between 9:00 and
20:00 LT greater than 7.
The intensity of the nocturnal heatwave in de-
gree-hours:

8hours
[HWN} = T, =T, 6)
j=21
for every hourly temperature 7; between 21:00
and 8:00 LT greater than 7),99. The circadian sum
of the heatwave in degree-hours was {HWC} =
{HWD} + {HWN}, for dates in which {HWD} #
0 and {HWN}

4.1 Human bioclimate and heatwaves

To incorporate people’s acclimatization, the pre-
ferred daytime and nighttime temperatures for the
April-October semester were calculated using the
equation developed by Morgan and Gomez-Azpeitia
(2018) from survey applications (8018 question-
naires) across 13 cities in Mexico, contrasted with
measurements of the ambient temperature to which
respondents were exposed. The maximum preferred
temperature (7Tpp) was:

Top = 0.5T, + 13.1 (7

where T, is the average maximum temperature of the
DIAU station for the period 2008-2023. The mini-
mum preferred temperature (7py) was:

Tpy = 0.5T, + 13.1 (8)

where T, is the average minimum temperature of the
DIAU station from the period 2008-2023.

The above preferred temperatures were then used
to calculate the preferred diurnal (Hpp) and nocturnal
(Hpy) Humidex values (Cvijanovic et al., 2023) with
the corresponding vapor pressures in hPa at 50%
relative humidity (eso):

5
Hpp =Tpp + 6(350 - 10) )

5

Hpy = Tpy + 3(6’50 ~ 10) (10)

The vapor pressure (e, measured in hPa) was
calculated by solving the definition of relative hu-
midity in tenths, as the quotient of the vapor pressure
e between the saturation vapor pressure, e, this last
one calculated from the temperature 7 (°C) with the
polynomial of Adem (1967):
e, = by, + b;T' (11)
with = 6.115, =0.42915, = 1.4205 x 1072, =3.046 x
10%,=32x%10°

The diurnal bioclimatic discomfort in de-
gree-hours was calculated using the Humidex <HWD»

for every H; greater than Hpp:
20hours

(HWD) =" H,— Hp, (12)
Jj=9
Similarly, for the nocturnal, for every H; greater
than Hpy:
8hours
(HWN) = Y H; = Hpy (13)
j=21
And for the circadian period:
(HWC)=(HWD)+ (HWN) (14)

A flowchart summarizing the methodology de-
scribed above is shown in Figure 4.

The current mathematical expression of the Humi-
dex bioclimatic index was introduced by Masterton
and Richarson (1979). Like many other indices, it
integrates the effect of humidity and atmospheric
temperature on human thermal sensation (Gosling et
al., 2014). Humidex is officially used by the Mete-
orological Service of Canada and has recently been
applied for heatwave studies on a global or regional
scale (Hamdi etal., 2016; Lee et al., 2016; Stewart et
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Calculation of heatwaves intensity 2023-2024 in Puebla
(Mexico)

Choice of weather stations and their classification according to local climate zones from
Stewart and Oke (2012)

Data imputation by
linear regression
models

Are complete
data series?

Identification of the heatwaves: five consecutive days in which daily temperatures exceeded the
90" (Zhang et al., 2012) percentile of the 2008-2023 temperature series of the DIAU station.

T.90, the 90" percentile of the daily maximum temperatures

T,90, the 90" percentile of the daily minimum temperatures

Heatwave intensity (Chen and Li, 2017) in degree-days:
Diurnal heatwave (HWD), Ec. 2
Nocturnal heatwave (HWN), Ec. 3
Circadian heatwave (HWC), Ec. 4

Heatwave intensity (Chen and Li, 2017) in degree-hours:
Diurnal heatwave {HWD}, Ec. 5
Nocturnal heatwave {HWN}, Ec. 6
Circadian heatwave {HWC}

Preferred daytime and nighttime temperatures (Morgan and Gémez-Azpeitia, 2018):
Maximum preferred temperature (Tzp), Ec. 7

Minimum preferred temperature (Tey), Ec. 8

Preferred Humidex (Cvijanovic et al., 2023) with the corresponding vapor pressure in hPa at
50% relative humidity (es):
Preferred diurnal Humidex (Hpp), Ec. 9

Preferred nocturnal Humidex (Hey), Ec. 10

Bioclimatic discomfort (Humidex greater than preferred Humidex) in degree-hours:
Diurnal discomfort (H; greater than Hgp) <HWD>, Ec. 12
Nocturnal discomfort (H; greater than Hey) <HWN>, Ec. 13
Circadian period <HWC>, Ec. 14

Fig. 4. Flowchart of the calculation of heatwave intensities in 2023 and 2024 in the
city of Puebla. Own elaboration.
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al., 2017; Heo and Bell, 2019; Neethu and Ramesh,
2022; Jeong et al., 2024; Potrolniczak, 2024); in ur-
ban climatology (Roshan et al., 2017; Geletic et al.,
2018), and in the energy sector (Miller et al., 2017;
Yildiz et al., 2017).

It must be added that since Humidex only de-
pends on two variables, temperature and humidity,
its calculation is simple. However, it does not in-
corporate the main factors affecting thermal stress,
such as wind and mean radiant temperature. Despite
this limitation, its main advantage compared to more
complex indices (e.g., the universal thermal climate
index [UTCI, see volume 56 of the International
Journal of Biometeorology, 2012, entirely dedicat-
ed to this index] and the physiological equivalent
temperature [PET; Hoppe, 1999; Cimillo, 2020] lies
in the high accessibility of the calculation data for
Humidex, that is in situ air temperature and humidity
measurement in contrast to mean radiant tempera-
ture usually calculated from another sub-model, as
pointed by Geleti¢ et al. (2018). In addition, the
preferential use of Humidex enabled it to be adapted
to Puebla conditions.

5. Results and discussion

Temperature differences between an urban site and its
surroundings, and their relationship with heatwaves,
show contrasting results in various studies. For exam-
ple, an average decrease of 0.3 °C during heatwaves,
both during the day and at night, has been observed
in 89 cities across India (Kumar and Mishra, 2019).
In contrast, Pyrgou et al. (2020) reported an increase
of 0.9-1.3 °C during the daytime over an eight-year
period in Nicosia, Cyprus. Other studies have even
found no significant changes in the magnitude of the
thermal contrast during heatwave events (Chew et al.,
2021; Richard et al., 2021).

Figures 5 to 7 show these differences for the year
2023 between the urban station (DIAU) and the other
four stations listed in Table I, using the imputation
procedure described in the data section. Between
DIAU and Lomas del Marmol, the temperature dif-
ferences (Fig. 5) are predominantly positive, except
from midday to sunset. In the case of Azumiatla,
negative differences occur from dawn to noon but
only during the warm semester. Against El Ameyal,
these negative differences extend from dawn to early

afternoon, between April and December. Throughout
the rest of the year, practically all the differences
are positive, with more pronounced values during
nighttime. On the other hand, when compared with
Resurreccion, negative differences are less frequent,
but it must be considered that between the DIAU
station and El Ameyal there is a 200 m difference
in elevation.

The differences in relative humidity (Fig. 6) result
from the inverse behavior between this variable and
air temperature; therefore, it is more relevant to an-
alyze the contrasts in absolute humidity (Fig. 7). At
the DIAU station, a higher water vapor content was
observed most of the time, except for the last three
months of the year—before noon and near sunset—
when compared to the Lomas del Marmol. In contrast
with the other three stations, DIAU showed higher
vapor levels throughout the entire diurnal cycle.

The Humidex bioclimatic index assesses the
feeling of comfort by combining air temperature
and atmospheric humidity through vapor pressure.
Figure 8 shows that most of the time this sensation
is “warmer” (or “less cold”) at the DIAU than at the
rest of the seasons, except for some short periods:
the last four months of the year from noon to sunset
when compared to Lomas del Marmol; the early
morning hours in the warm semester when compared
to Azumiatla; and the same from April to the rest of
the year when contrasted to El Ameyal and Resur-
reccion. The higher Humidex values observed at the
DIAU station will be reflected in the assessment of
heatwave intensities, as will be shown later.

Figure 9 compares the diurnal intensities of the
seven heatwaves analyzed, expressed in degree-days
and calculated according to the procedure described
in Egs. (2), (3), and (4), based on the daily maximum
and minimum temperatures. The Lomas del Marmol
station (LCZ 2,) maintains the highest values during
the seven diurnal waves (Fig. 9a), while Resurreccién
(LCZ9), located on average 200 m higher than the
others, showed the lowest values. On the other hand,
for nocturnal (Fig. 9b) and circadian waves (Fig. 9¢),
the DIAU station reaches the highest values. A similar
pattern is observed when comparing the Azumiatla
(LCZ Cy) and El Ameyal (LCZ Dg) stations: in the
diurnal waves, the latter surpasses the former, where-
as in the nocturnal and circadian waves, their values
are very similar.
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Fig. 8. Differences in the Humidex bioclimatic index in °C for the year 2023, between the DIAU stations and: (a) Lo-
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Fig. 9. Heatwave intensities in degree-days (Y-axis). The X-axis shows the keys (see
Table VII) to each wave: (a) diurnal, (b) nocturnal, (c¢) circadian sum.

Evaluated in degree-days and applying the crite-
rion of at least five consecutive days in which daily
temperatures exceed the 90th percentile—determined
from the 2008-2023 series at the DIAU station, which
resulted in 27.4 °C for maximum temperatures and
17.4 °C for minimum temperatures—the two most
intense waves among the seven analyzed (III, from
June 8 to 24, 2023, and VII, from April 24 to June

13, 2024) at Lomas del Marmol or in the DIAU
are approximately 1.5 times more intense than at
Azumiatla and El Ameyal, and at least three times
more intense than at Resurreccion. Evidently, wave
VII, due to its duration of 50 days, was three times
as intense as wave III, which lasted 17 days.

Figure 10 was obtained by applying Egs. (5), (6),
and (7) to the highest temperatures of each hour. As
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Fig. 10. Heatwave intensities in degree-hours (y-axis). The x-axis shows the keys (see
Table VII) to each wave: (a) diurnal, (b) nocturnal, (¢) circadian sum.

already said, the diurnal period was considered from
9:00 to 20:00 LT, while the nocturnal period is from
21:00 to 8:00 LT. Intensities are in degree-hours. In
general, the same proportions are maintained between
the stations that were described for Figure 9 but, as
analyzing hourly data gains in temporal resolution,
the nocturnal components of waves I'V (February 20
to 29, 2024) and V (March 7 to 24, 2024), which are
not detected in degree-days (Fig. 9b), now do appear

(Fig. 8b) and, similarly, for the circadian sums in
degree-hours (Fig. 10c).

The predominance of the DIAU station during
the night periods in Figures 9 and 10 can be well
explained by the nocturnal heat island effect evident
in the temperature contrast maps of Figure 5.

Figure 11 evaluates the intensity of the waves
incorporating the effect of atmospheric humidity
through the Humidex index, and the acclimatization
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Fig. 11. Heatwave intensities in degree-hours over the preferred Humidex value (y-ax-
is). The x-axis shows the keys (see Table VII) to each wave: (a) diurnal, (b) nocturnal,

(c) circadian sum.

of the population as indicated in Egs. (7), (8), (9),
and (10), completing the procedure with Egs. (11),
(12), (13), and (14). Thus, the degree-hours in
which the Humidex was above diurnal or nocturnal
comfort (between 9:00 and 20:00 LT or between
21:00 and 8:00 LT, respectively) are obtained,
considering that said comfort is achieved with the

thermopreferendum of the May-October period of
the DIAU 2008-2023 series, applying Egs. (7) and
(8), with a relative humidity of 50% (Table VIII). The
results are attenuated by the relatively low values of
relative humidity during these seven waves (ranging
from 30 to 45%). It is notable that the conditions
only deviate noticeably from the comfort Humidex
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Table VIII. Preferred values (°C) for the May-October
period in the 2008-2023 series of the DIAU station.

Variable Maximum Minimum
Average temperature 24.9 14.2
Preferred temperature 255(Eq.7) 20.2 (Eq.8)
Preferred Humidex 29.0 (Eq.9) 21.2(Eq.10)

during the two most intense waves of the set of seven
studied, but for both the diurnal and nocturnal periods
there is a predominance of the DIAU station, which
doubles Lomas del Marmol for wave III (June 8 to
24,2023), but quadruples this same station for wave
VII (April 24 to June 13, 2024) due to the effect of
atmospheric humidity (see maps of absolute humidity
contrasts in Fig. 7 and Tejeda-Martinez et al. [2023])
because the DIAU station is located near green areas,
as shown in Figure 2, mainly parks and urban corri-
dors with Indian laurel trees, jacarandas, eucalyptus,
bougainvilleas, Peruvian peppertrees, pines, and date
palms (Gomez-Martinez et al., 2021).

6. Conclusions

The heatwaves of 2023 and 2024 were exceptional in
Mexico and affected cities that had rarely experienced
such events. This study analyzes the changes across
different areas of Puebla. The identification of these
differential patterns contributes to the understanding
of urban heat dynamics and thus provides a transfer-
able framework for comparative analyses in other
metropolitan contexts.

It was found that nocturnal waves in the city
center are more intense—due to the urban heat
island—and that, in LCZ with greater vegetation,
the intensity of heatwaves increases when the con-
tribution of atmospheric humidity is incorporated
into their evaluation.

Heatwaves are accentuated at night by the UHL.
In Mexico City, Luyando-Lopez (2016) found that
heatwaves generate less mortality than cold waves.
This highlights the need to understand the contrasting
impacts of thermal extremes in different regions and
underscores the relevance of assessing urban vulner-
ability to both heat and cold waves.

As indicated in the Methodology section, the
evaluation of heatwave intensities from hourly

temperatures showed greater precision compared to
the procedure that uses only daily temperatures. The
use of Humidex and the incorporation of acclimati-
zation through the preferred diurnal and nocturnal
temperatures of the May-October period, although
it attenuates the results, show the predominant
behavior of the DIAU station over the others, both
during the day and at night, due to the higher am-
bient humidity of its surroundings compared to the
other four. It must be noted that the procedure shown
here can also be applied to different atmospheric
conditions of temperature and humidity, such as to
evaluate the intensity of cold or heatwaves, whether
humid or dry.

Climate change indices for the DIAU station show
an increasing trend in temperature, but this study did
not evaluate trends in the intensity and frequency
of heatwaves in Puebla. However, the occurrence
of heat waves in the non-warm seasons of the year
is striking, such as wave I in the first days of spring
2023 and wave IV in the final days of the winter
period 2023-2024.

Through the results obtained from the seven cases
analyzed, it is possible to conclude that, at a regional
level for Puebla, heatwaves have a more marked
presence from middle to late spring and, at the same
time, there is an influence of land use or urban/natural
elements on comfort, since in the DIAU station, both
in nocturnal and diurnal heat waves, the degree-hours
above the preferred Humidex were always higher
compared to the other four stations, where there is
more natural vegetation and small buildings. These
findings, together with the proposed methodology,
could support decision-makers in developing early
warning systems to advise populations on avoiding
specific urban areas during heatwave events or pe-
riods of extreme temperatures. This study identifies
zones with an “excess of degrees”, thereby providing
valuable information to improve public awareness
and planning during such events.

The calculations of degree-days and degree-hours,
in addition to improving the precision of the waves’
intensity, can be the basis for future proposals on
mitigation or studies on exposure to heat and its
associated health problems, such as mortality or mor-
bidity (Anderson and Bell, 2011; Sung et al., 2013)
due to thermal stress, heat stroke, and cardiovascular
diseases (Michelozzi et al., 2009), among others.
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The methodology proposed in this study aims
to contribute to local and global efforts to improve
urban heat assessment in developing cities, where
intra-urban thermal heterogeneity and the health
impacts of extreme heat remain largely unexplored
(Campbell etal., 2018). This approach is intentionally
simple, relying solely on readily available variables
such as temperature and atmospheric humidity, given
the frequent lack of comprehensive meteorological
data, particularly in many Latin American contexts.
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