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Abstract: The primary goal of this study is to introduce the initial phase of developing an impact-
based forecasting system for extreme heatwaves, utilizing a novel multivariate index which, at
this early stage, already employs a combination of a statistical approach and physical principles
related to human body water loss. This system also incorporates a mitigation plan with hydration-
focused measures. Since 1990, heatwaves have become increasingly frequent and intense across
many regions worldwide, particularly in Europe and Asia. The main health impacts of heatwaves
include organ strain and damage, exacerbation of cardiovascular and kidney diseases, and adverse
reproductive effects. These consequences are most pronounced in individuals aged 65 and older.
Many national meteorological services have established metrics to assess the frequency and severity
of heatwaves within their borders. These metrics typically rely on specific threshold values or ranges
of near-surface (2 m) air temperature, often derived from historical extreme temperature records.
However, to our knowledge, only a few of these metrics consider the persistence of heatwave events,
and even fewer account for relative humidity. In response, this study aims to develop a globally
applicable normalized index that can be used across various temporal scales and regions. This index
incorporates the potential health risks associated with relative humidity, accounts for the duration
of extreme heatwave events, and is exponentially sensitive to exposure to extreme heat conditions
above critical thresholds of temperature. This novel index could be more suitable/adapted to guide
national meteorological services when emitting warnings during extreme heatwave events about the
health risks on the population. The index was computed under two scenarios: first, in forecasting
heatwave episodes over a specific temporal horizon using the WRF model; second, in evaluating
the relationship between the index, mortality data, and maximum temperature anomalies during
the 2003 summer heatwave in Spain. Moreover, the study assessed the annual trend of increasing
extreme heatwaves in Spain using ERA5 data on a climatic scale. The results show that this index
has considerable potential as a decision-support and health risk assessment tool. It demonstrates
greater sensitivity to extreme risk episodes compared to linear evaluations of extreme temperatures.
Furthermore, its formulation aligns with the physical mechanisms of water loss in the human body,
while also factoring in the effects of relative humidity.

Keywords: climate change; climate and health; extreme events; prevention and mitigation;
atmospheric modeling
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1. Introduction

Heatwaves (HWs) have become increasingly prolonged and intense in many regions
worldwide, especially across Europe and Asia since the 1990s, though their impact is not
limited to these areas [1]. As documented by [2], the primary health impacts of HWs
on populations include heat-related illnesses and deaths, as well as increased rates of
cardiovascular and kidney diseases and adverse reproductive outcomes. These harmful
effects are observed globally, with individuals over 65 years old typically being the most
affected [3-8].

The high mortality rates linked with HW episodes potentially stem from a variety of
factors, including inadequately prepared housing for high-temperature conditions (typi-
cally constructed for cold isolation), lack of cooling infrastructure in housing, pre-existing
kidney, lung, and/or cardiovascular illnesses, social isolation, low social status, and the
lack of habit of consuming an adequate amount of water on a daily basis, especially for
the elderly [9-11]. Additional factors, such as urban heat islands, air quality, and potential
power outages during HWs, are also significant contributors to mortality rates [12-15].

When examining factors related to mortality rates during HWs, it becomes clear that
this is an emerging phenomenon, predominantly impacting countries more accustomed
to cooler climates than to high temperatures [16-18]. Regarding the impact of HWs in
developing nations, it is important to consider the precarious public health conditions
and lack of basic sanitation, which are prevalent in a significant portion of these countries.
These factors should be regarded as additional risk factors, in addition to those previously
outlined [19,20].

Given that HW incidents tend to intensify and occur more frequently, as evidenced
in [21] and, more recently, in [22], it is imperative to construct and implement public
policies that provide greater resilience to individuals and nations in the face of this sort
of occurrence. Between 1981 and 2023, it is estimated that around 250,000 deaths may
have been linked to temperature extremes, with approximately 87% of these happening
in Europe. The study in [17] and the database contained in [23] were used to support
these values.

Many countries have implemented indices to assess the frequency of HW episodes
within their borders. These indices typically rely on thresholds or air temperature ranges
measured at 2 m above ground, reflecting extreme percentiles derived from historical
records. While some of these indices also consider the persistence of HW events and assess
the health risks of elevated temperatures in a linear fashion, they often lack a comprehensive
statistical approach that integrates physical phenomena, such as water loss in the human
body. The review conducted in the study of [24] highlights this gap, underscoring the need
for indices that better capture the physiological impacts of HWs.

When the relationship between rising temperatures, after exceeding a certain threshold,
and health risks is considered linear, these risks may be significantly underestimated
within the population. This may result in a skewed perception of the actual risk involved.
Moreover, some studies highlight the significant role of relative humidity in the loss of
body water during HW episodes, also emphasizing the link between this abrupt water
loss and the occurrence of thrombosis and heart attacks, which elevates the possibility of
enduring potentially fatal diseases [25-28].

The reality is that the role of relative humidity in increasing mortality rates associated
with heat waves is still not very clear or well understood and has even been contested in
some studies that rely purely on statistical models, particularly in metropolitan regions like
Paris, as discussed in the article by [29]. It is worth noting that, in this study, the authors
concluded that relative humidity had little influence, despite analyzing data from only
2 meteorological stations with humidity records, compared to 25 stations that provided
air temperature data. Nonetheless, this study presents an approach that illustrates, both
physically and mathematically, the influence of relative humidity, as well as the nonlinear
behavior of temperature’s impact on human body water loss rates.
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HW episodes that are intense and persistent enough to directly impact human health
will be referred to in this study as extreme heatwave episodes (XHWIs), drawing on
previous studies that have similarly classified intense and prolonged episodes [30,31].

To comprehensively assess the health risks linked with XHW events, it is crucial to
acknowledge the significant variability in climate worldwide, alongside the diverse reac-
tions of living organisms to extreme temperature and humidity conditions. Additionally,
each individual’s gender, ethnicity, age, pre-existing medical conditions, and geographical
location should be considered [1].

This paper aims to initiate the development of an XHWI that could have global
applicability, since this index can be calibrated using mortality rate data associated with
HWs, or it can be applied in regions lacking such data, as its mathematical formulation
already integrates the key physical mechanisms that link XHW events to health risks. To
achieve this, it takes into consideration the statistical distributions of temperature and
relative humidity in the region of study, while also accounting for the duration of the XHW
and the exponential relationship with higher temperatures, to reduce health risks.

The proposed XHWI values must increase exponentially with rising temperatures, as
water loss from the body due to perspiration also escalates exponentially beyond a certain
temperature threshold. This will be demonstrated both physically and mathematically in
the following section. It implies that, beyond specific temperature limits, the associated
risk should increase exponentially rather than linearly with rising air temperature.

The developed index was applied to quantify three selected XHW episodes as case
studies: (i) a comparison of the index’s behavior with maximum temperature anomalies
and mortality series during the 2003 XHW in Spain; (ii) a forecast of an isolated XHW
episode in Rio de Janeiro, Brazil, that occurred in 2023; and (iii) an analysis of the annual
progression of XHW episodes during the summer from 1950 to 2022 across five cities
in Spain.

The heterogeneity of the case studies chosen for this work is due to the intention of
assessing the behavior of the index and its mathematical derivatives across different spatial
and temporal scales, as well as under both diagnostic and prognostic conditions.

2. Theoretical Background—Relationship Between Body Water Loss and Temperature

As temperature rises, the body’s need to regulate its internal temperature becomes
more critical. The primary mechanism for this is sweating, where the evaporation of sweat
from the skin surface promotes body cooling. While this process is essential for controlling
body temperature, it can lead to a significant loss of body water, which research shows
increases exponentially with temperature, highlighting the critical nature of temperature
thresholds [32]. Experimental data [33] show that the volumetric sweat rate (in liters/min)
may be expressed as (considering a person at rest):

Veweat = 0.55(Te — 36.5) — 0.455(T, — 36.35)(1 — exp[—2.7(33 — Ts)]) 1)

where T, represents the body core temperature and T; is the skin temperature, valid for
body temperatures above 36.5 °C. This expression shows that the sweat rate increases
exponentially with skin temperature once it exceeds 32 °C, as can be seen in Figure 1.
The following Equations (2)—(6) and their analyses can be found in [34]. In a warm
environment, to maintain the body core temperature T, the body must reject the generated

heat QC, which is accomplished via skin heat loss Qs and respiration heat loss Q;:

Qc = Qs + Qr (2)

The skin heat loss can be written in terms of a body thermal resistance R; connecting

the core and skin temperatures:
TC - TS

Qs = R, (3)
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Figure 1. Empirical relationship between the volumetric sweat rate, skin temperature, and ambient
temperature, as per Equation (1).

This resistance will vary within certain limits to regulate body temperature; for a
warm environment, it will decrease to lower values, as this condition leads to higher
skin temperatures. Although R;, can vary, it cannot be lowered below a minimum value,
meaning that, in extreme heat, if the skin temperature cannot be lowered, the body core
temperature will increase, thus leading to hyperthermia.

The skin temperature will depend on the heat transfer between the skin and envi-
ronment, which can be written in terms of sensible components (due to convection and
radiation) and a latent component (due to sweat evaporation):

Qs = Qconv + de + Qevap 4

where .
Qconv = hh As (TS - Teﬂ) ®)
de = As0 (ES Ts4 — €en T?n) (6)

in which hy, is the convective heat transfer coefficient, As is the body surface area, €; is
the skin emissivity and e, is the environmental emissivity (assuming gray and diffuse
surfaces), ¢ is the Stephan Boltzmann constant (5.67 * 1078 W/m? * K*), and T,, is the
environment temperature, which is treated as a blackbody. The case without direct solar
irradiation on the skin is considered.

The rate of evaporation can be expressed as [35]

mevap = hy, Oa (Ys - Yen) (7)

and the heat transfer due to evaporation can be directly calculated from Qemp =i o r'ngmp,
where i}, is the latent heat of water evaporation, h;, is the convective mass transfer coef-
ficient, p, is the density of dry air, and Y; and Y,, are humidity ratios for the air on the
skin surface and the environment. These can be written in terms of the relative humidity ¢
as [36]

(P P, sat

P_(Ppsat (8)

Y=r M
where P is the atmospheric pressure, r)s is the molecular masse ratio of water to dry air,
and Py is the vapor saturation pressure, which depends on temperature.

For environment temperatures near the body temperature T, the skin heat transfer
rate is primarily driven by evaporation. In these conditions, if the environmental relative



Atmosphere 2024, 15, 1541

50f21

humidity is high, evaporation will be significantly reduced (reaching zero for ¢., = 100%),
raising the skin temperature and exponentially increasing the sweat rate. It’s important
to note that the rate of sweat production and sweat evaporation are not equal. A person
continues to sweat in warm environments, but if the relative humidity is high, the sweat
will not evaporate effectively. In extreme heat, where environmental temperatures exceed
normal body temperature, as can occur during XHWs, the situation worsens. Heat transfer
through convection and radiation may heat the skin instead of cooling it, and evaporation
may cease even before relative humidity reaches 100%. In these cases, skin temperature
rises even more rapidly, causing an exponential increase in water loss through sweating.

Thus, beyond certain environmental temperature and relative humidity thresholds,
the risk associated with water loss increases exponentially, not linearly. Therefore, when
designing indices or assessing risks related to temperature increases, it is crucial to reflect
this exponential relationship. Indices that assume a linear relationship may underestimate
the risk and fail to capture critical points where dehydration and heat-related illnesses
spike dramatically [37]. The exponential nature must be considered in models and as-
sessments to ensure an accurate representation of the potential risks involved with rising
temperatures [38,39].

3. Methodology

This methodology section is divided into four subsections: the first describes the
mathematical calculation of the index; the second details its application in the XHW episode
that occurred in Spain in 2003; the third details its application in the XHW episode that
occurred in March 2024 in the city of Rio de Janeiro through a simulation using the WRF
model; and the fourth discusses the application of the index on a climate scale, addressing
the trend of XHW evolution in five cities in Spain.

3.1. Index Calculation
3.1.1. Obtaining the Probability Distribution Function (PDF) of Maximum Temperatures

The first phase for calculating the index is obtaining the probability distribution func-
tion (PDF) of the maximum temperatures for the location where it will be applied, which
should preferably be performed during a period with no trend in maximum temperature
variation or with the smallest possible trend. At least 30 years of data should be used for
this step. In this phase, only daily maximum temperature data will be required, in order to
obtain the PDF of the maximum temperature, along with the temperature value equivalent
to the 95th percentile of this distribution.

For this study, ECMWF Reanalysis version 5 [40] data were used for the grid points
closest to the cities of Rio de Janeiro, Brazil, and Murcia, Madrid, Teruel, Caceres, and
Cérdoba, Spain, during the period from 1960 to 1990. This distribution can be obtained
for the temperatures of a specific month or for a two-month or even a three-month period,
depending on the seasonality of the region.

3.1.2. Mathematical Formulation of the Index

Based on the discussion in Section 2 (Equation (1)), it is understood that an index
capable of efficiently assessing the health risks associated with XHWs, particularly in
relation to dehydration and its consequences, should take into account relative humidity
and consider the exponential increase in risk as temperatures rise, especially when ambient
temperatures exceed 32 °C (assuming heat exchange without loss through the skin). This
threshold can be calibrated for different situations and physiological profiles.

In this sense, the index should be a function of both temperature and humidity, as
specified in Equation (9):

I= F(T) *g(¢) ©)

In this case, f(T) should be a function that considers the exponential increase in
temperature. The proposed form for f(T) is the following (Equation (10)):
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f(T) = el (10)

in which Ty, is the cumulative probability of extreme temperatures, representing how
much the maximum recorded or predicted temperature for a given hour exceeds 95% of
the PDF of average maximum temperatures for that month (or seasonal period). This is
a dimensionless value, as it refers to the value of the distribution. For example, if the
predicted or observed maximum temperature for a given hour falls within 97.4% of the
distribution, the value of Ty, will be 2.4.

The function related to relative humidity, g(¢), should be proportional to the relative
humidity to preserve the dimensionless nature of the index. However, it must be adjusted
by a factor to balance its influence with f(T). This adjustment was made empirically, since
there are still no studies that physically describe how this relationship might behave in a
more generalized situation, leading to Equation (11):

$9) = 10 ay)

The quantity ¢ is the predicted or observed relative humidity for that hour. The
relative humidity must be considered with its actual value, regardless of the humidity
distribution for a given region, as it will be considered physically in relation to the loss of
water, together with the temperature value.

It is important to emphasize that the index grows exponentially when temperatures
exceed the 95th percentile of the distribution, significantly amplifying the risk associated
with HW due to its reliance on extreme temperature values.

Finally, the semi-empirical index proposed in this study will produce non-zero values
only when the air temperature at a given hour exceeds 32 °C and simultaneously surpasses
the 95th percentile of the cumulative distribution of maximum temperatures obtained
during calibration. This is outlined in Equation (12), and from this point forward, it will be
referred to as the XHWL

T, ¢
XHWI = T 5 & (12)

For this index to be applicable and serve as a reliable basis for comparison anywhere in
the world, it is essential that it be normalized. Once normalized, with values ranging from
0 to 1, it can be further adjusted for each city or region based on mortality rates associated
with XHWI episodes. This allows different risk levels to be assigned to each tier of the index.

Accordingly, Equation (13) presents a proposed normalization for the index (XHWIy),
assuming the minimum relative humidity (¢,,;,,) is 1%. This value was chosen to ensure
that the index can be applied anywhere in the world. While the minimum relative humidity
during an XHW episode typically ranges between 10% and 12% [41], relative humidity
values slightly below 1% have been observed in places like Nevada, USA, and Iran [42].
This justifies the selection of this value.

Prmin
XHWI — 1556

XHWIy = WMl — ‘1”5’3’5 (13)
where (considering the maximum T, value of 5 and a relative humidity of 100%)
XWMIax = e (14)
10

The index XHWIy should be calculated for each hour of the day, and, for risk assess-
ment purposes, it is recommended that the sum of the index value for a given day be
multiplied by the number of hours the index was greater than zero (Equation (13)), creating
a product that reflects not only the intensity of the HW but also its persistence.

XHWIy day = XHWIygum * Hnz (15)



Atmosphere 2024, 15, 1541

7 of 21

where XHWIy 4,y is the value of the daily XHWIy index product, which can be used both
to create a risk indicator for a specific day, based on numerical weather model forecasts,
and to be accumulated monthly for climate studies. Moreover, XHWIy g, is the sum of the

index value for a day and Hyy is the total number of hours during a day that the XHWIy
index value was different from zero, that is:

24
XHWIygum = )y XHWIy; (16)

24
Hnz = Zizl fi (17)
in which f; = 1 for hours where XHWI; > 0 and 0 otherwise.
In order to illustrate the theoretical behavior of the XHWIj;, functions were used
to show its exponential behavior and, especially, its dependence on relative humidity
values (Figure 2). It is important to emphasize that relative humidity, as noted in many

studies [43-45], plays a fundamental role in water loss from the bodies of different species,
particularly during HW episodes.

Extreme Heatwave Index Normalized (XHWI_N) value x Accumulated
maximum temperature percentile (Tpe) x Relative humidity (¢)

1.00

0.80

95.295.495 ¢
+795.695.8 g6 96.2
. 96.496.696 8
-6 97 g7.2 97.4 976 97.8 93
. 98.2 9g.4
** 98.6 98.8 929
. 99.2 994
** 99.6 998

Accumulated maximum temperature percentile (Tpe)
o (20%) W@ (40%) ®W@(60%) MW@ (80%) M@ (100%)

Figure 2. Theoretical behavior of the XHW Index.

As can be observed in Figure 2, the index value reaches 1 when the temperature values

are at the 100th percentile of the cumulative distribution of maximum temperatures and
the humidity is at 100%.

3.2. Application of the XHWI in the Detection of the Intensity and Duration of HW Episodes in the
Summer of 2003 in Spain
This year was chosen because, according to numerous studies [46—49], the HW episode of
2003 was one of those that caused the highest number of deaths across the Iberian Peninsula.
To apply the index for detecting HW episodes, daily values (XHWIy 4ay) should be
accumulated. This process starts by identifying the first day where the index value is
greater than zero. From this day onward, each subsequent day’s index value should be



Atmosphere 2024, 15, 1541

8 of 21

added to that of the previous day, until a day when the index returns to zero is found.
Upon finding this day, the accumulation is interrupted, and the accumulated index value
resets to zero, restarting the process.

By proceeding in this way, it is possible to detect the duration of the HW episode and
evaluate its intensity. Since the index is generalizable and relies exclusively on data from
each location where it was calibrated, the intensity of the HW can be compared based on
the index values across different regions without requiring any weighting or adjustment.

In order to evaluate the performance of the index in XHW situations, it was compared
with maximum temperature anomaly data, obtained from the same ERA5 data, for the
same location and based on the same climatology period (1960-1990). Additionally, these
data were compared with weekly mortality data, obtained from [50].

3.3. Application of the XHWI Under Weather Forecast Conditions

To evaluate the application of the XHWI under weather forecast conditions, the WRF
model [51] was run with the domain illustrated in Figure 3, with a spatial resolution of
1 km for the metropolitan region of Rio de Janeiro (mesh 1), using the set of physical
parameterizations shown in Table 1. The spatial resolution decay relationship between the
grids was 9 km-3 km-1 km.

Figure 3. Domain and numerical grids used in the WRF simulations for the city of Rio de Janeiro.
As the WREF is a regional model, it was nested using three grids, spatially arranged as illustrated in
this figure. The outer yellow rectangle corresponds to the area of the grid with the lowest spatial
resolution (9 km), the intermediate rectangle represents the medium-resolution grid (3 km), and the
smallest rectangle indicates the area with the highest resolution (1 km), which was the grid used to
calculate the HWI.

This phase was crucial for testing the application of the index under operational
weather forecasting conditions and for assessing the complexity of seamless future inte-
gration of the index calculation directly into the model’s code. This integration can be
particularly important for generating climate projections, as the index requires hourly data
for its calculation.
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Table 1. Configuration of the parametric schemes used in the WRF Model simulations.
Physics Option
Cloud Microphysics WREF Single moment 3-class (3)
Shortwave and Longwave Radiation Dudhia Shortwave (1) e RRTM Longwave scheme (1)
Surface Layer Revised MM5 Scheme (2)
Land Surface Unified Loah Land Surface Model (1)
Planetary Boundary Layer Yonsei University Scheme (YSU) (1)
Cumulus and Convection Kain-Fritsch Scheme (1)

44°N

42°N

40°N

38°N

36°N

10°W

The model was initialized with CFS analyses from 15 March 2024, at 00Z, simulating
5 days, until 19 March, 00Z, using GFS 0.25° forecasts every 6 h as lateral boundary
conditions. This period was chosen for these simulations because between 17 and 19
March 2024, the metropolitan region of Rio de Janeiro recorded its highest historical air
temperature values [52]. The XHW index (calibration and WRF simulation) was calculated
for the coordinates —22.95 S and —41.3 W.

3.4. Use of the XHWI for Climate Studies

In order to evaluate the application of the index for climate studies, the index was
calibrated for five cities in Spain (Figure 4), during the period of 1960 to 1990, using ERA5
data. For this work, the calibration considered all days in June, July, and August to compose
the distribution of accumulated maximum temperatures.

A

8°W 6°W 4°W 2°W 0° 2°E 4°E

Figure 4. Map illustrating the geographical position of the five cities in Spain chosen for this study.

After calibration, hourly index normalized values XHWIy;; and daily accumulated val-
ues XHWIng,m were calculated for June, July, and August from 1950 to 2022. Subsequently,
the daily products of the index XHWIy 4,y were calculated based on Equation (15), then
used to compose the monthly index value, which was simply the sum of the daily products
values XHWI 4qy for all days in the month. Finally, the annual index value was calculated
as the sum of the index values for these three months. These values were accumulated in
an area chart to assess possible trends in the index values over the analyzed period. Finally,
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the results obtained with the HW index were compared, using the same analyses, with the
data of the maximum temperature variation during the summer in the same cities.

4. Results
4.1. Assessment of the Index During the Summer of 2003 in Spain

Figure 5 displays the application of the accumulation XHWIy 4,y for detecting XHW
episodes in the five analyzed Spanish cities during the summer of 2003. In these figures, one
can observe, in addition to the index values accumulated sequentially on days when the
value remained above zero, the values of the maximum temperature anomaly and the weekly
mortality anomalies, which were based on all the weeks of the summer of the same year.
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Figure 5. -Example of applying the XHWI for detecting HW episodes during the summer of 2003 in

(e)

the cities of Teruel (a), Cérdoba (b), Caceres (c), Madrid (d), and Murcia (e).
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If one considers three days as the minimum duration for detecting an HW episode,
which aligns with the criteria defined, for instance, by Climate Adapt (European Environ-
ment Agency, n.d.), one can observe the occurrence of two XHW episodes in the cities of
Teruel (5a), Cérdoba (5b), Céceres (5¢), and Murcia (5e) and three in the city of Madrid (5d).
The intensity and duration of the HW episodes varied significantly across the five cities. In
most of them, the most intense HW was concentrated within the first 15 days of August,
which also coincided with the highest mortality rates during this period.

In some cities, it became evident that there was a relationship between maximum
temperature anomalies and mortality rates. However, it is important to highlight that in
the cities of Cordoba, Caceres, and Madrid, the weeks with the highest observed mortality
rates were those where the index values were markedly higher, demonstrating the index’s
ability to detect critical HW periods associated with increased mortality.

In the cities of Teruel and Murcia, mortality rates did not respond to either temperature
anomalies or the XHWI values. This can be easily understood for Murcia, as it did not
experience any intense or prolonged HW episodes like the other cities. In Teruel, the
two most intense HW episodes observed in August seemingly had some influence on the
increased mortality during the two weeks in which they occurred. However, the highest
mortality peak of the year was observed in middle of July, during a week situated between
two periods where peaks in maximum temperature anomalies were observed, along with
XHWI values a bit above zero (though only for one day). In the possible HW observed in
July 2003, as well as in June of the same year in the city of Teruel, the recorded temperatures
ranged between 29 and 31.9 °C. These temperatures did not fall within the range where the
impact of rising temperatures on body water loss increases exponentially. In such cases, the
relationship between temperature, relative humidity, and mortality rates can be assessed in
a linear fashion, without the need for the index proposed in this study.

These results suggest that in 2003, particularly at the beginning of August, XHW events
were responsible for the increase in mortality rates in 4 out of the 5 cities analyzed. This
is much more evident when assessing the XHWI rather than solely evaluating maximum
temperature anomalies, which means the index could be a crucial piece of data, especially
for forecasting HWs and assessing health risks.

4.2. Application of the XHWI Weather Forecast Conditions

The following data present temperature forecast results obtained from the WRF sim-
ulations for 3 PM on 15 to 18 March 2024, in the metropolitan region of Rio de Janeiro,
as shown in Figure 6. Special attention should be given to 17 March, which recorded the
highest temperatures.

The hourly value of the index was calculated for the coordinates (—22.95 S; —41.3 W),
as indicated in Figure 6¢; subsequently, its daily XHWIy 4,y (product of the hourly value of
the XHWIy by the sum of the hours during which the index was different from zero) was
calculated according to Equation (15). In Figure 7, the maximum observed temperature
value for each day of the analyzed period is shown, as well as the number of hours in
the day for which the index was greater than zero and the total value of XHWIy 4,y for
each day.

When comparing 16 March with 17 March, for example, it is important to note that
the maximum temperature value increased by only about 8%, while the XHWIy 4,y value
increased by about 654%. This demonstrates the index’s sensitivity to extreme temperature
values, as well as the persistence of the HW episode, since there were 8 h with the index
above zero on 17 March compared to only 4 h on 16 March.
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Figure 6. Results of the WRF simulations for air temperature at 2 m in degrees Celsius at 3 PM
(maximum diary value) on 15 March (a), 16 (b), 17 (c), and 18 (d), 2024, for the Metropolitan Region of
Rio de Janeiro, Brazil. On the x-axis are the longitude values, and on the y-axis are the latitude values.

WRF MODEL FORECASTS FORTHE CITY OF NITEROI/RIO DE JANEIRO FROM
15 and 18 MARCH 2024

i Ex
243
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Figure 7. Simulated values by the WRF of maximum temperature, hours when the XHW index was
greater than zero, and the value of XHWIy 4,y for the period between 15 and 18 March 2024.
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4.3. Use of the Index for Climate Studies

As mentioned in Section 3.4, the XHWI value was accumulated annually for the cities
of Murcia, Cérdoba, Madrid, Teruel, and Céceres in Spain to evaluate its annual behavior,
specifically the accumulated values for June, July, and August, during the period from 1950
to 2022.

Figure 8 shows the accumulated area chart with the index calculated for all cities.
By calculating the moving average over periods ranging between 20 and 30 years for the
combined index of the five cities, three periods with the most distinct values were visually
identified: the first period (P1) from 1950 to 1977; the second period (P2) from 1978 to 2002;
and the third period (P3) from 2003 to 2022, as delineated in Figure 8.

Temporal evolution of the summer heat wave index (June-July-August)
between 1950 and 2022.

Cordoba m Murcia ® Madrid mTeruel mCaceres

Figure 8. Temporal evolution of the accumulative summer XHWI (June-July-August) in the cities of
Cordoba, Murcia, Madrid, Teruel, and Caceres between 1950 and 2022.

In order to compare the results obtained with the XHWI with respect to the increase
in intensity and frequency of HWs in recent decades with a more traditional approach, the
same analysis was replicated for the evolution of the maximum temperatures (obtained
monthly average values) for the summers from 1950 to 2022, as portrayed in Figure 9. As
can be seen, the use of maximum temperatures tends to smooth the evaluation of extreme
events, as pointed out by some authors [53,54].

However, its use in this study served the didactic purpose of illustrating how the
XHWTI herein proposed is more suitable for evaluating extremes compared to simply
analyzing the evolution of maximum temperature itself. In this way, the XHWI shows
much greater sensitivity in identifying the increase in extreme episodes over time when
compared to the analysis of the evolution of maximum temperature, as observed in the
percentage differences in Tables 2 and 3, among the three time windows evaluated in
this study.
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Figure 9. Temporal evolution of the accumulative summer maximum temperatures (June-July-
August) in the cities of Cérdoba, Murcia, Madrid, Teruel, and Caceres between 1950 and 2022.

Table 2. Average of summer accumulative XHWI values in the three periods (P1, P2, and P3).

Cordoba 1.9 7.5 31.8 301% 326% 1611%
Murcia 5.6 47 17.8 —17% 279% 217%
Madrid 0.9 8.4 20.3 820% 141% 2116%
Teruel 0.8 3.9 23.6 382% 508% 2831%
Carceres 1.9 9.9 18.5 419% 87% 872%
Average 22 6.9 224 381% 268% 1529%

Table 3. Average of summer maximum temperature values in the three periods (P1, P2, and P3).

Cordoba 31.6 325 345 3% 6% 9%
Murcia 30.7 31.2 324 1% 4% 5%
Madrid 29.0 30.8 319 6% 4% 10%
Teruel 24.6 26.0 28.1 6% 8% 14%
Carceres 30.1 30.9 32.3 3% 4% 7%
Average 29.2 30.3 31.8 4% 5% 9%

In other words, when we look at the average percentage increase in maximum temper-
atures between periods P1 and P3, for example, we see that this increase was 9%, which
is indeed significant. However, when we examine this same increase in relation to the
XHWI proposed in this study, we observe a rise of 1529%, as it accounts for the expo-
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nential increase in extreme temperatures (above 32 °C and beyond the 95th percentile of
maximum temperatures).

To quantitatively analyze whether the annual series of the XHWI and maximum
temperatures exhibited a trend, the Mann-Kendall test was applied using the Python library
“pymannkendall”. The results are shown in Table 4. The analysis of the test parameters
indicates that, for all cities, an upward trend was observed in both XHWI and maximum
temperatures. Only in the city of Murcia did the p parameter value (0.002) for the XHWI
trend approach the threshold where the positive trend would not be statistically significant,
set at p < 0.05.

Table 4. Parameters obtained in the Mann—Kendall test for the annual series of the XHWI and
maximum temperatures during the period from 1950 to 2022.

Trend P Z Tau
XHWI Max T XHWI Max T XHWI Max T XHWI Max T
Murcia increasing  increasing 0.002 6.16 x 10710 2.990 6.186 0.239 0.495
Caceres increasing  increasing  1.61 x 107®  7.50 x 1077 4.797 4.948 0.384 0.396
Cordoba  increasing  increasing  4.82 x 10719 215 x 1077 6.225 5.986 0.498 0.479
Madrid increasing  increasing  1.62 x 10719 330 x 10713 6.394 7.282 0.510 0.582
Teruel increasing increasing  4.00 x 10719 1.01 x 10~ 6.254 6.805 0.495 0.544

Finally, based on the XHWI results, the probability of having at least one (Table 5), at
least 10 (Table 6), and at least 15 (Table 7) days when the XHWI value was greater than
zero (Whether consecutive or not) during the summer was calculated for the three analyzed
periods, illustrating how HWs have become much more frequent in period P3, as already
shown in the studies by [55-57]. In this period, the probability of having at least one day
with an XHW episode exceeds 80% in all cities, reaching 100% in Teruel and Cérdoba. It
is worth noting that, on average, this probability is three times higher in period P3 than
in period P1, except in the city of Murcia, where the probability of having at least one day
during the summer already exceeded 70% in period P1 and increased to 95% in period P3.

Table 5. Probability of experiencing at least one day with an XHWI value greater than zero during
the summer across the five cities analyzed in this study.

Cordoba 29% 84% 100%
Murcia 79% 52% 95%
Madrid 14% 84% 85%
Teruel 11% 56% 100%
Caceres 39% 72% 90%

Table 6. Probability of experiencing at least 10 days with an XHWI value greater than zero during the
summer across the five cities analyzed in this study.

Cérdoba 7% 60% 100%
Murcia 25% 16% 80%
Madrid 0% 60% 75%
Teruel 0% 4% 60%
Caceres 18% 52% 80%
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Table 7. Probability of experiencing at least 15 days with an XHWI value greater than zero during the
summer across the five cities analyzed in this study.

Coérdoba 0% 24% 90%
Murcia 0% 0% 60%
Madrid 0% 16% 60%
Teruel 0% 0% 35%
Caceres 4% 28% 60%

Regarding the probability of having at least 10 “XHW days” in the summer, that is,
one HW day every six days, the probability increases in P3, reaching probabilities above
60% in all cities, with a notable highlight in Cérdoba, where the probability hit 100% for
years with more than 10 days of XHWI values greater than zero. Meanwhile, the probability
of having at least 15 “XHW days” in the summer, that is, one HW day every four days,
reaches a staggering 60% in Murcia, Madrid, and Caceres and 90% in Cérdoba.

In fact, the city of Cordoba averaged 30 days with XHWI values greater than zero
during the P3 period, meaning that in this period, one out of every three summer days
presented extreme heat conditions. These values were approximately 5 days in P1 (1 out of
every 18 summer days) and 12 days in P2 (1 out of every 7.5 summer days).

5. Discussion

e  Conceptual evaluation of XHWI

In terms of its theoretical profile, the XHWI was shown to fully align with the initial
hypothesis, displaying a pronounced exponential increase in extreme temperature values
alongside a clear dependence on relative humidity, as demonstrated in Figure 4, which
illustrates its theoretical framework.

The approach utilized to calibrate the XHWI for detecting XHW events proved highly
effective when applied to the 2003 HW episodes in Spain. The index exhibited remarkable
sensitivity in identifying the most extreme episodes, specifically those associated with the
highest anomalies in mortality rates. Although maximum temperature anomalies were
found to correlate reasonably well with variations in mortality rates, they did not, at least
in the analyses conducted in this study, demonstrate adequate sensitivity to anticipate
potential periods of heightened health risks and, consequently, increased mortality. In
contrast, the XHWI showed superior performance in this regard.

When evaluating the applicability of the index for climate analysis, the XHWI demon-
strated substantially greater sensitivity in diagnosing the intensification and persistence of
HWs over recent decades compared to maximum temperature values alone. This makes
it a particularly valuable tool for the study of extreme climate events. Furthermore, the
index proved to be a reliable instrument for identifying extreme events and can also serve
as an educational tool to illustrate the concept of “more frequent and extreme events” in
the context of climate change.

o  Results of XHWI and its applications in assessing risk prevention and alert emission

The XHWI has demonstrated its utility in weather forecasting by enabling the issuance
of HW alerts, including the quantification of both the intensity and duration of XHW
episodes. However, further research is needed to cross-reference XHWI data with hospi-
talization and mortality records associated with HWs across different cities and countries.
Such studies would allow for the creation of risk thresholds, improving communication
and the effectiveness of alerts to the population.

When examining the temporal evolution of XHW episodes in the five Spanish cities
studied, it becomes apparent that it is easier, visually, to identify the increasing number,
intensity, and duration of XHW events over time through the graphical representation of the
XHWI (Figure 8) rather than through the evolution of maximum temperatures (Figure 9).
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Moreover, analyzing the annual variation of maximum temperatures does not clearly
indicate the years with the greatest health risks linked to XHW events during the period
from 1950 to 2022. In contrast, tracking the evolution of the accumulated annual XHWI
values (2003, 2012, 2015, 2018, and 2022) allows for the identification of these high-risk
years. These years have also been cited by other authors as reference periods for HW
occurrences in Spain, based on alternative detection methodologies [48,56,58]. However,
in this study, these years were identified solely based on the intensity and duration of the
events using the XHWIL.

In analyzing period P3, it is clear that XHW events began to occur more frequently
and with greater intensity in most years of this period, compared to previous periods (P1
and P2), except for 2013 and 2014.

The rise in XHWI values in recent years highlights the increased potential risk faced
by certain cities, particularly those that registered the highest index values during the most
recent analyzed period (P3). Overall, all cities showed a significant increase in the intensity
and duration of XHW episodes over the past few decades. On average, there was a 1529%
increase in XHWI values during period P3 compared to period P1 (Table 2).

These findings are alarming and provide a clearer understanding of the escalating
situation regarding HWs in Spain over recent decades [55-57]. Such a diagnosis would not
have been possible by analyzing only the increase in maximum temperatures during this
period, which rose by just 9% when comparing period P3 to period P1 (Table 3).

e  Further studies

Despite the significance of the current findings, further studies are required to simulate
the relationship between the XHWI and blood water loss rates. This research would provide
essential insights for informing the population about appropriate water intake during HW
episodes, specifying the necessary quantity (which may vary according to physiological
factors) and the expected duration of the HW.

Finally, for a comprehensive understanding of the relationship between XHWI values
and associated potential health risks, additional studies should be conducted, incorporating
factors such as age, gender, pre-existing medical conditions, and the level of preparedness
in different populations and cities. These factors played a critical role during past HW
episodes, such as the one in 2003 [58-60]. It is worth noting that Météo-France has made
efforts in this direction in recent years, as can be observed in [61], illustrating the importance
of comprehensive risk assessments.

Upon completion of such studies, the XHWI could evolve into a robust, stable, and
globally generalizable methodology for defining XHW episodes anywhere in the world.
This potential lies in the fact that the proposed index is based on region-specific data and
the historical record of extreme temperatures, rather than relying on a fixed temperature
threshold. Consequently, it could serve as a standardized global metric for defining the
intensity and duration of XHW episodes, something that currently does not exist [54,62].

The adoption of a standardized index for defining meteorological and climatic events,
similar to indices developed by [63-65], is of critical importance and would enable a greater
number of scientists to provide a framework that allows for a fair/fairer intercomparison
with other works on extreme weather/climate phenomena [66].

6. Conclusions

This study represents the first step in the development of a new multivariate XHWI,
designed to support a health impact-based forecasting system that includes a mitigation
action plan with hydration-related measures. In the final version of the XHWI, it is expected
that this new index will be more suitable/adapted for identifying the XHW episodes posing
the greatest danger to human health.

This initial, more generalized version of the index, due to the premises used in its
formulation, tends to exponentially emphasize extreme events, already demonstrating a
strong performance in detecting and measuring the duration of XHW episodes. Moreover,
the inclusion of relative humidity in the index improves its ability to account for factors
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affecting human health, as relative humidity plays a crucial role in water loss for nearly all
living organisms.

Future research should be focused on calibrating the index threshold values based on
health risks associated with XHW episodes. These studies should, as much as possible,
integrate simulations of body water loss processes and their relationship to cardiovascular
events such as heart attacks. Through this calibration, thresholds can be established to
define various risk levels for populations across the index’s value range (0 to 1), allowing
the index to be adapted in different regions without requiring mathematical alterations.

Following this final stage, the index should be evaluated against other existing indices
that incorporate at least one of the physical principles used in the development of the
XHWI. This comparison should utilize mortality data from the widest possible range of
locations and XHW events, ensuring a comprehensive analysis.

Finally, the authors think that the XHWI could serve as a valuable tool for identifying
extreme mortality events related to XHW occurrences in climate change projections, not
only in Europe but globally. The index’s design allows it to be applied in regions lack-
ing extensive atmospheric measurement networks, while also incorporating the physical
mechanisms linked to major health risks posed by XHWs. Its universality and ability to be
replicated anywhere on the planet provide an essential insight for better understanding
and preparing for the future of XHW events.
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