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Abstract Humid heat extremes, characterized by high wet bulb temperature (Tw), pose significant health
risks. While strong El Nifio events are known to affect the frequency of extreme Tw days, the distinct impacts
of Central Pacific (CP) and Eastern Pacific (EP) El Nifio events remain understudied. Using a 12-member
CMIP6 ensemble at discrete global warming targets (+1.5, 2, 3, 4°C), this study shows progressively
enhanced humid heat extent during EP events primarily in Mainland Southeast Asia, while South Asia
experiences regionally opposing effects from EP and CP events. EP and CP events drive distinctly different,
regionally varying patterns of dangerous Tw, yet both significantly increase the affected population and area
impacted by humid heat extremes at all global warming levels. This amplification surpasses the impact of an
additional degree of global warming, highlighting El Nifio's compounding effect on heat stress threats across
warmer climates.

Plain Language Summary Humid heat extremes, characterized by high wet bulb temperature (Tw),
pose health risks even to young, healthy individuals. While strong El Nifio events are known to affect extreme
Tw days, the impact of different El Nifio types (Central Pacific and Eastern Pacific) has not been well studied.
Using historical data and future climate projections, we examined how these El Nifio types affect the frequency
and spatial extent of dangerous Tw. Our analysis shows that under future warming, Eastern Pacific and Central
Pacific El Nifio events drive distinctly different, regionally varying patterns of dangerous Tw, yet both
significantly increase the affected population and area impacted by humid heat extremes at all global warming
levels. Even at low global warming levels, during El Nifio events, the population exposed to dangerous Tw is
expected to be equal to that exposed regularly when the mean warming is more than four times higher. This
highlights the need to consider El Nifio diversity in assessing the additional heat stress in heavily populated
regions as the planet warms and approaches the critical threshold of heat stress.

1. Introduction

Heat-related fatalities are a leading cause of death during extreme weather events worldwide (Barriopedro
etal., 2011; Buzan & Huber, 2020; Buzan et al., 2015). Elevated environmental humidity further exacerbates heat
stress by diminishing the effectiveness of evaporative cooling, the primary mechanism through which humans
regulate their internal body temperature (Buzan & Huber, 2020; Coffel et al., 2018; Foster et al., 2021; Im
et al., 2017; Raymond et al., 2020; Schér, 2016; Sherwood & Huber, 2010). Humid heat extremes are charac-
terized by high wet bulb temperature (Tw), a measure of the moist enthalpy of the atmosphere (Song et al., 2022).
Until recently, most studies used a critical Tw threshold of 35°C which was proposed as the theoretical upper
bound of human thermal tolerance, above which the human body cannot dissipate metabolic heat through sensible
or latent cooling (Sherwood & Huber, 2010). However, recent findings indicate a lower threshold, dependent on
local temperature and humidity conditions, as being more accurate (Vanos et al., 2023; Vecellio et al., 2022,
2024). In high-humidity environments, such as the tropics, exposure to a Tw of 30.6°C for 6 hr poses risks of
hyperthermia, heat stroke, or death, even for young, healthy individuals performing minimal metabolic workloads
under ideal conditions, that is, full shade, drinking water, minimal exertion (Vecellio et al., 2022). Both the mean
moist enthalpy and humid heat extremes are projected to increase in the tropics, spatially coinciding with the
fastest projected population growth, underscoring the importance of understanding exposure to Tw
(Matthews, 2018).

MENZO ET AL.

1 of 10


https://orcid.org/0000-0003-1223-574X
https://orcid.org/0000-0001-9304-9601
https://orcid.org/0000-0002-4593-3643
https://orcid.org/0000-0002-2771-9977
mailto:ckaramp@hawaii.edu
https://doi.org/10.1029/2024GL112387
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL112387&domain=pdf&date_stamp=2025-02-14

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL112387

Visualization: Zachary M. Menzo,
Christina Karamperidou

Writing — original draft: Zachary

M. Menzo

Writing — review & editing: Zachary
M. Menzo, Christina Karamperidou,
Qingin Kong, Matthew Huber

Superposed on the warming trends, natural climate variability in the tropics, dominated by the El Nifio Southern
Oscillation (ENSO) phenomenon, modulates Tw extremes. Previous studies focused on ENSO impacts on Tw
under current climate conditions and found that extreme Tw days are twice as likely during very strong El Nifio
years compared to neutral years and thrice as likely compared to La Nifia years worldwide (Speizer et al., 2022)
with the most intense El Nifio events resulting in the largest annual average land area affected by extreme Tw days
(Rogers et al., 2021). However, the so-called ENSO diversity (Capotondi et al., 2020), that is, the different
patterns of SST anomalies during El Nifio events whereby the peak SST anomalies are either concentrated in the
Eastern Pacific (EP) or Central Pacific (CP) have distinct impacts on extreme events (McKenna & Karamper-
idou, 2023) and the climate worldwide (Ashok et al., 2007; Capotondi et al., 2020). In this study, we evaluate the
escalating impact of the additional heat load imposed by El Nifio flavors (EP vs. CP events) in the tropics as the
planet approaches the critical threshold of heat stress under discrete global warming targets (GWT) (+1.5, 2, 3,
4°C) using the CMIP6 Tw data set published by Vecellio et al. (2023). We thus address two significant gaps in the
literature of Tw extremes in a changing climate: we quantify the superposed impact of El Nifio variability on the
global warming trend, and we distinguish between the two El Nifio flavors, showing the significance of
considering their distinct impacts for regional Tw extremes.

2. Data and Methods
2.1. Data

To compute the impact of El Nifio flavors on Tw extremes under future climate change scenarios, we use the Tw
data set published in Vecellio et al. (2023), who used 2 m temperature, specific humidity, and surface pressure
from 12 CMIP6 coupled general circulation models (GCMs) at 3-hourly resolution to calculate Tw under future
discrete GWT using the Davies-Jones adiabat Tw approach (Davies-Jones, 2008).

The calculated Tw values were further bias-corrected following a “pseudo-global warming” approach. First, Tw
was calculated for both the ERAS reanalysis (Hersbach et al., 2023) and each CMIP6 model in the baseline period
(1950-1976) that precedes the acceleration of global warming. CMIP6 Tw was also calculated for target years
representing 1.5, 2, 3, and 4°C of global warming under the Shared Socioeconomic Pathway (SSP)585 scenario.
The SSP585 scenario was chosen to maximize available warming targets, and the warming level-oriented
approach makes the results robust to the choice of emission scenarios (Seneviratne & Hauser, 2020; Senevir-
atne et al., 2016). Then, the differences in 3-hourly Tw between the average year of the baseline period and that of
years representing a certain warming target were computed for each CMIP6 model and bilinearly interpolated to
the ERAS horizontal grid. The CMIP6-simulated temporal changes in Tw were finally added to the ERAS Tw for
each year within the baseline, providing bias-corrected estimates of Tw under each GWT.

This approach captures seasonal and diurnal variations in Tw changes with global warming, considering potential
changes in background circulation attributed to anthropogenic warming. It preserves climate change signals from
CMIP6 models while correcting biases in baseline climate state and provides adequate resolution for capturing
geographic features and physical processes important for accurate Tw calculations (Freychet et al., 2022; Im
etal., 2017; Vecellio et al., 2023). However, the pseudo-global warming approach imposes background warming
on historical extreme Tw patterns during El Nifio years (Figure S1 in Supporting Information S1), and thus it does
not account for changes in El Nifio teleconnections, which would alter the response of Tw extremes to El Nifio
events, or changes in El Nifio diversity itself due to global warming. The implications of this methodological
approach for interpreting the results are further addressed in Section 4.

2.2. El Niiio Diversity Indices

To characterize EP and CP El Nifio years, we use the E and C indices proposed by Takahashi et al. (2011). An El
Nifio year spans from June (Year 0) to May of the following year (Year +1), and EP and CP events are defined
when the DJF E and C indices exceed one standard deviation, respectively (Figure S2 in Supporting Informa-
tion S1). During the period 1950-1976 used in Section 3, we consider 4 EP events (1951, 1957, 1965, 1972) and 3
CP events (1958, 1963, 1968) which agrees with the consensus in prior studies (e.g., Capotondi et al., 2020;
McKenna & Karamperidou, 2023). During the selected EP and CP events, the average June—May global mean
temperature anomaly is 0.07 and 0.09°C, respectively. Therefore, the events do not contribute to an average
global warming that exceeds any of the GWTs considered for our future scenario analysis.
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2.3. Humid Heat Metric Calculations

For the projected impacts of El Nifio diversity (Section 3), we calculate the number of dangerous Tw (dTw) days
as the number of days at each grid cell in which the daily maximum Tw exceeds a threshold of 31°C. The de-
parture from the number of days above the threshold under climatological conditions is used to quantify the
projected El Nifio impact and is hereafter referred to as anomalous dTw days. On a day when the temperature
reaches this threshold, an individual would face prolonged exposure to hazardous Tw values, posing a severe
threat to their health and contributing to the loss of a working day (Buzan & Huber, 2020), impacting the region
socially and economically. Significance testing was conducted using a “bootstrapped” 1,000-member ensemble
of EP and CP El Nifio composites comprised of random samples of equal size to the ones tested (4 and 3 years,
respectively), selected with replacement from every GCM ensemble member under each GWT. Differences in
dTw compared to climatology were considered significant if they fell above (below) the 90th (10th) percentile of
the difference values calculated from the 1,000-member ensemble for more than half of the models (Figure S3 in
Supporting Information S1).

To assess whether the duration of dangerous Tw conditions during EP and CP years changes in the future, we
compute the maximum number of consecutive (MC) days exceeding the 31°C threshold. To estimate changes in
the spatial extent of the impacts, we calculate the total land area in square kilometers in five regions (West Africa,
the Middle East, South Asia, East Asia, and Mainland Southeast Asia) and, for each region, the total land area
experiencing dTw for at least 1 day during each El Nifio year (Section 3.2). We conduct an independent #-test
across all models and El Nifio events for each region to assess the statistical significance of differences in the total
land area affected. To determine the population affected by dTw for at least 1 day during every El Nifio year for
each GWT, we use the population projections from the SSP2 scenario for the same five regions (Jones &
O'Neill, 2016). SSP2 is a “middle-of-the-road” scenario and is considered the most-likely pathway. It assumes
medium mortality, fertility, and migration at the country level and is compatible with all GWTs considered. Since
the global population under SSP2 is projected to stabilize around 2040, we use the 2050 SSP2 population for all
GWTs, consistent with Vecellio et al. (2023). This approach avoids additional complexities from population
changes when quantifying the relative impact of El Nifio events and additional global warming, which is the focus
of this study, and is robust to the choice of population levels (cf. Figure 3; Figure S8 in Supporting
Information S1).

3. Impacts of El Nifio Diversity on Tw in Warmer Climates
3.1. Dangerous Tw Days

Under future GWT conditions, we find that EP and CP El Nifio events impact the frequency, duration, and spatial
extent of dT'w days in five regions: West Africa, the Middle East, South Asia, East Asia, and Mainland Southeast
Asia (Figure 1; see Figure S4 in Supporting Information S1 for a global map and S5 for the relative change in the
number of dTw days from one GWT to the next). In all regions, few to no days exceed the 31°C threshold under
climatological or El Nifio conditions for the first two GWTs (1.5, 2°C). However, consistent with findings by
Vecellio et al. (2023), the number of dTw days increases substantially under climatological conditions for the
latter two GWTs (3, 4°C), while our analysis additionally reveals that the role of El Nifio in modulating the heat
stress also becomes significant under these high GWTs.

In the Middle East, Mainland Southeast Asia, and to a lesser extent East Asia, the climatological conditions result
in few dTw days, even at a 4°C GWT. However, at the lower GWT of 3°C, El Nifio events lead to a substantial
increase in dTw days, underscoring El Nifio's significant role in exceeding the critical physiological threshold. A
similar yet weaker signal is found in the MC days exceeding the threshold, detailed in Supporting Information S1
(Figures S6 and S7).

El Nifio has the weakest impact in West Africa (Figure 1a), where a marginal increase is found for both flavors,
adding approximately 8-12 dTw days to the weak climatological signal under a 4°C GWT. The change in
MC days above the threshold follows similar patterns and increases by about 2—4 days (Figure S7a in Supporting
Information S1). CP events primarily impact the northern portions of central Africa, increasing the MC days by up
to a week.

The primary impact of El Nifio on dTw occurs in South Asia (Figure 1b). Under a GWT of 4°C, the entire Ganges
River and Indus Valley regions experience an average of around 40 dTw days, with a minimum of nearly 30 days
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Figure 1. Number of dTw days (daily max Tw > 31°C) per year (June-May) in climatology (CLIM), and the anomalous dTw days in the EP Niflo composite (EP—
CLIM), and the CP Nifio composite (CP—CLIM) under the GWTs (1.5, 2, 3, and 4°C) for (a) West Africa, (b) South Asia, (c) East Asia, (d) the Middle East, and
(e) Mainland Southeast Asia. Stippling shows where differences are statistically significant at the 90th percentile for more than half of the models based on a 1,000-
member bootstrap ensemble per GCM.
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in the former and reaching a maximum of approximately 65 days in the latter. During EP years, the largest in-
creases of dTw days (20-30 days) are found in the Ganges River delta, doubling the climatological signal. In
contrast, in the Indus Valley, where the climatology reaches its peak impact, there is a decrease of 20-30 dTw
days and nearly a 6-30 days shorter MC streak (Figure S7b in Supporting Information S1). During CP years,
much of the Indus Valley and Ganges River regions experience an increase of 12-20 dTw days, while the Ganges
River delta and the adjacent region of India have an increase of approximately 25-35 days. This dipole in the
impact of the two El Niflo flavors can be explained by the strong mitigating effect that EP events have on daily
maximum Tw in the Indus Valley region, which does not allow the climatological increase of Tw under the high
GWTs to result in exceedance of the 31°C threshold (Figure S1 in Supporting Information S1).

In the Middle East (Figure 1d), the impact of El Nifio is confined to the coastlines. The impact is stronger during
EP years, with an increase of up to 20 dTw days. CP events show a similar spatial impact but a weaker magnitude,
increasing around 12 days, peaking along the southwest. While the impact on the MC days for both El Nifio
flavors is weak, it does increase the duration by about 2—4 days (Figure S7d in Supporting Information S1).

In East Asia (Figure 1c), under the GWT 4°C scenario, we find the same spatial impact for both El Nifio flavors on
the number of dTw with greater magnitude during CP years. The impact is evident in Eastern China, with
increasing magnitude from north to south. During EP (CP) years, this section of China sees an increase of
approximately 6-15 (6-21) dTw days with an increased duration of MC days by about 2-3 (2-6) days (Figure S7c
in Supporting Information S1), impacting the region, which has a weak or nonexistent signal under climatological
conditions. This pattern reverses to the south in Mainland Southeast Asia (Figure le), with EP having a greater
spatial increase and impact. During CP years, the northeast region experiences an increase of nearly 20-30 dTw
days, with limited sections across the remainder of the peninsula having an increase of up to 15 days. In EP years,
the northeast region shows nearly an increase between 25 and 40 dTw days, with most of the peninsula increasing
by up to ~20 days and smaller portions experiencing an increase of around 30 days. During both flavors, the
northeast region MC days are about 2—4 days longer (Figure S7e in Supporting Information S1), with other
sections of the peninsula showing the same signal during EP years.

3.2. Total Area Affected (%)

The impact of EP and CP events on the percentage of land areas affected by dTw is statistically significant
globally and in all high-impact regions across GWTs, excluding West Africa under GWTs of 1.5 and 2°C,
compared to the total area affected under climatological conditions (Figure 2). The seasonal variations of this
impact shown in Figure 2 could provide valuable insights for regions reliant on outdoor labor or agricultural
activities during specific seasons. Globally, the overall impact of both El Nifio flavors and their seasonal peak is
nearly identical. However, the difference between EP and CP events becomes more pronounced when examining
each high-impact region, highlighting the necessity for regional analysis of area affected by dangerous Tw
conditions. At a GWT of 4°C, West Africa experiences its peak impact during SON, with 13% more land area
being impacted during EP years and 11% during CP years than what would be expected under climatological
conditions. EP events have the maximum impact during JJA in South Asia and Mainland Southeast Asia, with
13% and 28% more land area being impacted, respectively. During CP years, the greatest impact is found during
the SON season, with approximately 17% more land area being impacted relative to climatological conditions in
both regions. However, Mainland Southeast Asia shows very weak seasonality, excluding the DJF season.
Finally, in the Middle East and East Asia, the peak impact of both El Nifio flavors occurs during the JJA season. In
the Middle East (East Asia), 11.5% (13%) more land area is impacted during EP years, while 9% (16%) more land
area is impacted during CP years than what would be expected under climatological conditions.

Importantly, under a given GWT, El Nifio events create conditions that are similar to or worse than those expected
climatologically under warmer mean climate conditions. To show this, we calculate the difference between the
anomalous total area affected during EP or CP events at a given GWT [TA; — T_A_,-] and the additional total area
affected under climatological conditions at the next higher GWT [T_Aj+1 - ﬁj] (Equation 1), shown in dashed

lines in Figure 2.

[TA; —TA;] — [TA, — TA;| = TA; - TA,, (1
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Figure 2. Percentage of total land area experiencing at least 1 day with dTw at each location under the four GWTs. Shades of
gray, red, and green represent the seasons during climatological, EP, and CP Nifio years, respectively. The lightest (darkest)
shade indicates JJA (MAM) season. Seasonal error bars for each El Nifo flavor represent one standard deviation determined
from the multi-model ensemble. Red (Green) dashed lines represent the annual total difference between EP (CP) Niiio years
at a given GWT and the climatology under the next higher GWT.

where i € {EP,CP}, j € {1.5,2,3,4°C}, and TA is the total area affected under climatological conditions.

The difference calculated by Equation 1 is positive in all regions and globally, indicating that the spatial impact of
El Nifio events matches or exceeds the conditions expected on average under the next higher GWT. Furthermore,
the relative importance of the El Nifio impact compared to background warming, and predominantly that of EP
events (red dashed lines), increases with warming, as the value of Equation 1 increases in all regions except South
Asia.

In certain regions, El Nifio can even have an impact equal to or greater than the climatology at twice the GWT. For
example, during EP years in the Middle East and Mainland Southeast Asia, or during both El Nifio flavors in East
Asia, more land is affected by dangerous Tw conditions under a 1.5°C GWT than during climatology for a 3°C
warming scenario.

3.3. Population Exposure to Dangerous Tw

Following the increase in total area experiencing dTw conditions (Figure 2), El Nifio events increase the affected
population between 1.5 and 32 times in high-impact regions and by 2-6 times globally, compared to climato-
logical conditions across various GWTs (Figure 3). This underscores the importance of adopting a regional
perspective to accurately assess the impact in specific locations where the effects can far exceed the global
average. Similar to Figure 2, the dashed lines in Figure 3 compare the impact of El Nifio on population exposure
under a given GWT with the climatological impact of the next higher GWT (Equation 2).

[PE; — PE;| — [P, — PE;] = PE; — PE,, @
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Figure 3. Population (in millions; following 2050 SSP2 population projections) exposed to at least 1 day with dTw per year
(daily max Tw > 31°C) at each location under the four GWTs. Black lines represent the climatology, with the red line
indicating EP years and the green line representing CP years. Error bars represent one standard deviation determined from the
multi-model ensemble. Red (Green) dashed lines represent the difference between EP (CP) Nifio years at a given GWT and
the climatology under the next higher GWT.

where i € {EP,CP}, j € {1.5,2,3,4°C}, and PE is the Population Exposure under climatological conditions.

With the exception of West Africa under 1.5 and 2°C GWTs, El Niilo leads to a greater population exposure at a
given GWT than what is caused climatologically at the next GWT. In the Middle East and East Asia, the relative
impact of El Nifio increases with background warming, while in Mainland Southeast Asia or South Asia the added
impact of El Nifio is weakened with higher GWTs, as indicated by the steady or decreasing values of Equation 2
(even though in absolute numbers the affected population will be larger). In regions where the population
climatologically exposed to at least one dTw day is near zero for the lower GWTs (e.g., Middle East and East Asia
for GWT of 1.5°C, and Mainland Southeast Asia for GWT of 1.5, 2, and 3°C), as well as on a global scale at a
1.5°C GWT, El Nifio events increase the population exposure to levels expected under climatological conditions
for the highest GWTs (3 or 4°C). In general, EP El Nifio events have stronger impacts compared to CP events,
however, these are only well separated statistically in the Middle East and Mainland Southeast Asia.

In South Asia, East Asia, and the Middle East, the impact of El Nifio under a 1.5°C warming scenario exceeds that
of a 2°C GWT during climatology by a factor of 2-9. Similarly, under a 2°C (3°C) warming scenario, the impact
is 1.5-3 (1.2-2.3) times greater compared to climatology under a 3°C (4°C) GWT. While the impact of El Nifio
events remains high under the 4°C GWT, the population exposed to at least one dTw day per year under
climatological conditions grows at a similar or faster rate. In other words, under higher GWTs, the population is
already routinely affected by dTw (i.e., climatologically), which diminishes the added impact of El Nifio.
Nonetheless, in terms of the number of people affected and in terms of additional heat stress (leading to Tw values
well above the 31°C threshold), El Nifio events remain highly consequential in these densely populated regions
regardless of the population scenario (Figure 3; Figure S8 in Supporting Information S1). In the Middle East, EP
events have a significantly stronger impact compared to CP events, while in South and East Asia, EP events
exhibit a slightly greater impact than CP under lower GWTs, but the difference is minimal and not statistically
significant, with any distinction between flavors diminished at higher GWTs. The similarity in population
exposure during EP and CP events in South Asia may seem surprising since CP events have a larger impact on
total dTw compared to EP events (Figure 1b). However, in the SSP2 2050 population projections (Figure S9 in
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Supporting Information S1), most of the population lives near the Ganges River delta. Under the lower GWTs (1.5
and 2°C), the impact of EP events better aligns with the most populous locations, while under the latter two GWTs
(3 and 4°C), the impact of CP events spreads to these areas, matching and surpassing the impact of EP events,
possibly explaining the lack of statistical difference between El Nifio flavors. In the Middle East, EP events
remain dominant under all GWT, having a 1.5-2 times greater impact than CP events, underscoring the signif-
icance of distinguishing between El Nifio flavors for this region.

In West Africa, the number of people exposed to at least one dTw day per year increases by a factor of 2.5-4
during El Nifio years compared to climatology across all GWTs, with EP having 1.2 times the impact compared to
CP years under higher GWT.

In Mainland Southeast Asia, El Nifio events have a profound impact, increasing the projected total population
exposure to dTw in a region that would not have significantly surpassed that threshold under climatological
conditions until a 4°C GWT. For example, the population impacted during EP (CP) events under a 1.5°C (2°C)
GWT approaches values observed under a 4°C GWT during climatology, while the impact of EP (CP) events
under a 2°C warming scenario exceeds that of a 3°C GWT during climatology by a factor of 12 (6). The impact of
both El Niflo flavors grows exponentially with higher GWT, with EP events being dominant across all warming
scenarios, at least doubling the affected population compared to CP events under the lower GWTs. The impacts of
EP and CP events are well separated for all GWTs, indicating that skillful predictions of EP versus CP El Nifio
will continue to be of great significance for anticipating its effects on Tw extremes in this region.

4. Summary and Discussion

This study investigates the distinct impacts of EP and CP El Nifio events on dangerous Tw (dTw) under future
climate change conditions, using a downscaled 12-member CMIP6 ensemble across various GWT (+1.5, 2, 3,
4°C). Under future GWTs, EP El Nifio leads to a greater increase in the frequency of dTw days in Mainland
Southeast Asia, whereas CP El Nifio leads to a higher number of dTw days in East Asia. In South Asia, EP and CP
events have opposing impacts in the Indus Valley, but both increase the number of dTw days in the Ganges River
regions, with a more pronounced effect during CP years. Across all locations and GWTs, El Nifio events also
result in a substantial amplification of population exposure to at least one dTw day per year compared to
climatological conditions, with the impacts of EP events being stronger than those of CP events, most robustly in
the Middle East and Mainland Southeast Asia. Similarly, El Nifio significantly expands the area affected by at
least 1 day with dTw per year compared to climatological conditions. EP El Nifio has the greatest impact in
Mainland Southeast Asia compared to CP events, particularly under GWTs of 3—4°C. In contrast, CP events have
a greater impact in South and East Asia at higher GWT, with limited differences in impact in West Africa or the
Middle East.

This study highlights the need for integrating El Nifio diversity into assessments of Tw extremes and their im-
plications for human health, as different regions can experience varying and sometimes opposing effects during
EP and CP El Nifio events. The distinct impacts of these events in tropical and extratropical atmospheric cir-
culation arise from differential shifts in tropical convection in response to their respective SST anomaly patterns
(Ashok et al., 2007; Capotondi et al., 2015; Lu et al., 2020; McKenna & Karamperidou, 2023). Given that ENSO
is a significant source of seasonal climate predictability, improved predictions of El Nifio diversity several months
in advance (e.g., Rivera Tello et al., 2023) can lead to advanced warnings for improved emergency management
in densely populated regions affected by extreme Tw.

It is important to interpret the results of this study within the context of its pseudo-global warming approach for
calculating future Tw. While this approach mitigates biases, it does not account for potential changes in El Nifio
diversity and its teleconnections under warmer climates, which could subsequently alter the Tw pattern response
to these events. Even without changes in ENSO itself, changes in the background climate, such as an El Nifio- or
La Nifia-like change in surface temperatures in the tropical Pacific, can impact ENSO teleconnections. For
example, Karamperidou (2024) showed that ENSO-scale variability of summertime atmospheric blocking events,
which are often associated with prolonged heatwaves, is modulated by the background state of the tropical Pa-
cific. Additionally, changes in the tropical Pacific background state may also alter ENSO variance (Cai
etal., 2021; Karamperidou et al., 2017; Wyman et al., 2020) and skewness, that is, the relative frequency of strong
El Nifio versus strong La Nifia events (Liu et al., 2023). These changes could the frequency, pattern, and severity
of Tw extremes, as both El Nifio and La Nifia events shift the regions experiencing hot and humid conditions (e.g.,
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Jia et al., 2024). This study focuses exclusively on the warm phase (El Nifio) of ENSO and its diversity, and does
not address the potential impacts of changes in the tropical Pacific's background state on the response of Tw
extremes to El Nifio; future investigations will explore these important issues. Given the uncertainties in the
response of the relative frequency of EP and CP El Niiio events to external forcing (Cai et al., 2021; Capotondi
et al., 2020; Karamperidou & DiNezio, 2022) and potential future changes in El Niifio flavor teleconnections
(Taschetto et al., 2016), as well as the complexities arising from model limitations, internal climate variability,
and the different forcings and feedbacks across climate scenarios, we propose that the pseudo-global warming
approach's inherent assumption of unchanged El Nifio teleconnections is reasonable and allows to isolate the role
of El Nifio in modulating humid heat extremes across different global warming targets that do not represent a
single specific forcing scenario.

Within this context, our analysis of the area impacted by humid heat extremes and subsequent population
exposure to dangerous humid heat under various GWTs shows that both EP and CP El Nifio events result in
impacts that are comparable to or exceed those anticipated climatologically under much warmer background
climates. This holds true even for low GWTs (e.g., 1.5°C) in regions where there is minimal to no impact from
dTw under climatological conditions. This finding echoes the current practice of often referring to El Nifio events
and their associated global temperature extremes as potential analogs for the future. The exponential increase in
the affected area and population exposure due to dTw during El Nifio events at progressively warmer background
climates can have significant implications for preparedness. For instance, an EP event at 1.5°C warming that
results in a much greater population exposure than what is climatologically expected at the 4°C warming level
(e.g., in the Middle East) would necessitate that governments allocate resources that would not typically be
considered until 50 or more years into the future. Thus, the widely acknowledged ““far-reaching” impacts of El
Nifio and its diversity not only span different regions but also pull future challenges closer to the present.
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