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Abstract

The wet-bulb globe temperature
(WBGT) is a widely used index for
assessing heat stress. However,
many studies on heat stress
under climate change rely on
simplified WBGT calculations,
which may introduce biases. In
this study, high-resolution
climate data and the physically-
based WBGT model are
employed to provide a more
reliable assessment of future
heat stress impacts across
Vietham and its seven sub-
climatic  regions.  Projected
changes are analyzed for three
future periods — the near future
(2021-2040), mid-future (2041-
2060), and far future (2081-2100)
— relative to the baseline period
(1995-2014) under three Shared
Socioeconomic Pathways (SSPs):
SSP1-2.6, SSP2-4.5, and SSP5-85.
Additionally, changes are
assessed across different global
warming levels (GWL), ranging
from 15°C to 4°C above the pre-
industrial level. Long-term trends
throughout the studied period
are also examined. The findings
reveal significant increases in
heat stress across Vietham in the
future. A major concern is the
substantial increases in the
number of days exceeding
impact-relevant  heat  stress
thresholds, most notably in the
Red River Delta and Mekong River
Delta, two most densely
populated and agriculturally
critical sub-regions of Vietham.
Heat stress emergence and
intensity are closely linked to the
radiative forcing of SSP scenarios
and the GWLs, with higher forcing
scenarios and warmer GWL
producing more severe
conditions and a greater
frequency of exceedance days.
The most severe impacts are
projected under SSP5-8.5 as well
as GWLs of 3°C and 4°C,
indicating the urgent need to
limit future warming to mitigate
the risk of heat stress. Biases in
simplified WBGT calculations are

also  discussed, suggesting
significant overestimations  of
exceedance days in most of
Vietham. Such biases could lead
to misleading assessments,
unnecessary alarms, and
potentially flawed adaptation
strategies,  highlighting  the
critical need for accurate WBGT
modeling in climate impact
research.
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Résumé

La température au globe humide
(WBGT) est un indice largement
utilisé pour évaluer le stress
thermique.  Cependant, de
nombreuses études sur le stress
thermique dans le contexte du
changement climatique
s'appuient sur des calculs
simplifiés du WBGT, ce qui peut
introduire des biais. Dans cette
étude, des données climatiques
& haute résolution et un modeéle
WBGT basé sur la physique sont
utilisés afin de fournir une
évaluation plus fioble des
impacts  futurs du  stress
thermique au Vietnam et dans
ses sept sous-régions clima-
tiques.Les changements projetés
sont analysés pour trois périodes
futures — le futur proche (2021-
2040), le milieu du siécle (2041~
2060) et le futur lointain (2081-
2100) — par rapport & la période
de référence (1995-2014) sous
trois scénarios de trajectoires
socio-économiques partagées
(SSP) : SSPI-2.6, SSP2-4.5 et SSP5-
85. De plus, les évolutions sont
évaluées pour différents niveaux
de réchauf-fement global (GWL),
allant de 15°C & 4°C au-dessus
du niveau préindustriel. Les
tendances & long terme sur
lensemble de la période étudiée
sont également examinées. Les
résultats révelent une augmen-
tation significative du stress
thermique au Vietnam dans le
futur. Laugmentation substan-
tiele du nombre de jours
dépassant des seuils critiques de
stress thermique est particu-
liecrement préoccupante, notam-
ment dans le delta du fleuve
Rouge et le delta du Mékong, les
deux sous-régions les plus
densément peuplées et cruciales
pour lagriculture du pays.
L'émergence et lintensité du
stress thermique sont étroi-
tement liées au forgage radiatif
des scénarios SSP et aux niveaux
de réchauffement global, les
scénarios & fort forgage et les
GWL les plus élevés produisant

des conditions plus séveres et
une fréquence accrue de jours
de dépassement des seuils
critiques. Les impacts les plus
séveres sont projetés pour le
scénario SSP5-85 ainsi quaux
niveaux de réchauffement de
3°C et 4°C, soulignant l'urgence
de limiter le réchauffement futur
pour atténuer les risques liés au
stress thermique. Les biais des
calculs simplifiés du WBGT sont
également discutés, suggérant
une surestimation significative
du nombre de jours de
dépassement dans la majeure
partie du Vietnam. De tels biais
pourraient conduire & des
évaluations trompeuses, des
alarmes inutiles et des stratégies
d'adaptation potentiellement
erronées, mettant en évidence la
nécessité cruciale dune
modélisation précise du WBGT
dans la recherche sur les
impacts climatiques.

Mots-clés

Changement climatique, stress
thermique, WBGT, niveau de
réchauffement global, Vietham
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Introduction

Heat stress has been identified as a
leading cause of weather-related deaths
(Barriopedro et al, 2011; Buzan et al, 2015)
and has broad social and economic
impacts, including reduced agricultural
productivity, increased healthcare costs,
and decreased labor productivity (e.g.
Barriopedro et al, 201; Dunne et al 2013;
Kjellstrom et al. 2016; Schleussner et dl,
2016; Maia-Silva et al. 2020; Orlov et al.
2020; Shen et al. 2020; Ebi et al. 2021). It is
projected to become an even more
significant threat in the future under
global warming (e.g. Sherwood and Huber
2010; Diffenbaugh and Giorgi 2012; Willett
and Sherwood 2012; Im et al. 2017; Buzan
and Hubner 2020; Li et al. 2020;
Schwingshackl et al. 2021).

To quantify heat stress, various heat stress
indices have been proposed.
Nevertheless, only a limited subset of
these indices is suitable for evaluating the
impacts of climate change (de Freitas and
Grigorieva 2017). Among them, the wet-
bulb globe temperature (WBGT) is widely
used due to its straightforward physical
interpretation, incorporation of all four key
ambient factors contributing to heat
stress (temperature, humidity, wind, and
radiation), and  established  safety
thresholds for activity adjustments (e.g.
ISO 2017). Despite its advantages, the
WBGT measurement is  resource-

intensive, requiring specialized

instruments and skilled operators. To
address  these limitations, various
simplified methods have been proposed
to approximate WBGT using standard
meteorological data. However, recent
studies have criticized such simplifi-
cations for their inaccuracies (e.g. Jacobs
et al. 2019; Kong and Huber 2022; Qiu et al.
2024). Kong and Huber (2022) show that
simplified WBGT significantly  over-
estimates heat stress in hot-humid
regions and underestimates it in arid
regions. Qiu et al. (2024) further suggest
that simplified WBGT overestimates the
increase in heat stress levels under future
warming scenarios, with the degree of
overestimation strongly correlated with
local climatological temperature. They
emphasize the need for using physically-
based WBGT calculations with high-
resolution climate data for more reliable
heat stress assessments in climate

change research.

Located in tropical Southeast Asia,
Vietham is among the countries most
severely impacted by climate change
(UNFCCC 2007). Its wide longitudinal range
and complex terrain require high-
resolution climate projections for effective
adaptation and mitigation strategies.
Based on Global Climate Models (GCMs)
from Phase 6 of the Coupled Model
Intercomparison Project (CMIP6; Eyring
etal, 2016), Schwingshackl et al. (2021)



project significant increases in heat stress
over Southeast Asia throughout this
century. However, the coarse spatial
resolution of CMIP6 GCMs, typically 100—
200 km, restricts their ability to accurately
represent regional climate variability in
Vietham (Desmet and Ngo-Duc, 2022). To
address this limitation, the Coordinated
Regional
Southeast Asia (CORDEX-SEA) project
(Tangang et al, 2020; Ngo-Duc et al, 2024)

Downscaling Experiment-

dynamically downscales a suite of CMIP6
GCMs to a high-resolution grid of 25 km.
This dataset, which extends through the
end of the 21 century under the latest
Shared Socio-economic Pathways (SSPs)
(O'Neill et al, 2017), provides a valuable
opportunity for comprehensive
assessments of heat stress impacts in
Vietham using multi-model, and multi-

scendario frameworks.

Recent studies in Vietham have examined
heat stress in major cities like Hanoi
(Hoang et al. 2022), Ho Chi Minh City (Dang
et al. 2019), other urban areas (Phung et al.
2017), and the entire country (Vu and Ngo-
Duc 2024). These studies consistently
report increasing heat stress over recent
decades with notable socio-economic
implications. However, their focus is on
historical variations without providing
projections under global warming. Further,
they rely on simplified heat stress indices
based only on daily air temperature and
humidity, which are less effective for
assessing outdoor heat stress, particularly

under high solar radiation conditions.

Importantly, none of these results
incorporate critical heat stress thresholds
that directly impact human health and
well-being.  Tropical regions are
particularly vulnerable to heat stress,
which is a growing health hazard in areas
lacking adequate health surveillance and
intervention systems (Gao et al. 2019).
Given the high prevalence of outdoor
activities in Vietnam, accurate
assessments of heat stress impacts
require physically-based models. The
WBGT model developed by Liliegren et al.
(2008) is highly sophisticated, based on
standard meteorological data, well-
calibrated and validated (Liljegren et al.
2008; Lemke and Kjellstrom 2012). This
study projects future changes in heat
stress across Vietham and its seven sub-
climatic regions using Lillegren’s model
with high-resolution climate data for
explicit calculation of WBGT. The
calculated WBGT values will be linked to
critical heat stress thresholds directly
relevant to human health. To the best of
our knowledge, this is the first application
of such an approach in Vietham and
Southeast Asia. The results provide
valuable insights into the socio-economic
and health implications of heat stress,
offering essential guidance for policy-
makers to develop effective climate
change adaptation and mitigation

strategies.

This paper is organized as follows.
Section 2 provides a brief description of

the study regions, the calculation of WBGT,



its impact-relevant thresholds, and data
sources. Section 3 presents the main
results and related discussions. Finally,

Section 4 draws conclusions.



1. Studied regions, Data and Methods

11. Studiedregions

This study focuses on Vietham, specifically examining its seven sub-climatic regions
(Figure1). These subregions — Northwest (R1), Northeast (R2), Red River Delta (R3), North
Central (R4), Central South (R5), Central Highlands (R6), and Southern (R7) — are categorized
based on variations in radiation, temperature, and rainfall, with the North domain (RI-R4)
differing from the South domain (R5-R7) in terms of radiation and temperature, while rainfall

further differentiates subregions within each domain (Nguyen and Nguyen, 2004).

Figure 1. Map of Vietham and location of the seven sub-climatic regions
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1.2. Heat stress index: WBGT estimated from Liljegren’s Model

WBGT was developed by US military ergonomists in the 1950s. This index is widely used and
recognized to assess heat stress conditions, especially for working people. It is calculated as
a weighted average of three temperature measurements: natural wet-bulb temperature
(Tw). black globe temperature (Ty), and dry bulb temperature (T) (Yaglou and Minard 1957).
Tw is measured with a wetted thermometer exposed to the wind and heat radiation at the
site. It simulates the cooling of the body via sweat evaporation and strongly depends on air
temperature and humidity, but also on heat radiations and wind speed. Tq4 is measured
inside a black globe and simulates the heat absorption from short- and long-wave
radiations, i.e. from the sun, the soil or from other heat sources in the workplace. It depends
on both the air temperature and wind speed. T, corresponds to the air temperature,

measured with a “normal” thermometer, shaded from direct heat radiations.

The specific equation used depends on the environment. For daytime condition in outdoor

environment exposed to direct solar radiations, the calculation is:

WBGT =0.7T + 0.2T + 0.1T ()
ou r w g a

tdoo
For nighttime condition, indoor environment, or outdoor shaded areas (j.e. without direct

solar radiation), the equation is:

WBGT = 0.7T + 0.3T (2
indoor w g

Liliegren’'s model is a physically-based model that incorporates fundamental principles of
heat and mass transfer to approximate WBGT. Detailed descriptions and equations of the
model are given in Appendix Al. Liliegren (et al. 2008) provided their original code, which we
utilized here in a Python implementation by Kong and Huber (2022). Daily maximum WBGT
and daily minimum WBGT, values are defined as the daily maximum of WBGToutdoor

(Equation 1) and daily minimum of WBGTingeor (Equation 2), respectively.

1.3. Impact-Relevant Thresholds

Analyzing changes in heat stress indices alone may not directly translate to societal
impacts, as these values vary based on the specific scales and definitions used. To better

assess the societal implications of heat stress, impact-relevant thresholds are utilized.

10


https://www.sciencedirect.com/science/article/pii/S2212094724000380#bib15

Although epidemiological studies often lack specific absolute thresholds for heat stress,
established benchmarks from occupational and athletic health safety regulations, as well
as meteorological heat warning systems, provide a practical framework (Blazejczyk et al.,
2012; Kjellstrom et al, 2009; Grundstein et al, 2015; Zhao et al, 2015). Following a previous study
(Schwingshackl et al, 2021), WBGT is categorized into four impact-relevant levels (see
Table 1), adopting the threshold framework from Kjellstrom et al., (2009). These thresholds
describe heat impacts on workers during sustained moderate activity, i.e. an approximate
metabolic rate of 300 Watts.

Table1l. Overview of the WBGT thresholds used in this study,
distinguishing between four different severity levels

Levels Thresholds Recommendations Assessment base

Level1 29 °C 25% rest/hour

Level 2 305°C 50% rest/hour Recommended maximum WBGT exposure
levels for medium work (~300 W) and

Level 3 39 0C 75% rest/hour rest/work ratios for an average acclimatized
worker with light clothing. Source: Kjellstrom
et al.(2009)

No work at all
Level 4 37°C (100% rest/hour)
1.4. Data

In this study, two types of datasets are used: reanalysis and climate model projections. The
reanalysis data from ECMWF-ERAS (Hersbach et al., 2020) are used for calculating WBGT for
the period of 1985-2014, serving as a reference for the bias correction procedure. Climate
projections are obtained from the outputs of two CMIP6 GCMs (NorESM2-MM and CNRM-
ESM2-1, see Table 2), dynamically downscaled over the CORDEX-SEA domain to a resolution
of 25 km (Tangang et al, 2020). These downscaled datasets are generated using the non-
hydrostatic version of the ICTP Regional Climate Model (RCM), RegCM4-NH (Coppola et al,
2021). For more information on the RegCM4-NH configuration, refer to Ngo-Duc et al.
(2024). Note that the Equilibrium Climate Sensitivity (ECS) of NorESM2 is 2.5°C, i.e. at the lower
end of the "likely” range of ECS (2.5°C-4°C) assessed in the Sixth Assessment Report (ARB) of
IPCC (2021), while the ECS of CNRM-ESM2 is 4.76°C (Bock et al. 2020), i.e. at the high end of the
IPCC “very likely” range (2°C-5°C).

n


https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020EF001885#eft2778-bib-0040
https://link.springer.com/article/10.1007/s00382-024-07353-5#ref-CR5

Three SSPs scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) are analyzed to represent a range of
global greenhouse gas emission scenarios. In these scenarios, global temperature would
rise by 1.8°C, 2.7°C and 4.4°C respectively above pre-industrial level by the end of the century
(IPCC,2021). The baseline period spans 1995-2014 (20-year), while the future period extends
from 2015 to 2100. The future period is further divided into three sub-periods: near future
(2021-2040), mid-future (2041-2060), and far future (2081-2100).

Table 2. List of two CMIP6 GCMs used in the dynamical downscaling

Original Resolution . Equilibrium Climate
(J
N Gem (lat.xlon.) Member Variant Sensitivity (ECS)

1 NorESM2-MM 1.259%x0.94° rilpifi 2.5°C

2 CNRM-ESM2-1 1.41°x1.40° ripifi 476°C

For WBGT calculations, several variables are required, including 2-meter near-surface air
temperature (T.), 2-meter relative humidity (RH), 10-meter wind speed (WS), surface
downwelling shortwave radiation (RSDS), and surface air pressure (PS). These variables are
extracted from all RCM outputs and ERA5S at a 3-hourly temporal resolution. Since RH is not
directly provided in ERAB, near-surface dew point temperature (7o) is used together with Ty
to derive RH by August-Roche-Magnus approximation. To ensure consistency, all RCM
outputs are spatially interpolated onto the 0.25° x 0.25° |atitude—longitude grid of ERAS.
Subsequently, all calculations are conducted separately for each RCM, and the results from

the mean of the two RCM experiments are presented.

In addition, following the approach of IPCC AR6 and Hausfather et al. (2022), we complement
scendrio-based projections with GWL-based analyses. This method is justified by the strong
relationship between climate variable changes (e.g., temperature, precipitation) and GWL,
regardless of the emission pathway or timing of threshold exceedance (IPCC, 2021). GWLs of
1.5°C, 2°C, 3°C, and 4°C are defined relative to the period 1850-1900, with YGWL representing
the year when the 20-year centered average of the the global mean surface air
temperature anomaly series first exceeds each threshold. The GWL periods for the two GCMs
and three SSP scenarios used in this study follow Hauser et al. (2022), applying a 20-year
window spanning 10 years before and 9 years after YGWL. Results are presented as the

average across models and scenarios reaching a given GWL.


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/downwelling
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/short-wave-radiation

1.5. Bias correction

As climate models inevitably exhibit biases, a bias correction procedure is applied to adjust
the calculated WBGT derived from simulations and projections. We employ the quantile
delta mapping (QDM) approach described by Cannon et al.(2015) to match the distributions
of RCM outputs during the application period to those of the ERA5 reanalysis during the
historical period (1985-2014). By considering distributional changes between the reference
and future periods for each quantile, QDM can accurately capture shifts in heat extremes
while minimizing the risk of introducing artificial trends (Cannon et al. 2015; Maraun 2016).
QDM is applied to daily maximum and minimum WBGT distributions of the ensemble mean
at every grid point separately and for each month of the year individually. We utilized
50 quantiles for QDM, which is a balance between flexibility and the risk of overfitting
(zscheischler et al. 2019).
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2. Results and Discussions

2.1. Projected future changes in WBGT across Vietham

During the baseline period (1995-2014), the simulated climatological annual maximum
WBGTx (WBGTxx) already exceeded the Level 3 (>32°C) across Vietnam. It even surpasses the
Level 4 (>37°C) in many areas of R3, R4, Rb, western R2, central R6, and certain northwestern
areas of R7 (Figure 2(a)). Projections for all future periods suggest significantly (p-value<0.05)
warmer WBGTx,x across nearly all subregions. The lowest increases are projected under
ssP1-2.6 (Figures 2(b)-(d)), and the highest are obtained under $SP5-8.5 (Figures 2(h)-(j)).
More specifically, meanwhile the differences between scenarios remain modest in the near
future (2021—2040), scenario-dependent variations become more pronounced in the mid-
(2041-2060) and far future (2081-2100). Spatially, projected changes in WBGTxx in the far
future under lower emission scenarios resemble those in the mid-future under higher
emission scenarios, such as the similarity between Figures 2(d) and 2(f) and between 2(g)
and 2(i). In the near future, increases in WBGTxx relative to the baseline period are generally
less than 1°C across Vietnam, regardless of the scenarios. Under SSP1-2.6, WBGTxx increases
mildly by around 1°C in the mid-future and less than 2°C in the far future (Figures 2(c) and
2(d)). slightly higher increases are projected under the “warmer” SSP2-4.5, with WBGTxx
increases around 2°C from the mid- to far future (Figures 2(f) and 2(g)). Unsurprisingly, the
most pronounced increases dre projected in the far future under SSP5-8.5, generally
exceeding 2°C and possibly surpassing 3°C in central R6, northernmost R2, and southwestern
R7 (Figure 2(j)). Additionally, significant (p-value<0.05) increasing trends in WBGTxx of
approximately 0.2, 0.3 and 0.4°C per decade are projected across Vietham under SSPI1-2.6,
SSP2-4.5, and SSP5-8.5, respectively, during the entire studied period (1985-2100) (Figure S1).
Overall, it is suggested that WBGTxx increases significantly over Vietham by the end of this

century, with the magnitude scaling with radiative forcing.

For quantifying increases in human heat stress due to climate change, exceedances
of WBGTx beyond impact-relevant thresholds provides a more informative metric than
actual values. Figure 3 shows the annual number of days (Nx,3) on which WBGTx exceeds the
Level 3 (>32°C). During the baseline period, the average number Nx,3 is generally below
100 days per year (d/yr) across most subregions (Figure 3a). However, higher values are
observed in northern R5, and particularly northwestern R7, where Nx,3 already reaches 120-
140 d/yduring the baseline period. In contrast, Nx,3 are less than 20-40 dy/y in R, northeastern

R2, and R6. Similar to WBGTxx, projected differences in Nx,3 between scenarios are relatively
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small in the near future, but are increasingly significant in the mid- and far future
(Figures 3(b)-(j)). Projected changes in the far future under lower emission scenarios also
resemble those in the mid-future under higher emission scenarios. Moreover, projected Nx,3
increases scale with radiative forcing, highlighting the direct linkage between emission
pathways and heat stress severity. Specifically, in the near future, increases in Nx,3 are less
than 30 dy/y in R1-R6 and less than 60 dy/y in R7 under all scenarios. Under SSP1-2.6, increases
in Nx,3 remain modest even in the far future, generally below 30 dy/y, except for R7, where
increases range from 60 to 90 dy/y (Figure 3(d)). Under SSP2- 4.5, increases are slightly higher,
reaching 90 to 120 dy/y in R7, while only 30 to 60 dy/y in other subregions in the far future
(Figure 3(g)). The largest increases occur under SSP5-8.5 in the far future, with 60 to 120 dy/y
in RI-R6 and over 150 dy/y in R7 (Figure 3(j)). Significant (p-value<0.05) increasing trends of
Nx,3 are obtained throughout the study period, with less than 5 days per decade (dy/dc)
under SSP1-2.6, around 5 dy/dc under SSP2-4.5, and 5-10 dy/dc or slightly higher under SSP5-
8.5 in RI-R6 (Figure $2). However, R7 shows much more significant trends, exceeding 15—
20 dy/dc under SSP5-8.5.

Figure 4 further illustrates the projected increases in WBGTx characteristics at different GWLs
relative to the baseline. Overall, both WBGTx,x and Nx,3 increases across Vietnam with the
magnitude scaling linearly with GWL. The increases projected for GWLs 1.5°C and 2°C are
comparable to those projected for the mid-future under SSP2-4.5 and SSP5-8.5, respectively,
while the increases at GWLs 3°C and 4°C exceed those projected for the far future under the
same SSP scenarios. Specifically, WBGTxx, increases by approximately 10C, 1-20C, slightly
above 20C and nearly 3oC across Vietham at the GWLs of 1.5°C, 2°C, 3°C and 4°C, respectively
(Figures 4(a)—(d)). For Nx,3, the projected increases at these GWLs are generally below 30, 60,
90, and 120 d/yr, respectively, over most sub-regions, except for R7 (Figures 4(e)—(h)). In R7,
Nx,3 increases by more than 60 and 90 d/yr at the GWLs of 1.5°C and 2°C, respectively, and
typically exceeds 120 d/yr at GWLs of 3°C and higher.



Figure 2.

Climatological annual maximum WBGT« (WBGTxx)

(a) spatial distribution of climatological annual maximum WBGTx
(WBGTx,x) over Vietham during the baseline period (1995-2014) and its
projected changes for the (b), (e), (h) near future (NF; 2021-2040); (c), (f),
(i) mid-future (MF; 2041-2060); and (d), (g), (j) far future (FF; 2081-2100)
under three Shared Socioeconomic Pathways (top) SSP1-2.6, (middle) SSP2-
4.5, and (bottom) SSP5-8.5. Only significant differences (p-value<0.05) are
plotted.
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Figure 3. Asin Figure 2 but for the annual number of days (Nx,3) when daily maximum
WBGT (WBGTX) exceeds the Level 3 threshold (332°C)
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Similar patterns, but with even higher increases, are obtained for the annual maximum
WBGTm (WBGTmx) under SSP5-85 (Figure S3). In the far future, projected increases in
WBGTmMx typically exceed 30C and may approach 4oC across Vietnam, highlighting the
severe impacts of high-emission scenarios. Likewise, under SSP5-8.5, the annual number of

days (Nm,1) on which WBGTm exceeds the Level 1(>29°C), which is almost zero in the current


https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020EF001885#eft2778-fig-0001

climate, is projected to significantly increase in R2-R5 and R7 (Figure S4), exceeding 90 days
per year in some areas by the far future. Similar results are projected at different GWLs, with
increases scaling proportionally with GWL (Figure S5). Further, the increasing trends in
WBGTm,x and Nm,1 exhibit consistent patterns aligned with their projected increases (Figu res
$6 and S7). Of particular concern are R3 (the Red River Delta) and R7 (the Mekong River Delta),
the two most densely populated subregions in Vietham, encompassing Hanoi, the capital,
and Ho Chi Minh City, the largest city. In these areas, the urban heat island effect can further
intensify heat stress, while their economic importance and high concentration of outdoor
workers engaged in medium to heavy labor make them especially vulnerable. These
findings indicate a substantial risk of future heat stress in these subregions, emphasizing the
urgent need for effective mitigation and adaptation strategies. The following subsections
will further investigate the detailed projections of heat stress at the subregional scale of

Vietham.

Figure 4. The spatial distribution of differences in annual maximum WBGT. (WBGT,) between each
6WL — (a) 1.5°¢, (b) 2°C, (c) 3°C and (d) 4°C — and the baseline period (1995-2014) over
vietnam. (e), (f), (g), (h) are the same as (a), (b), (c), (d), respectively, but for the annual
number of days (Nx:) when WBGTx exceeds the Level 3 threshold (>32°C)
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2.2. Detailed WBGT projections for seven subregions of Vietham

The temporal evolution of area-averaged WBGTxx for the seven sub-climatic regions of
Vietnam is provided in Figure 5. Except for Rl, WBGTxx is already close to or approximately at
the Level 4 (>37°C)during the baseline period, with R3 surpassing this threshold. Projections
suggest that WBGTx,x will continue to increase under all scenarios, exceeding the Level 4 by
the near to mid-future, except in Rl. However, the intensity varies considerably by scenarios.
Under SSP1-2.6, the positive aspect is that after exceeding the Level 4, the increasing rate in
WBGTxx slows down noticeably and tends to stabilize after the mid-future. Consequently,
WBGTx.x in Rl remains well below the Level 4, while in other subregions, it mildly exceeds the
threshold to the far future. However, projections are getting worse under “warmer” scenarios.
Under SSP2-45, WBGTxX increases slightly more than that under SSPI-2.6, with the
differences generally less than 1°C. Specifically, in the far future, WBGTxx in R3 is projected to
reach 39°C, followed by R2 and R4-R7 at approximately 38°C, while Rl will approach 37°C.
Finally, under the “‘warmest” SSP5-8.5, WBGTx,x in all subregions, including R1, are projected to
exceed the Level 4, with the increase continuing throughout the century. By the far future,
WBGTxx under this pathway is expected to be about 3-3.5°C warmer than in the historical
period across all subregions. R3 will experience the highest WBGTx,x of exceeding 40°C,
followed by R2 and R4-R7 at around 39°C, while Rl reaches slightly above 37°C.



Figure 5.

Temporal evolution of annual maximum WBGTx (WBGTx,x), averaged over
seven subregions of Vietham, under three Shared Socioeconomic
Pathways: (green) sSP1-2.6, (blue) SSP2-4.5, and (red) SSP5-8.5
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A particularly concerning aspect is the substantial increases in the annual number of the
Level 3 (>32°C) exceedance days, Nx.3, especially by the end of this century under the
“warmest” SSP5-8.5 scenario (Figure 6). During the historical period, Nx,3 was lowest in R1, with
less than 10 dy/y. Values of 30-60 dy/y are observed in other subregions, except for R7, which
recorded 60-90 dy/y. While increasing trends in Nx,3 are projected in all subregions, the
magnitude of these increases varies significantly across both scenarios and subregions,
with differences becoming more notable over time. By mid-century, most subregions show
similar Nx,3 values across different pathways, except for R7, where the SSP5-85 already
results in substantially higher Nys. In the latter half of this century, Nys under SSP5-8.5 wiill
increase much faster than those under other pathways. While increases in Nys under SSP2-
4.5 relative to SSP1-2.6 remain below 30 dy/y in R1-R6 and below 60 dy/y in R7, Ny under SSP5-
8.5 can potentially double those under SSP2-4.5 in the far future. For instance, while Nys in Rl
stays very low under both SSP1-2.6 and SSP2-4.5 through the century, it reaches more than
60 dy/y in the far future under SSP5-8.5. Similarly, Nys in R2 is projected to be around 90 dyly,
while values in R3-R6 are expected to range between 120 and 150 dy/y by the end of the
century under SSP5-8.5. A clear latitudinal gradient is also evident, with higher exceedance
numbers projected in the southern subregions and decreasing values towards the north.
Notably, projections for R7 indicate that N, could exceed 240-270 dy/y in the far future under

SSP5-8.5, posing severe risks to human health and daily activities.
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Figure 6. As in Figure 5 but for the number of days per year Nx,3 on which
the Level 3 threshold of WBGTx is exceeded
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Figure 7 summarizes the increases in WBGTx characteristics, averaged over the seven
subregions of Vietnam, at different GWLs relative to the baseline. As previously indicated,
both WBGTxx and Nx,3 increases exhibit a linear relationship with GWL. In detail, WBGTxX,
increases by approximately 1°C at GWL 15, 1-2°C at GWL 2°C, slightly exceeding 2°C at GWL
3°C, and approaching 3°C at GWL 4°C across all subregions (Figure 7a). For Nx,3, a latitudinall
gradient is also found, with greater increases projected in the southern subregions. At GWLs
1.5°C, 2°C, 3°C, and 4°C, the increases of Nx,3 compared to the current climate remain below
30, 60, 90, and 120 d/yr, respectively, across most subregions, except for R7 (Figure 7b). In R7,
the increase can exceed 60 and 90 dfyr at GWLs 1.5°C and 2°C, respectively, and reaches
and surpasses 120 dfyr at GWLs of 3°C and higher.

Regarding WBGTmJx, the risks of future heat stress under SSP5-85 are also particularly
pronounced in the Red River Delta (R3) and the Mekong River Delta (R7), where it exceeds the
Level 1 (>290C) as early as the mid-future (Figure s8). Significant increases in Nm,] are also
projected in these subregions, with values exceeding 70 dy/dy in R3 and 60 dy/y in R7 by the
end of this century (Figure $9). Additionally, Nm,1in R2, R4 and R7 reaches 30-40 dy/y under
SSP5-8.5. On a more optimistic side, under SSP1-2.6 and SSP2-4.5, Nm,] typically remains
below 10 dy/y, except in R7, where it could reach 20 dy/y in the far future under SSP2-4.5. Once
again, projected changes in subregional WBGTm characteristics at different GWLs exhibit

increases that scale proportionally with GWL (Figure S10).

Figure7. (a)Differencesin annual maximum WBGTx (WBGTx,x) averaged over the
seven subregions of Vietham between GWLs and the baseline period
(1995-2014). (b) same as (a), but for the yearly number of days (Nx,3)
when WBGTx exceeds the Level 3 threshold (>32°C).
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2.3. Comparison with sWBGT

As noted earlier, while simplified WBGT (sWBGT) has been widely used (Kjellstrom et al. 2009;
Willett and Sherwood 2012; Kakamu et al., 2017; Lee and Min 2018; Zhu et al., 2021), its accuracy
has been questioned. To assess these biases, we compared analyses using sWBGT with our
results as the reference standard. Detailed calculations of SWBGT are provided in Appendix
A2. The analysis shows that sWBGT underestimates WBGTxx in Rl and R6, which are
mountainous regions, while overestimating it in eastern R2, R3, and R7, which are plains
(Figure 8). It also leads to substantial overestimations of Nx,3 over most sub-regions, except
in R1 and the high mountainous areas of R6 (Figure 9). For instance, for the baseline period,
sWBGT overestimates Nx,3 by more than 120 d/yr in R7. These findings align with previous
results (Kong and Huber 2022; Qiu et al, 2024), which report that sWBGT tends to
overestimate heat stress in hot-humid regions while underestimating extreme heat in dry
regions. Similar biases are observed with WBGTmx (Figure S11) and Nm1 (Figure S12). These
inaccuracies may result in misleading assessments, potentially triggering unnecessary
alarms and negatively affecting adaptation strategies. A more comprehensive evaluation

will be conducted in future research.
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Figure 8. Biases in annual maximum WBGTx (WBGTx,x) when using simplified WBGT (sWBGT)
(sWBGT minus WBGT computed with the Liljegren’s method) over Vietnam for (a) the
baseline period and the (b), (e), (h) near future (NF; 2021-2040); (¢), (f), (i) mid-future (MF;
2041-2060); and (d), (g), () far future (FF; 2081-2100) under three Shared Socioeconomic
Pathways (top) SSP1-2.6, (middle) SSP2-4.5, and (bottom) SSP5-8.5. Only significant
differences (p-value<0.05) are plotted.
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Figure9. AsinFigure 8 butforthe annual number of days (Nx,3) on which daily
maximum WBGT (WBGTXx) exceeds the Level 3 threshold (>32°C)

b) NF ¢) MF  d) FF

Ldy/y]
w 120
3 90
60
30
s
22
Paracel 0
Islands
5 =30
7 -60
5 -90
5
- -120
Sp’r'ﬁtly'
“Islands
a) BASE
[dy/y]
120
90
60
i 30
‘I ‘l
3. 2
Paratel Paracel 0
Islands Islands _30
o 5
%] n -60
& & -90
& 5o
- L -120
pratly’ pratly’
“lslands’ “lslanas’
[dy/y]
120
90
60
i 30
22
‘F’Trr'oge\ 0
slands
5 =30
n -60
5 -90
S
. -120
Spratly’
“Tslands

Source: Authors’ own calculation. Original.

2.4. Discussion

Increases in WBGT will have significant implications for labor capacity, particularly in
outdoor sectors such as agriculture and construction. A rise of just 1-2°C above the Level 1
threshold (>29°C)—or even lower for heavy and very heavy work (Appendix A.3)—can
substantially reduce work capacity (Kjellstrom et al, 2009). Historically, Level 3 (>32°C)

exceedances have been relatively frequent in the plains but rare in mountainous regions.
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However,these exceedances are projected to become more widespread, and all subregions
of Vietham are expected to experience unprecedented heat stress levels as early as mid-
century across all scenarios and GWLs. This poses a significant threat to labor productivity
and therefore could have severe socio-economic consequences. Nevertheless, existing
adaptation strategies in Vietham do not sufficiently address extreme heat risks, highlighting
the urgent need for proactive planning and targeted adaptation measures. Hoang et al.
(2022) for instance have highlighted the lack of consideration for heat hazards in current
adaptation and development plan for the Mekong delta, while according to our results this
region will be the most exposed to increasing heat hazards in future decades. Further,
millions of people in urban centers such as Hanoi and Ho Chi Minh City will face intensified
heat stress due to the urban heat island (UHI) effect, which is not accounted for in this studly.
Future research should integrate both climate change and UHI effects to provide a more
comprehensive assessment of urban heat risks. Finally, it is important to acknowledge that
universal thresholds may not fully capture regional and population-specific variations in
adaptation and vulnerability to heat stress. Factors such as workload, age, gender, body
composition, health, and socioeconomic status can influence human sensitivity to heat
(McMichaeI et al, 2006; Kjellstrom et al, 2009). To account for these variations, different
threshold levels have been proposed. For instance, Morabito et al, (2019) incorporate height
and weight to calculate metabolic rates and define risk thresholds. However, studies such
as Schwingshackl et al. (2021) suggest that applying different thresholds can significantly
impact exceedance rates. Therefore, further studies are requested to develop context-

specific and regionally relevant thresholds for Vietham.

Assessing the different types and efficiency of adaptation and mitigation strategies in the

face of extreme heat is beyond the scope of this study. Measures could include for instance:

¢ Insuring access to sufficient amount of clean drinking water, especially for outdoor
workers who may need more than 1L per hour (Morqbito etal, 2019).

e Providing protective clothing or personal protective equipment to workers and
allowing sufficient short breaks (Hoa et al., 2013).

e Shifting working hours. However, this strategy can significantly reduce labor
productivity, as already observed when agricultural workers shift working hours to

nighttime during heatwaves'.

' https://www.weforum.org/stories/2020/06/vietham-rice-farmers-global-warming-record-tempreatures/
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« Developing warning system, ideally taking into account the metabolic rate (height,
weight and activity level) (Morabito et al. 2019). As highlighted in our study through
the comparison of results obtained with sWBGT and WBGT according to Liljlegren’s
method, heat stress indices must be carefully chosen to avoid under or over risk
estimation.

e Insuring access to cooling centers for the most vulnerable population.

e Installing indoor cooling systems (fans and air conditioning). However, this strategy
can increase greenhouse gases emissions, when electricity production relies on
fossil fuels. In Vietnam, a high percentage of installed electric capacity still relies on
coal (32.5%), gas (9,3%) and oil (19%). According to the Power Development Plan 82,
Viethamese electricity production should have phased out fossil fuel by 2050,
however this trajectory remains very challenging in a context of rising energy
demand.

e Improving thermal comfortindoor through adequate choice of building material and
architecture (e.g. Latha at al,, 2015).

e Reducing the urban heat island effect, for instance through greening strategies (e.g.
Trihamdani et al, 2015; Scheuer et al, 2024; Ramakreshnan & Aghamohammadi,
2024).

e Developping insurance-based mechanisms to avoid income reduction when labor
intensity needs to be reduced to avoid heat stress.

e Consider increased heat hazards in power development plans. Indeed, increased
electricity demand for cooling can put the power grid under pressure and drive

power cuts, as was observed in Vietham during the heat wave of May 20233,

Some of the above listed measures are short-term adaptations. But as stressed in another
study for India (AchutaRao & Sagar, 2023), the magnitude of increase in heat hazards that
could occur in future decades “will require planning and adaptation measures beyond

short-term disaster planning frameworks’.

2 https://www.tresor.economie.gouv.fr/Articles/e7d47ae5-080144b9-a7f4-ba096740dabl/files/fal91696-d8a7-
443b-b513-7009e4b169e3

3 https://www.lemonde.fr/en/asia-and-pacific/article/2023/06/08/vietnam-battles-record-heat-waves-and-
power-cuts_6030467_153.html

28



3. Conclusions

Given the increasing emergence of heat stress in Vietham, understanding its projected
changes under global warming is crucial. The CORDEX-SEA initiative offers an opportunity to
assess these future changes across seven subregions of Vietham using prescribed radiative

forcing scenarios and high-resolution outputs from the latest generation of climate models.

The findings indicate significant future increases in heat stress across Vietham by the end
of the century, especially under high-emission scenarios, and warmer GWLs. A critical
concern is the substantial increase in the number of days exceeding impact-relevant heat
stress thresholds, particularly pronounced in the Red River Delta and Mekong River Delta, the
two most densely populated and agriculturally essential subregions of Vietham. The
emergence and intensity of heat stress are strongly correlated with the radiative forcing of
the SSP scenarios and the GWLs, with higher forcing scenarios and warmer GWL leading to
more severe heat stress and a greater frequency of exceedance days. The most severe
impacts are projected exclusively under SSP5-85 as well as the GWLs 3°C and 4°C,
underscoring the urgent need to limit future warming to mitigate the severe consequences
of heat stress. However, as the world is currently on the path of ~2°C warming by mid-century
and could reach 3°C by the end of the century (UNEP, 2024), Vietnam should prepare to face

longer, hotter and more widespread heatwaves.

Note that this study analyzes the multi-model mean from only two downscaled CMIP6 GCMs,
thus uncertainties remain in projecting heat stress in Vietham. Further efforts should be
made to enhance the credibility of these projections, such as incorporating more models.
Future studies also benefit from considering multiple heat stress indices for comprehensive

assessments (Shin et al, 2022).
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Appendix

A.l. Descriptions and equations of Liljegren's model

Liliegren's model provides a more accurate and robust method for estimating WBGT compared to
simpler approximations. It performs energy budget analyses on both natural wet-bulb and black globe
sensors, which boil down to two separate equations for T (Equation S1) and T, (Equation $3) (Liliegren

et al, 2008) that need to be solved by iteration:

w a Cp MAir Sc P—emt

P =T — A_HM(K)OISE)( ew—eﬂ) + AF (s)
where 4H is heat of vaporization; cp is the specific heat of dry air at constant pressure; Mxzo and Mair
are, respectively, the molecular weight of dry air and water vapour; Pr and Sc are , respectively, Prandtl
and Schmidt number; P and ew are, respectively, surface pressure and vapor pressure at the surface
of the wick; eq is ambient vapor pressure; h is a convective heat transfer coefficient, which is a function
of air temperature, pressure, wind speed, and the shape of Tw or Ty sensors; and AFret refers to net

radiative gain by the wick:

AFnet = %HDLEW(Ldown + Lup) - RDLGEWT: + (T[DL + “TDZ)(l - aw)(l N fdir)sdown

(s2)

. 'J'[DZ Sdawn
+ (DLsmB + Tcosﬁ)(l — @ )f o+ WDL(1 — ot )5,

where D and L, respectively, is diameter and length of wick; 8 is solar zenith angle; Sdown, Sup, Ldown, and
Ly denote surface downward and upwelling solar and long-wave radiation, respectively; fdir
represents the fraction of the total horizontal solar irradiance due to the direct beam of the sun; o is
the Stefan-Boltzmann constant; e, and aw are, respectively, the emissivity and albedo of the wick. The

energy budget analysis on the black globe sensor leads to the equation below for Tg:

(s3)

4 — Ldown+Lup h(Ty_Ta) Sduwn(l_ag) fdfr (1_ag)
Tg - 21 - €0 + €0 1- fdir + 2cos0 + Zegcr up

34


https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021EF002334#eft2961-bib-0072

where €5 and ag represent the emissivity and albedo of the globe, respectively. In Liliegren's originall

formulation, the radiation components, Sup, Ldown dnd Lup, were approximated as:

4
Ldown - GEaTa (54)
4 4
up o 0—Esfc sfc - GTa (55)

S =¢_S (se)

where €q is the emissivity of the air; Tsr, €sre, N asre Are, respectively, the temperature, emissivity, and

albedo of the surface.

Air temperature, humidity, wind speed, and surface downward solar radiation are required as inputs
for solving Tw and Ty using Liljegren's model. For details on the calculation procedure, refer to Liljegren
et al.(2008).

A.2. Simplified approximation of WBGT (sWBGT)

SWBGT (Anon 1984) is applied to approximate outdoor WBGT as a function of Ta and RH (Equation $7),

assuming constant moderate solar radiation and relatively low wind speed.

sWBGT = 0. 567Ta + 0.393e + 3.94 (s7)

where e is the vapor pressure (hPa) calculated as

RH 17.62T,
e ( 100 ) *6.105 * exp(m) (s1)

where Ta denotes dew point temperature

References

Anon (1984). Prevention of thermall injuries during distance running. Position stand, Medical Journal of
Australia, 141 876-9 Online: https://onlinelibrary.wiley.com/doi/abs/10.5694/j1326-5377.1984.tb132981.x

Liljiegren, J. C., Carhart, R. A, Lawday, P., Tschopp, S., & Sharp, R. (2008). Modeling the wet bulb globe
temperature using standard meteorological measurements. Journal of occupational and environ-
mental hygiene, 5(10), 645-655.

35


https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021EF002334#eft2961-bib-0072
https://www.sciencedirect.com/science/article/pii/S2212094724000380#bib1
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/vapor-pressure
https://onlinelibrary.wiley.com/doi/abs/10.5694/j.1326-5377.1984.tb132981.x

A.3. Recommended maximum WBGT exposure levels

Table A.l. Recommended maximum WBGT exposure levels (°c) at different work intensities and
rest/work ratios for an average acclimatised worker wearing light clothing. Light,
medium, heavy and very heavy work correspond to metabolic rates of about
100,200,300,400 and 500 Watts respectively. If the worker uses heavier clothing or
protective clothing, these values need to be reduced.

Light work Medium work Heavywork  Very heavy work
Work intensity

WBGT(°C) WBGT(°C) WBGT(°C) WBGT(°C)
Continuous work 31 28 27 255
25% rest/hour 315 29 275 26.5
50% restlhour 32 305 295 28
75% restlhour 325 32 315 31
No work at all 39 37 36 34

Source: Kjellstrom et al. (2009).
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A.4. Suporting Figures

Figure SI. Trends (°C/decade) in annual maximum WBGTx (WBGTx,x) over Vietnam during
the entire studied period (1985-2100) under three Shared Socioeconomic
Pathways (a) sSP1-2.6, (b) SSP2-4.5, and (c) SSP5-8.5. Only significant trends
(p-value<0.05) are plotted.
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Figure S2. Trends (day/decade) in the annual number of days (Nx,3) on which daily
maximum WBGT (WBGTx) exceeds the Level 3 threshold (>32°C) during the study
period (1985-2100) under three Shared Socioeconomic Pathways (a) SSP1-2.6,
(b) ssP2-4.5, and (c) SSP5-8.5. Only significant trends (p-value<0.05) are plotted.
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Figure $3. (a) The spatial distribution of climatological annual maximum WBGTm (WBGTm,x) over
Vietnam during the baseline period (1995-2014) and its projected changes for the (b), (e),
(h) near future (NF; 2021-2040); (c), (f), (i) mid-future (MF; 2041-2060); and (d), (g), (j) far
future (FF; 2081-2100) under three Shared Socioeconomic Pathways (top) SSP1-2.6,
(middle) ssP2-4.5, and (bottom) SSP5-8.5. Only significant differences (p-value<0.05)
are plotted.
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Figure S4. As in Figure $3 but for the annual number of days (Nm,1) when daily minimum
WBGT (WBGTm) exceeds the Level 1threshold (>29°C)
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Figure S5.

a) 1.5 b) 2.0 ¢) 3.0 d) 4.0

The spatial distribution of differences in annual maximum WBGTm
(WBGTm,x) between each GWL — (a)1.5°C, (b) 2°C, (¢) 3°C and (d) 4°C —and
the baseline period (1995-2014) over Vietnam. (e), (f), (g), (h) are the same
as (a), (b), (c), (d), respectively, but for the annual number of days (Nm,1)
when WBGTm exceeds the Level 1threshold (>290C).
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Figure $6. Trends (°C/decade) in annual maximum WBGTm (WBGTm,x) over Vietham
during the entire studied period (1985-2100) under three Shared Socioeconomic
Pathways (a) SSP1-2.6 , (b) SSP2-4.5, and (c) SSP5-8.5 (bottom). Only significant
trends (p-value<0.05) are plotted.
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Figure 7. Trends (day/decade) in the annual number of days (Nm,1) on which daily
minimum WBGT (WBGTm) exceeds the Level 1 threshold (>29°C) over Vietnam
during the study period (1985-2100) under three Shared Socioeconomic
Pathways (a) SSP1-2.6, (b) SSP2-4.5, and (c) sSP5-8.5 (bottom). Only significant
trends (p-value<0.05) are plotted.
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Figure $8. Temporal evolution of annual maximum WBGTm (WBGTm,x), averaged
over seven subregions of Vietham, under three Shared Socioeconomic
Pathways: (green) ssP1-2.6, (blue) SSP2-4.5, and (red) SSP5-8.5.
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Figure S9. As in Figure S8 but for the number of days per year Nm,1 on which the level 1

threshold of WBGTm is exceeded.
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Figure $10. (a) Differences in annual maximum WBGTm (WBGTm,x) averaged over
the seven subregions of Vietham between GWLs and the baseline period
(1995-2014). (b) same as (a), but for the yearly number of days (Nm;) when
WBGTm exceeds the Level 1threshold (>29°C).
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Figure STI.

Biases in annual maximum WBGTm (WBGTm,x) when using simplified WBGT
(sWBGT) over Vietnam for (a) the baseline period and the (b), (¢), (h) near future
(NF; 2021-2040); (c), (f), (i) mid-future (MF; 2041-2060); and (d), (g), () far future
(FF; 2081-2100) under three Shared Socioeconomic Pathways (top) SSP1-2.6,
(middle) ssP2-4.5, and (bottom) SSP5-8.5. Only significant differences
(p-value<0.05) are plotted.
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Figure S12. As in Figure S11 but for the annual number of days (Nm,1) on which
daily minimum WBGT (WBGTm) exceeds the Level 1 threshold

(>29°c).
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