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PART 1: EXECUTIVE SUMMARY

THE DANGER OF WET
BULB TEMPERATURES
The impact of Climate
Change continues to
accelerate
(IPCC,
2021),
causing
reevaluations
of
risk
scenarios thought to
be a century away. One
underestimated
risk
scenario is the Wet
Bulb State; when the
combination of heat
and humidity reaches a
level where humans
are unable to cool
down
through
evaporation.
This paper aims to shed
light on the global risk of
wet bulb temperatures in
the years to come, with
the purpose to inform
regulations
and
interventions to reduce
the
impact
of
the
expected
increasing
regularity of the Wet
Bulb state.
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PART 1: EXECUTIVE SUMMARY
The Wet Bulb state occurs when temperature and relative
humidity reach a point where the water stops evaporating
off a thermometer bulb. In this state, the air has reached a
humidity where evaporation will no longer cool the bulb;
instead, it will continuously get hotter.
The human body works in a similar way. We regulate the
heat through our sweat glands carrying heat from the body
to the skin surface to evaporate – we sweat. In a state of
high wet bulb temperatures, the body is unable to cool down
through sweating. Increasingly in recent years, wet bulb
temperatures are rising beyond the point of human
survival, happening more frequently, and occurring in
new locations around the globe – due to climate change.
A wet bulb temperature of 35°C is thought to be at the limit
of human physiology, and without external interventions
(such as air conditioning) mortality can occur (Raymond et
al. 2020). In reality, death and health impacts can occur at
much lower temperatures – for example, during the summer
of 2003 there were over 70,000 deaths recorded in Europe
as a result of extreme temperatures, yet the wet bulb
temperature had not exceeded 28°C (Robine et al. 2008,
Raymond et al. 2020).
The summer of 2021 saw some of the highest weatherrelated deaths on record in the USA and Canada. Deaths
are not just limited to humans; in Canada, the heatwave
during June/July 2021 is thought to have killed over 1bn
marine animals along the Canadian Coast. This could have
a significant impact on the ecosystem (The Guardian, 2021).
An article from the Lancet (2021) suggests that 356,000
deaths in 2019 were related to heat. A study by Zhao et al.
2021 analysed temperature-related deaths between 2000
and 2019 and reported that the following number of deaths
were caused each year due to extreme heat.
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REGION

DEATHS DUE TO HEAT 2019

Global
North America
Latin America
and the Caribbean
Europe
Africa
Asia
Oceania
India
China

489,100
20,100
36,700
178,700
25,500
224,000
4,000
83,700
71,300

The impact of extreme wet bulb temperatures also varies
spatially. There are two main cities where a wet bulb
temperature of over 35°C has already been recorded
multiple times – Jacobabad in Pakistan and Ras Al
Khaimah in the United Arab Emirates. However, the two
cities are distinctive and will be affected differently by wet
bulb temperatures.
The people of Ras Al Khaimah will typically have reliable
electricity supply and air-conditioned homes. The locals
are also less likely to work in manual or outside jobs, a
lower proportion of the country’s land is agricultural and
people have a greater disposable income and can import
food as required.
In Jacobabad, more people are likely to work outside in
farming-related industries, as well as have a have lower
disposable income. In Jacobabad the effects of high wet
bulb temperatures will also have a knock-on effect on the
economy and food supply as people will increasingly have
to work during the hours of darkness or be forced inside
when the sun is high. People also live in more crowded
conditions, are less likely to have air conditioning and have
a more temperamental electricity supply which can make
cooling down challenging.
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Commonalities of the two cities are the fact that urban areas will be worse affected
due to their built-up nature with lots of dark tarmac roads and buildings. Rural
areas and cities with lots of green space will be better able to dissipate the heat.
Age and health status will also play a huge impact and an increase in wet bulb
temperatures is likely to put pressure on already strained health systems.

WHAT CAN BE DONE TO FIX THIS?
Early warning systems and preparedness are vital in order to reduce the
impact of such extreme weather events in the future. Things can be done to
help reduce wet bulb temperatures and their impacts, such as painting
streets/roofs white, increasing urban green space, having sufficient shelter
for those working outside, having good access to water, improving electricity
supply (both in terms of access and stability), having sustainably powered
cooling systems and having advanced warning systems that alert residents to
when conditions are approaching dangerous levels.
This paper will investigate the components of heat and humidity and begin to
offer solutions to the critical impacts of wet bulb temperatures.

EARLY WARNING SYSTEMS AND PREPAREDNESS ARE VITAL IN
ORDER TO REDUCE THE IMPACT OF SUCH EXTREME WEATHER
EVENTS IN THE FUTURE.
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PART 2

EXTREME HEAT
SCENARIOS
Figure 2.1. uses data from the World Bank to show maximum wet bulb
temperatures across the globe for 5, 20 and 100 year return periods (a return
period is an average time or an estimated average time between events e.g.
extreme wet bulb temperatures), based on 2017 data.
An interactive version of the map, built using our own LINE software, can be
seen online. Here filters can be applied to highlight areas of the globe where
wet bulb temperatures exceed a particular level, and on zooming in city
locations will appear. Wet bulb temperatures exceeding 35°C are mainly
found in the Middle East, Pakistan and India.

Figure 2.1. Wet bulb temperatures based on a 100 year return period. Explore
the interactive map, switching layers to see 5 and 20 return periods.
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PART 3:

CITIES AT RISK
Figure 3.1. shows which cities fall within areas where the 5
year return period exceeds 35°C.
In the interactive version of the map layers can be switched
on to show 5, 20 or 100 year return periods and areas
exceeding 30°C or 35°C wet bulb temperatures.
Several large cities including Doha, Abu Dhabi, Muscat,
Hyderabad, Kolkata, Kuwait City, Lahore, Jeddah and
Dubai are within areas that may see wet bulb temperatures
exceeding 35°C based on a 5 year return period. This
includes Mecca which could have significant impacts on the
Hajj pilgrimage. Based on the 100 year return period,
American cities such as Baton Rouge and Chinese cities
such as Wuhan and Nanjing are also impacted.

Figure 3.1. Highlights cities that fall within areas where the 5
year return period wet bulb temperature exceeds 35°C. The
layer selector can be used to view cities based on different
criteria in the interactive map.
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PART 3: CITIES AT RISK

Figure 3.2. Highlights cities in areas where the 100 year
return period wet bulb temperature exceeds 35°C.
Explore the interactive map.

Figure 3.3. Highlights cities in areas where the 5 year return
period wet bulb temperature exceeds 30°C. Explore the
interactive map.
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PART 4

MAXIMUM WET BULB
TEMPERATURES
RECORDED THUS FAR
Data analysed by Raymond et al. (2020) have been mapped to show the
maximum hourly wet bulb temperature recorded at sites across the world
using data from the Met Office between 1979 and 2017. This shows places
where these extreme wet bulb temperatures have already occurred. Figure
4.1 shows the maximum hourly wet bulb temperature for each available site
and 4.2 shows exclusively sites where the maximum hourly wet bulb
temperature exceeds 30°C – this also includes locations in Italy, Australia,
Mexico, the USA and Albania, demonstrating that this truly is a global issue
and is not simply confined to just the regions that have historically faced
extreme temperatures.

Figure 4.1. Maximum hourly wet bulb temperature according to Met Office
data, analysed by Raymond et al. 2020.
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PART 4: MAXIMUM WET BULB TEMPERATURES
RECORDED THUS FAR

Figure 4.2. Shows cities where the maximum hourly wet bulb temperature
exceeds 30°C.

The data analysed and mapped in Figure 4.1 and 4.2 can be explored in the
interactive map here: https://glowb.emu-analytics.net/b/D
The data can be filtered (by clicking on MAP FILTERS in the top right corner
of the dashboard) to see which cities have seen a temperature above a
certain threshold. A default filter showing cities that have recorded a wet bulb
temperature above 30°C has been created and can be turned on using the
eye button.
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PART 5

IMPACTS OF PERSISTING
WET BULB CONDITIONS
To better understand the risk of wet bulb conditions to populations, we need
to look at the length of time spent in extreme wet bulb conditions and the
frequency at which this condition occurs.
Figure 5.1 uses data from MesoNet to analyse wet bulb temperature data
between January 2010 and September 2021 in India, Pakistan, United Arab
Emirates and Oman. This data contains information on temperature and
relative humidity, and to understand the relationship between these variables,
an equation has been provided which presents an approximation for wet bulb
temperature considering air temperature and relative humidity at a standard
sea level pressure. The following formula has been the basis of a proxy to
understand wet bulb temperature in this report.

The number of readings where the calculated wet bulb temperature exceeded
29.5°C were aggregated at a monthly level for each station. In the interactive
version of the map the time slider can be used to see how the distribution and
number of these readings varies across time and space.

Figure 5.1. Wet bulb temperatures exceeding 29.5°C were calculated from
MesoNet data (Jan 2010- Sept 2021). Explore the interactive map.
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PART 5: IMPACTS OF PERSISTING WET
BULB CONDITIONS
The following graphs are examples of when high wet bulb
conditions persisted for a large portion of the day. Both the
raw temperature (°C) and wet bulb temperature has been
plotted, in each instance, wet bulb temperatures over 30°C
have persisted for the majority of the day.
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PART 5: IMPACTS OF PERSISTING WET
BULB CONDITIONS

WWW.EMU-ANALYTICS.COM, 2022

PART 6

URBAN IMPACT
For the purpose of this paper we are most interested in understanding the risk
in urban areas. Urban areas have been mapped using data from UN-FAO,
this has been overlaid with the extreme temperature data from the World
Bank to calculate the percentage of urban areas in each country that may be
most vulnerable to increasing wet bulb temperatures.
Figure 6.1. shows the countries where the greatest percentage of the urban
area is likely to see wet bulb temperatures exceed 35°C based on a 5 year
return period. In the interactive version, the layer selector can be used to
switch between different temperature scenarios (i.e 5/20/100 year return
period and >30°C or >35°C wet bulb temperatures).
The UAE, Kuwait, Qatar and Bahrain see 100% of their urban areas falling
within areas that are likely to see temperatures over 35°C based on a 5 year
return period. Pakistan and Oman see over 70% of their urban areas affected.

Figure 6.1. Percentage of urban areas in each country falling within areas
susceptible to wet bulb temperatures over 35°C based on a 5 year return
period. Explore the interactive map.
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PART 6: URBAN IMPACT
When looking at wet bulb temperatures exceeding 30°C and a 5 year return
period a much larger proportion of the globe is impacted (figure 6.2). 13
countries see 100% of their urban area affected, and 53 countries see over
50% of their urban area affected.

Figure 6.2. Percentage of urban areas in each country falling within areas
susceptible to wet bulb temperatures over 30°C based on a 5 year return
period. You can explore the different layers in the interactive map.
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PART 6: URBAN IMPACT

Figure 6.3. Countries where over 50% of their urban areas fall within regions
susceptible to wet bulb temperatures over 30°C based on a 5 year return
period.

Figure 6.4. Countries where 100% of their urban areas fall within regions
susceptible to wet bulb temperatures over 30°C based on a 5 year return
period. Explore the layers further in the interactive map.
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PART 6: URBAN IMPACT
When going down to State level in the USA we can see that 37% of the urban
area in Louisiana and 3.5% of the urban area in Arizona is susceptible to wet
bulb temperatures exceeding 35°C based on a 100 year return period. Based
on a 5 year return period and a 30°C wet bulb temperature, 15 states see
100% of their urban areas affected. This rises to 22 states based on a 100
year return period.

Figure 6.5. Percentage of urban areas in each state falling within areas
susceptible to wet bulb temperatures over 35°C based on a 100 year return
period. Click to explore the insights further in the interactive map.
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PART 6: URBAN IMPACT

Figure 6.6. Percentage of urban areas in each state falling within areas
susceptible to wet bulb temperatures over 30°C based on a 5 year return
period.
You can explore the different heat scenarios by using the layer selector in the
interactive map.
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PART 7

OTHER FACTORS
There are other factors that may make a country more or less vulnerable to
wet bulb temperatures, some of which will be explored below. The majority of
these factors influence how much a country is likely to be able to adapt and
cope with increasingly dangerous wet bulb temperatures.
The World Risk Index (figure 7.1) looks at the level of disaster risk for 181
countries based on a variety of factors. In 2020, Vanuatu was the country with
the highest risk and Qatar was the country with the lowest. The risk score is
determined based on 4 key factors:
Exposure to natural disasters
Susceptibility to these disasters based on infrastructure, food supply and
economy
Coping capacity for such disasters based on governance, health care and
security
Adaptation to disasters
Some countries may have relatively high exposure, but have better
susceptibility, coping capacity and adaptive capacity meaning their overall risk
is lower. Countries with a higher risk are less likely to be able to cope with
increasing dangerous wet bulb temperatures.
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PART 7: OTHER FACTORS

Figure 7.1. World Risk Index 2020. Explore the interactive map.

During Hurricane Ida, in New Orleans, more people were killed due to the
extreme heat that followed rather than the hurricane itself (Bogel-Burroughs
and Reckdahl, 2021). Disruption to power supplies meant that people could
not rely on the air conditioning or even fridges for cool water, whilst
temperatures soared.
The Fragile States Index is another metric that may play a role in
determining which countries are more vulnerable to the effects of climate
change. The Fragile States Index measures risk and vulnerability in 179
countries (figure 7.2 on the following page). The index helps identify places
where pressures may exceed the country's capacity to absorb them. Two of
the factors that make up the Index – Public Services and Demographic
Pressures are likely to influence the ability of a country to respond to extreme
wet bulb temperatures. In 2021, the country with the biggest increase in
Fragility was the USA (source: https://fragilestatesindex.org/). Armenia,
Spain, Ethiopia, Romania and Lebanon also saw the largest increase in risk.
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PART 7: OTHER FACTORS

Figure 7.2. Fragile States Index 2020. Explore the interactive map.

As briefly mentioned earlier; a green and reliable electricity supply is key to
mitigating against the short term effects of dangerously high wet bulb
temperatures. Air conditioning is one way to ensure that buildings stay cool.
This relies on a reliable and widely available electricity supply. The following
maps use data from the World Bank’s World Development Indicators to
identify areas where the electricity supply may not be up to scratch.
Figure 7.3 (pictured on the following page), shows the energy use per capita –
countries with a lower energy usage may be due to many factors (i.e a more
temperate climate meaning a lesser need for central heating or air
conditioning or a more traditional/farm-based economy where people aren’t
using computers all day) but may also highlight areas where electricity is less
readily available.
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PART 7: OTHER FACTORS

Figure 7.3. Electricity usage per capita. Use the layer selector to learn more
in the interactive map.

GREEN AND RELIABLE ELECTRICITY SUPPLY IS KEY TO MITIGATING
AGAINST THE SHORT-TERM EFFECTS OF DANGEROUSLY HIGH WET
BULB TEMPERATURES. AIR CONDITIONING IS ONE WAY TO ENSURE
THAT BUILDINGS STAY COOL. THIS RELIES ON A RELIABLE AND
WIDELY AVAILABLE ELECTRICITY SUPPLY.
WWW.EMU-ANALYTICS.COM, 2022
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PART 7: OTHER FACTORS
Figure 7.4 looks at electricity accessibility and shows what percentage of the
population has access to electricity. Areas with a low percentage of
accessibility are less likely to be able to support widespread air conditioning here other mitigation methods may need to be used to withstand increasing
wet bulb temperatures.

Figure 7.4. Percentage of the population with access to electricity. Use the
layer selector to learn more in the interactive map.

On the following page, you can find Figure 7.5, which shows the reliability of
the energy supply. If the energy supply is unreliable and a country
experiences frequent power cuts (e.g Pakistan) or load shedding (e.g South
Africa) then air conditioning and other such methods of cooling may not be
applicable or at least cannot be depended upon. During high wet bulb
temperatures, more people may be using air conditioning and for longer, thus
putting more pressure onto already stretched infrastructure.
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PART 7: OTHER FACTORS

Figure 7.5. Reliability of electricity supply transparency. Use the layer
selector to learn more in the interactive map.

In the future, sustainable cooling methods should be encouraged to prevent
further increases in greenhouse gas emissions and to prevent further
polarisation between affluent and less affluent areas.
Air conditioning is currently one of the most used methods for mitigating
against extreme wet bulb temperatures but wider uptake will exacerbate the
problem further. Air conditioning is also not widely available in areas that are
most vulnerable to deadly wet bulb temperatures and so other methods
should be explored such as battery/hand-operated fans and cooling gels.
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PART 8:

COMBINED RISK
PROFILE
A combined risk profile for dangerous wet bulb
temperatures has been created using the datasets
discussed above. This index takes into account:
The percentage of urban areas that are likely to see a
30°C or 35°C wet bulb temperature is based on
5/20/100 year return periods
The fragility of a country (based on the Fragile States
Index) gives a measure for how well a country may be
able to cope with additional pressures due to increasing
wet bulb temperatures
The overall risk of a country to other disasters and their
coping capacity
The amount of the population with access to electricity.
The reliability of electricity systems
The index is weighted more heavily towards wet bulb
temperatures. Pakistan, Djibouti and Bangladesh are the
countries with the highest 'risk'. This is due to the potential
of a large percentage of urban areas falling within 35°C wet
bulb areas and also due to the more fragile nature of the
state, the pressure of other disasters and a less reliable
and accessible electricity supply. Conversely, countries like
Kuwait and Bahrain are slightly lower down the index,
despite seeing some of the worst wet bulb temperatures.
This is because the adaptation/coping capacity of these
countries is likely to be higher.
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PART 8: COMBINED RISK PROFILE

Figure 8.1. Combined wet bulb risk index. Explore the interactive map for
more information.

Taking steps to reduce the speed and ferocity of climate change is the key
way to prevent rising wet bulb temperatures. However, if things continue as
they currently are this is a reality the world will have to face in the very near
future. There are some things that can be done to reduce the impact once
these conditions are reached:
Advanced warning systems to give residents and businesses notice of
when these conditions may occur. This means systems can be put in
place to reduce the risk; such as changing work hours for people
employed in manual labour or other outdoor work - to prevent people from
working outside during the most dangerous hours. Additionally;
suspending the need for uniforms so that people can wear cooler clothes.
Ensuring there is adequate water and food stores and taking steps to keep
houses and offices as cool as possible is an important factor
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PART 8: COMBINED RISK PROFILE
Increase green space, blue space and shade in cities.
This will help reduce the temperature in cities by
reducing the urban heat effect and will provide vital
shelter and respite for those who have to be outside
during dangerous temperatures
Improve electricity supplies (in terms of quality and
access) so that people can have reliable access to air
conditioning. Furthermore, creating off-grid solarpowered air conditioning and other sustainable cooling
methods, which are less likely to be vulnerable to power
outages whilst also avoiding further contribution to
climate change
Improve access to clean, running water to enable
people to benefit from reliable hydration during periods
of extreme temperatures
Encourage sustainable building design, focused on
insulating against extreme heat and improving
ventilation. Keeping homes and offices cool will be key
Painting roads and buildings white can help reduce heat
and is thought to have similar heat reduction properties
to air conditioning (World Economic Forum, 2021)
Improving health care access - vulnerable people are
more likely to be at risk from lower wet bulb
temperatures, accessible and effective health care will
be vital
Create local and national heat health action plans so
that a multi-agency approach to extreme events can be
better coordinated and planned
Prioritise low carbon agendas to reduce the likelihood of
extreme events happening in the first place
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PART 9:

CONCLUSION
Dangerous wet bulb conditions are no longer a thing that
may happen in the future, they are happening now. Many
countries have already seen the need to take steps to
reduce the impact of wet bulb conditions to save lives.
In the USA, President Biden has launched a governmentwide strategy to combat extreme heat, with it being the
leading weather-related cause of death in the country. This
includes developing new labour standards to protect
workers from increasing temperatures (Washington Post,
2021).
In Qatar, they have introduced heat working rules which
limit the times which people are able to work outside. Once
wet bulb temperatures reach 32.1°C all work must stop
(Clark, 2021).
As this paper has pointed out, there are numerous steps
countries need to take to reduce the impact of the critical
wet bulb temperatures we are already reaching globally.
However, focusing on climate change agendas is the key
way to prevent rising wet bulb temperatures and reduce the
severity of the crisis in the imminent future.
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