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Abstract    Consistently  threatened  by  climate  change,
cities  need  to  adapt  to  emerging  hazards  and  risks.  One
such  risk  relates  to  extreme  heat,  which  is  a  particular
problem in urban areas and is also linked to air pollution.
Together,  these  risks  can  have  a  substantial  impact  on
human health. Our analysis of air quality, ambient temper-
atures,  and  climate  change  adaptation  plans  in  30  UK
cities  found  strong  evidence  that  London  and  Cambridge
exhibit  the  highest  risk  of  both  extreme  temperature  and
air pollution. Furthermore, although a heatwave in London
led to lower levels of PM10 and NO2, it was highly correlated
with  increased  levels  of  O3,  a  low-level  pollutant  that
exacerbates respiratory problems. We also found a lack of
data availability (e.g.,  O3,  PM10) in some local authorities
and  inconsistencies  in  their  climate  change  adaptation
strategies. We therefore identify a clear need for standard-
ised  assessment  of  hazards  at  the  city  level,  and  their
incorporation into local adaptation plans. Further assessment
of  climate  hazards  and  risks  at  the  city  level  are  required
for  effectively  adapting  to  a  changing  climate  in  the  UK
and other cities worldwide.

Keywords      climate  change, cities, hazards, adaptation,
heat stress, air quality 

1    Introduction

Cities  (urban  areas)  around  the  world  emit  gigatons  of
Greenhouse  Gases  (GHGs)  annually  and  are  major
drivers  of  climate  change.  Simultaneously,  the  specific
characteristics of cities make their populations and assets
particularly  vulnerable  to  multiple,  complex,  and
dynamic climate hazards (Smid and Costa,  2018).  Large
urban  areas  located  near  coasts  and  on  riverbanks  are
vulnerable to hazards such as pluvial/fluvial flooding and
sea level rise (CCC 2021; CCC, 2023). However, almost
all urban and rural areas are highly vulnerable to the risk
of  heat  waves,  urban  floods,  drought,  and  air  pollution
(Gasper  et  al.,  2011; CCC,  2023),  and  therefore  require
the capacity to adapt to a changing climate (IPCC, 2022).
Adaptive capacity is the ability of systems and humans to
adapt to potential damage caused by climate change or to
respond  to  the  consequences  (IPCC,  2023a).  The  recent
Climate Change Committee Report to the UK Parliament
highlighted that  there  is  limited evidence that  adaptation
planning and implementation by UK cities,  communities
and  infrastructures  is  effectively  dealing  with  risks  such
as  flooding,  coastal  erosion,  heatwave,  and  specifically
the  interactions  between  heat  and  air  pollution  (CCC,
2023).
Additionally,  the  relationship  between  urban  and

climate  systems  is  dynamic  and  complex.  For  example,
climate change can have direct impacts on the functioning
of  urban  systems,  such  as  through  the  urban  heat  island
effect.  However,  because  cities  can  also  be  affected  by
various  other  indirect  climate  change  threats,  we  also
need  to  assess  the  interrelationships  between  different
hazards  and  multiple  urban  systems.  Rapid  urbanisation
also increases the exposure to climate change hazards in
urban  populations,  irrespective  of  global  climate  change
(IPCC, 2022). As such, urban areas around the globe are
focusing  increasingly  on  adaptation  planning  across
different sectors (Mendizabal et al.,  2021).  Risk identifi-
cation, proposed adaptation measures, and climate actions
determine  the  effectiveness  of  adaptation  plans  (Fig.  1).
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The  consistent  monitoring  and  evaluation  of  these  plans
can help to assess the interrelationships between different
hazards and multiple urban systems (Reckien et al., 2023;
Buzási et al., 2024).
The urban heat  island effect  has  long been recognized

in  cities  and  built  environments,  with  temperature  in
urban systems being 5 °C–6 °C warmer than surrounding
areas  (Wilby,  2003).  Urban  areas  retain  more  solar
energy during the day due to having less vegetation cover
and more building material, and experience lower rates of
radiant  cooling  at  night  (Kamara  et  al.,  2020).  Urban
areas also exhibit lower evapotranspiration and convective
heat  losses  due  to  higher  impervious  cover  and  thus
contributing to more surface warming. Additional heat in
urban environments is released from various anthropogenic
activities  including  transportation,  industries,  and  air
conditioning, thereby yielding variations in heat intensities
(Wilby,  2008).  Further,  heatwaves  in  urban  areas  can
increase air pollutant concentrations of ozone (O3) (Susca
and Pomponi, 2020). These pollutants are a consequence
of combined high temperatures and solar radiation resulting
in  the  production  of  photochemical  smog  in  the  urban
atmosphere (Williams, 2012).
Observed trends in the UK have reflected an increase in

climate  induced  hazards.  Heatwaves  have  increased  in
duration  during  the  past  10  years,  while  extreme  cold
events  have  decreased  in  terms  of  intensity  and
frequency.  On  the  other  hand,  increase  in  the  intensity
and  frequency  of  heavy  rainfall  has  led  to  a  higher
number  of  very  wet  days.  Overall,  human-induced
climate  change  has  had  a  significant  impact  in  terms  of
extreme temperatures and precipitation events in the UK
(Guerreiro et al., 2018).
Annual  variations  in  local  weather,  land  use  patterns,

and  difficulties  associated  with  predicting  the  frequency
and intensity of severe weather events make it difficult to
investigate climate hazards in urban systems. Moreover, a
complex  mesh  of  drivers  exacerbate  the  climate  change

risks  that  people  and  infrastructures  are  exposed  to
(Bozeman  et  al.,  2023).  This  is  particularly  the  case  in
cities  and  urban  areas  (IPCC,  2022)  where  hazards  are
unevenly  distributed  (Walsh  et  al.,  2022).  There  are
significant  gaps  in  climate  change  adaptation  across  the
world,  and  several  critical  gaps  in  the  local  adaptation
plans  of  UK  cities  that  impede  implementation  and
progress  (CCC,  2023).  These  relate  to:  the  capacity  to
implement  specific  adaptation  strategies  for  existing
hazards,  the  ability  to  identify  relationships  between
multiple hazards that exist simultaneously and to provide
adaptation strategies for specific hazards at the city level
(Buzási et al., 2024), and barriers to the dissemination of
local knowledge to support implementation of adaptation
strategies  (Reckien  et  al.,  2023).  Moreover,  levels  of
tropospheric  ozone  are  often  higher  on  very  hot  days;
hence  climate  change  can  exacerbate  the  public  health
risks  of  air  pollution;  however,  we  do  not  know enough
about  whether  and  how  cities  may  be  considering  these
issues together. Therefore, this paper reports and analyses
selected risks in the form of heat waves and air pollution
across  30  UK  cities  and  reports  on  how  some  of  these
cities  have set  out  to  address  these  risks  in  their  climate
adaptation strategies. 

2    Background
 

2.1    Climate change impacts and risks in urban areas

Approximately,  4.2  billion  of  the  world’s  population
reside  in  urban  areas  (cities).  Many  of  these  cities  are
vulnerable and exposed to severe weather events that will
become  more  extreme  and  frequent  as  climate  change
progresses (IPCC, 2022).  Climate change risk is  defined
as  the  potential  for  occurrence  of  adverse  consequences
from climate change. It arises from dynamic interactions

 

Fig. 1    Climate  hazards  and  risks  in  cities  and  settlements  (IPCC,  2022).  Extreme  temperature  and  air  pollution  hazards  (in  bold)  are
analyzed in this study.
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of  climate  change  hazards  combined  with  the  exposure
and  vulnerability  of  the  affected  entities  (IPCC,  2023a).
Exposure is  defined as the presence of resources,  infras-
tructure  and  population  in  areas  impacted  by  climate
change or affected by climate change hazards directly or
indirectly.  Whereas  vulnerability  is  the  tendency  or
susceptibility of resources, infrastructure, and population
that can be negatively affected by climate change impacts
(IPCC, 2023b).
Natural  resources,  urban  infrastructure,  and  financial

capital  can  be  damaged  or  severely  affected  by  weather
extremes (Walsh et al.,  2022). Stress induced by climate
hazards such as extreme heat, severe weather events, and
air  pollution  can  have  immediate  and  long-lasting
impacts  on  a  population’s  physical  and  psychological
health  (Ballester  et  al.,  2023).  Moreover,  urban  infras-
tructures exacerbate the adverse health impact of climate
hazards  through  the  urban  heat  island  effect,  extreme
precipitation or extreme drought, and reduction in natural
drainage (Wilby and Dessai, 2010).
Different  climate  change  impacts  and  risks  in  urban

areas are closely connected to social and economic chal-
lenges  (IPCC,  2022).  For  example,  climate  change  will
make  it  more  difficult  to  address  poverty,  hunger,  and
resource  demand  in  cities  and  urban  areas  by  further
straining  resources  (IPCC,  2022; Bozeman et  al.,  2023).
Furthermore,  the  combination  of  these  challenges  with
population growth, increasing demand for drinking water,
food,  and  energy  will  magnify  the  social  and  economic
impacts  of  climate  change.  Ultimately,  it  could  alter  the
functioning of urban areas (Gasper et al., 2011; Mendizabal
et  al.,  2021).  Therefore,  it  is  imperative  to  analyze
climate risks and key vulnerabilities to people and infras-
tructure.  The  climate  hazards  included  in  this  study  are
heat  waves  and  urban  air  pollution,  which  are  described
in the following section. 

2.2    Heatwaves and their impact on cities

The World Meteorological Organization (WMO) defines
a  heatwave  as  a  phenomenon  when  a  day’s  maximum
temperature exceeds the average daily maximum temper-
ature by 5 °C for a minimum five consecutive days. This
definition is based on the normal measuring period from
1961 to 1990 (Kalisa et al., 2018). The surface character-
istics of urban areas can alter temperatures; the geograph-
ical and spatial features of the built environment influence
the  intensity  of  heat  wave  events.  As  mentioned  earlier,
due  to  cities  having  less  vegetation,  ‘urban  heat  island’
(UHI)  effect  (Zaidi  and  Pelling,  2015)  can  take  place.
One common response to this is, an increased demand for
building  cooling  mechanisms,  which  results  in  higher
GHG  emissions  and  further  increase  in  outdoor  air
temperature (Kalisa et al., 2018).
Although  heatwaves  in  the  UK  are  currently  rare

(Howarth  and  Brooks,  2017),  their  intensity,  frequency,

and  length  are  likely  to  be  intensified  due  to  changes  in
demography  and  future  climate  change.  Indeed,  ‘urban
heat  risk’  is  already  a  prominent  concern  in  UK  cities,
and  the  UK’s  third  Climate  Change  Risk  Assessment
(CCRA  3)  produced  by  its  Climate  Change  Committee
(CCC,  2021)  predicts  that  heatwaves  will  become
common by the 2040s and heat related deaths are forecast
to  triple  relative  to  the  2020s.  During  a  hot  spell  in
August  2003,  deaths  in  London  increased  by  42%,
compared to an average figure of 17% over the previous
five  years.  The  study  by  Wolf  and  McGregor  (2013)
attempted  to  develop  a  heatwave  vulnerability  index  for
London. The study shows that 95th percentile temperature
values  of  London  demonstrate  a  noticeable  interannual
variability.  In  terms  of  heat  risk,  the  studied  years  are
shown  to  have  maximum  heat  related  health  impacts  in
London.  These  anomalous  95th  percentile  temperature
values provide evidence of the risk of extreme temperatures
in London. A study conducted by Wilby (2003) for UHI
effect  also  in  London  shows  that  the  intensity  of  UHI
depends on the maximum daily temperatures. June, July,
and August are expected to exhibit maximum UHI inten-
sity. Thus, Wolf and McGregor (2013) confirmed Wilby
(2003)  findings  of  the  occurrence  of  maximum  hourly
temperatures  in  these  months  over  a  12-year  period
(2010–2021). 

2.3    Urban air pollution

Air pollution is one of the environmental factors that has
the greatest impact on global health and mortality. As the
major  air  pollutants  in  urban  areas,  tropospheric  ozone
(O3), nitrogen dioxide (NO2) and particulate matter (PM)
pose adverse impacts on human health. Ambient concen-
trations of these three trans-boundary urban air pollutants
are  affected  by  local  and  regional  emissions  and  their
long-range air  transport  from upwind concentrations and
the stratosphere (Doherty et al., 2009). Global background
ozone  concentration  levels  have  increased  due  to  rapid
population growth, industrialisation, and vehicular expan-
sion  in  urban  areas.  Annual  averages  of  8-h  ozone
concentrations in European and UK cities have also risen
(Williams,  2012).  The  pattern  of  future  GHG emissions
and ozone precursor emissions have the potential to exac-
erbate  existing  climate  hazards,  and  their  concomitant
health  impacts  in  urban  populations,  by  raising  urban
temperatures and increasing air pollution (Doherty et al.,
2009). At the same time, concentrations of NO2 often fall
during warmer weather,  due to a photochemical reaction
in  the  atmosphere  caused  by  the  accumulation  of  other
pollutants.  A  photochemical  reaction  requires  NO2  as  a
precursor  in  O3  formation,  when  in  the  presence  of
sunlight.  Thus,  the  concentration  of  oxides  of  nitrogen
decreases with a rise in temperature, while forming O3 as
a product  and a secondary pollutant  (the following reac-
tion:
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NOx+CO/VOCs+hv = O3,

hv

where,  NOx  –  oxides  of  nitrogen  (NO2),  CO  –  carbon
monoxide,    –  sunlight,  and  VOCs  –  volatile  organic
compounds.
Ozone is generated through a typical urban photochem-

ical  process  on  hot  sunny  days,  associated  with  slow
moving,  stable  and  anticyclonic  weather  systems.  This
particular type of weather system impedes the movement
of air pollutants in the boundary layer. Hence, high ambient
temperatures can potentially result in higher concentrations
of O3 pollutants in the urban atmosphere. In one instance,
2,045 deaths were recorded in England and Wales due to
the elevated O3 levels above a threshold of 100 μg/m3 in
the heatwave of August 2003 (Doherty et al., 2009). This
heatwave event swept across most of Europe, and climate
change  modeling  studies  suggested  that  the  extreme
temperatures  experienced  in  the  summer  of  2003  will
become  the  norm  from 2060  onwards.  Furthermore,  the
temperature  inversion  layer  in  the  urban  atmosphere
retains a higher pollutant concentration compared to rural
areas.  This  increases  the  health  risk  for  urban  popula-
tions.  Strong  solar  radiation,  high  air  temperatures  and
the  presence  of  primary  air  pollutants  such  as  volatile
organic compounds (VOC’s) and NO2 are typical features
of  UHIs.  These  factors  combine  and  start  a  complex
chemical reaction to give rise to secondary air pollutants
like O3 (Susca and Pomponi, 2020)， albeit often accom-
panied  by  a  fall  in  the  level  of  NO2  concentrations.
Indeed,  site-specific  air  quality  studies  in  Europe  have
shown a perfect linear correlation between increasing O3
concentrations  and  increasing  ambient  temperatures
(Susca and Pomponi, 2020).
The  adverse  impacts  of  particulate  matters  (PM)  on

human health are widely known. PM are categorised into
PM10 and PM2.5 based on the diameter of the particulates
in question. Sources of PM in urban areas include wind-
blown dust, industrial emissions, and vehicular emissions
(exhausts  and  brake/tire  wear).  PM  is  known  to  have
adverse impact on respiratory and cardiovascular systems
(Kirešová and Guzan, 2022). A few studies have investi-
gated the correlation between the occurrence of heatwaves
and elevated air pollutant concentrations for metropolitan
cities. For example, correlations between temperature and
air  pollution (O3,  PM10,  and NO2)  have been studied for
Birmingham (Kalisa et al., 2018). However, because inter-
annual  variabilities  and  correlations  vary  in  different
cities, it is important to assess the frequency and intensity
of air  pollution as a climate change hazard in a range of
urban areas. 

2.4    Urban areas and climate change adaptation strategies

The  Organisation  for  Economic  Cooperation  and  Deve-
lopment (OECD, 2009) defines climate change adaptation
as  a  continuous  process  with  frequent  revisions  in

development  plans,  with  policies  and  projects  subjected
to  changing  climate  and  socio-economic  conditions.  It
emphasizes  the  importance  of  risks  and  vulnerability
assessments for adaptation studies, as well as the need to
combine  urban  development  strategies  with  climate
change policies.  Integrating adaptation into development
process requires an evolving framework in terms of urban
development  and  dynamicity  (Dawson  et  al.,  2014).  It
should promote flexible and efficient adaptation strategies
to  address  all  forms  of  urban  growth  and  development
that can be utilized by the public, planners, stakeholders,
and policymakers (Sanchez-Rodriguez, 2009).
Cities  act  as  an  interface  between  local,  national,  and

international level climate change mitigation and adapta-
tion  strategies  (Butt  et  al.,  2022).  Cities  host  more  than
80% of the UK’s population, a figure that is projected to
increase by 3.2% in the next 10 years, reaching an estimated
69.2  million  individuals  (ONS,  2021)  who  may  face
increased exposure to climate threats (IPCC, 2022).
The UK’s Climate Change Act (Committee on Climate

Change,  2017)  sets  out  the  legislative  framework  to
reduce  GHG  emissions  and  to  adapt  to  the  risks  and
vulnerability  caused  by  the  changing  climate  (UK
Government,  2008).  In  terms  of  adaptation,  the  Act
requires  the  government  to  undertake  a  country-wide
assessment  of  risks  and  opportunities  every  five  years
and  a  National  Adaptation  Programme  (The  National
Adaptation  Programme,  2018)  identifies  and  addresses
climate  change  vulnerability  and  risks.  The  NAP is  also
reviewed every five years to increase resilience by setting
out objectives, proposals, and policies to address climate
risks.  The  NAP primarily  concerns  England,  but  similar
programmes  have  been  established  for  Wales,  Scotland,
and Northern Ireland. The NAP takes a sectoral approach
to  address  the  risks  to  natural  environments,  health  and
emergency  services,  agriculture  and  forestry  services,
businesses, and building and infrastructures (Walsh et al.,
2022).
Local governments around the world have documented

adaptation and mitigation activities in local climate plans
as a way to mainstream these efforts within municipalities
(Reckien  et  al.,  2019;  Butt  et  al.,  2022).  The  UK  is  no
exception;  according  to  Heidrich  et  al.  (2016),  in  2015
approximately 80% of a sample of 24 Urban Audit (UA)
UK cities had an adaptation strategy or adaptation frame-
work  documents.  These  municipalities  report  a  range  of
risks  and  strategies  to  deal  with  the  effects  of  climate
change  (Berrang-Ford  et  al.,  2015;  Adger  et  al.,  2018;
Reckien et al., 2023; Magnan et al., 2020), however there
have  been  very  little  analysis  of  whether  and  how these
strategies address the combined impacts of high tempera-
tures and air pollution. Therefore, the aim of this research
was  to  identify  and analyze  urban heat  and  air  pollution
risks  using  a  systematic  and  methodological  framework
to  assess  associated  adaptation  plans  published  by
selected UK cities. 
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3    Materials and methods

Two separate analyses were undertaken in this study. The
first examines trends of temperature and pollutants across
key UK cities over a decade, examining aggregated data
over several months/years, followed by an assessment of
each  city’s  climate  adaptation  plan.  The  second  focuses
on the unique case study of London during its 2014 heat-
wave;  this  was  selected  due  to  the  data  availability  and
importance of London as it is the capital and biggest city
of the UK. Figure 2 presents an overview of the research
design for this study.
We  first  selected  30  cities  from  the  Eurostat  database

(Urban Audit- see below) and then retrieved the air quality
data, temperature data, and adaptation strategies. We then
explored  the  four  aspects  using  data  gathered  from
published climate change adaptation strategies/plans that
were  available  from  UK  government  and  city  council
databases. 

3.1    Urban audit cities in the UK

In this study, we assessed whether and how 30 UK cities
are addressing the combined risks of extreme temperatures
and  air  pollution  in  their  climate  adaptation  plans.  We
selected  our  30  cities  from  the  statistics  database  of  the
“European Statistics Office (Eurostat),” which was previ-
ously known as the “Urban Audit” (Eurostat, 2019). The
Urban  Audit  (UA)  database  is  run  by  the  European
Commission and provides data on demography, housing,
health, environment and education to enable comparative
analysis  of  different  EU cities.  The cities  are  selected in
close  collaboration  between  the  Directorate-General  for
Regional Policy, Eurostat and the national statistical insti-
tutes  (Eurostat,  2010),  according  to  the  following  rules
set  by  (Eurostat,  2007);  the  cities  in  each  country’s
sample  should  be  home  to  approximately  20%  of  the
national  population;  the  database  includes  all  capital

cities  and,  where  possible,  also  of  regional  capitals;
including both, large (more than 250,000 inhabitants) and
medium-sized (between 50,000 and 250,000 inhabitants)
cities. Ultimately the cities selected in the UA should be a
representative sample of the cities in the country. The 30
cities chosen from the UA database represent around 17.3
million  of  the  UK  population  (~29%)  and  include  the
capitals of the four countries of which the UK comprised:
England, Northern Ireland, Scotland and Wales (Table 1).
UA  covers  core  cities,  urban  zones,  and  metropolitan
areas  in  Europe  and  the  UK,  including  23  cities  in
England,  3  in  Scotland,  2  in  Wales  and  2  in  Northern
Ireland.  Notably,  local  government  units  in  the  UK  are
significantly  larger  than  in  any  other  European  country,
which  means  that  data  are  not  available  for  smaller
towns:  most  UK  municipalities  have  larger  populations
than some of those included in our selection (Stevenage,
for example, has fewer than 90,000 inhabitants). 

3.2    Data sources

Our assessment of climate hazards is based on the urban
environmental  indicators  selected  from  the  Eurostat
database.  Our  data  sources  include  air  quality  from
DEFRA and local  authorities,  temperature from DEFRA
and the Met Office (Met Office, 2022), and city adaptation
strategies  for  policy  analysis.  Although  there  are  clear
crossovers  between  climate  change  mitigation  and  air
pollution  policies  (Roggero  et  al.,  2023),  we  focused
solely  on  adaptation  plans  to  examine  whether  and  how
the  cities  may  be  connecting  these  strategies  with  air
quality  concerns  (for  example,  to  address  concerns
around public health). 

3.2.1    Adaptation strategy collection procedures

We collected and downloaded local adaptation strategies
and  other  documentation  by  searching  municipal

 

Fig. 2    Research design and objectives.
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websites  (but  not  those  of  higher-level  bodies  such  as
county councils or regional strategies), in particular their
environment, sustainability, energy and/or climate depart-
ments  (or  equivalent)  and  examining  their  policy  and
planning  strategies  and  documents.  Where  feasible  we
conducted  additional  desktop  and  internet  searches  or
contacted  the  Local  Authorities,  city  representatives  or
the  relevant  departments  directly.  For  the  desktop  and
internet  search,  we  used  a  common  search  engine
(Google,  Yahoo  or  equivalent)  and  followed  the  search
procedures  e.g.  ‘climate’  and  ‘adaptation’  in  the  title,
local  authority  name,  subtitle  or  introduction  and  the
scope was then widened to all  dedicated ‘climate’ docu-
ments. 

3.2.2    Air quality data

Air quality data was collected by contacting the authori-
ties,  and through the Department for Environment,  Food
and Rural Affairs (DEFRA) website, downloading material
from municipal websites or gathering strategies from data
depositories  (European  Local  Climate  Plans,  2020).
Urban indicators for assessing air pollution hazards were
O3 concentration (µg/m3)  and annual  average concentra-
tion  of  PM10  and  NO2  (µg/m3).  These  were  extracted
from the UK Air Information Resource (AIR), an archive
database  published  by  DEFRA  that  includes  data  from
1972 to 2022 (DEFRA, 2019). The data type for O3 was
selected as daily max 8-h ozone, and daily mean for PM10

 

Table 1    The 30 core UK cities surveyed (Eurostat Urban Audit (UA) database). Size and population statistics are retrieved from Standard Area
Measurements (SAM) published by Office of National Statistics (ONS, 2023) and population census by ONS (2021), respectively.

City UK Country Size (km2)
(ONS, 2023)

GHG emissions (kt CO2e in 2022)
(UK Government, 2023)

Population
(Office for National Statistics, 2021)

Aberdeen Scotland 186 1,165 221,200

Belfast Northern Ireland 138 1,632 345,418

Birmingham England 268 4,316 1,121,408

Bradford England 366 2,009 333,931

Bristol England 110 1,570 425,232

Cambridge England 41 540 145,700

Cardiff Wales 141 1,707 362,400

Coventry England 99 1,293 344,322

Derry Northern Ireland 1,251 1,634 85,279

Edinburgh Scotland 263 2,192 514,990

Exeter England 47 461 126,156

Glasgow Scotland 175 2,607 635,130

Gravesham England 99 402 106,900

Kingston upon Hull England 71 1,031 270,806

Leeds England 552 3,693 536,321

Leicester England 73 1,361 406,588

Lincoln England 36 351 103,813

Liverpool England 112 1,746 506,552

London England 1,572 28,400 8,776,535

Manchester England 116 2,141 470,411

Newcastle upon Tyne England 113 1,307 286,468

Nottingham England 75 1,334 299,797

Portsmouth England 40 753 223,312

Sheffield England 368 2,211 500,552

Stevenage England 26 363 94,456

Stoke-on-Trent England 93 1,136 260,602

Wirral England 157 1,125 320,200

Wolverhampton England 69 974 234,015

Worcester England 33 361 105,455

Wrexham Wales 503 1,097 135,100
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and NO2. The UA cities of Worcester, Gravesham, Steve-
nage, and Wolverhampton were not included in the NO2
monitoring  network  of  DEFRA.  Therefore,  ‘Air  Quality
Annual Status Reports’ published by these local authorities
were  used  for  NO2  monitoring  data  (City  of  Wolver-
hampton  Council,  2022,  Worcestershire  Regulatory
Services, 2022,  Gravesham Borough Council, 2022,  and
Stevenage  Borough  Council,  2022).  PM10  monitoring
data  for  Lincoln,  Bradford,  Stevenage,  and  Worcester
was  downloaded  from  city  council  websites  (City  of
Lincoln  Council,  2022  and  City  of  Bradford  Council,
2021). The date range was defined from 1st January 2010
until 31st December 2021, providing us with 12 years of
data.  The  Supplementary  Material  (ESM)  illustrates  the
annual  average  concentration  of  air  pollutants  (PM10,
NO2 and O3) in the 30 UA cities (ESM Table S1). 

3.2.3    Temperature data

The urban indicators considered for assessing heatwaves
used  the  hourly  measured  temperature  data  for  30  UK
cities  from  the  UK-AIR  database  published  by  DEFRA
(2019).  The  data  type  was  selected  as  measured  data  to
access  hourly  temperature  data  from  2010  to  2021  for
each UA city. To illustrate annual variation, we converted
hourly data for each year into annual average temperature
(ESM Table S4). In the SI we also present the additional
maximum  monthly  temperature  data,  based  on  the  Met
Office database archive of historic monitoring stations in
the  UK  for  the  climate  period  1990–2021  (ESM  Table
S2). 

3.3    Data analysis

This  research  required  data  analysis  to  investigate  the
relationship between air pollutants and ambient tempera-
tures in our selected cities. Initially, Microsoft Excel and
IBM’s  Statistical  Package  for  Social  Sciences  (SPSS)
were  used  to  generate  descriptive  statistics  for  annual
averages,  yearly  variation,  outliers,  and  standard

deviation. Through this analysis, we observed a pattern of
relationship between temperature data and air  pollutants.
We  further  hypothesized  a  linear  relationship  between
temperature and air pollutants. Many studies have shown
that fluctuations of certain air pollutants levels are associ-
ated  with  the  variation  in  atmospheric  temperature
(Kalisa  et  al.,  2018; Susca  and  Pomponi,  2020; Doherty
et  al.,  2009).  Thus,  to  measure  a  linear  relationship,  we
conducted a Pearson correlation analysis to further inves-
tigate  the  relationship  between  varying  temperature  and
air  pollutants.  Pearson  correlation  was  selected  as  it
specifically  measures  the  strength  and  direction  of  a
linear relationship between two continuous variables, that
is  temperature  and  air  pollution  in  our  study.  Addition-
ally,  Pearson  correlation  is  a  suitable  statistical  measure
when  it  is  assumed  that  two  variables  directly  influence
one another.
The  analysis  was  conducted  using  SPSS  between

hourly measured temperature and air pollutant concentra-
tions in London during the UK’s 2014 heatwave (Fig. 3).
The  Pearson  correlation  coefficients  implied  positive
correlations between the variables. As a result, a regression
analysis  was  conducted  in  SPSS,  to  assess  how strongly
the pairs of variables are related. 

4    Results for climate adaptation planning
in cities
 

4.1    Detailed analysis of temperature and heatwaves in
selected cities

This  research  investigated  whether  and  how  the  30  UK
cities  address  the  potential  impact  of  heatwaves  and  air
pollution hazards in their climate adaptation plans. From
the  literature  and  our  research,  it  is  clear  that  extreme
temperatures  and  resulting  air  pollution  escalate  risks  to
population health and burdens on city infrastructure. The
assessment  of  these  hazards  gives  some  insights  how to
reduce  such  risks,  adaptation  strategies,  and  resisting

 

Fig. 3    Summary of analysis performed for hourly temperature and air quality data (PM10, NO2 and O3).
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climate  shocks  from  UK,  which  is  applicable  to  cities
across the world.
Figure  4  shows  that  Portsmouth,  London,  Bristol,

Cardiff,  Exeter,  and  Cambridge  have  the  highest  mean
annual  temperatures,  whereas more northern cities  expe-
rience  lower  annual  temperature  ranges  including
Aberdeen,  Glasgow,  Stoke  on  Trent,  and  Edinburgh.
Annual  average  temperatures  of  these  cities  suggest  that
heatwaves  will  be  more  frequent  and  severe  in  southern
cities.  However,  temperature  extremes  (for  example,
during  heatwaves)  are  not  reflected  in  annual  averages.
Thus, a city-specific study for London (in the south) and
Newcastle  upon  Tyne  (in  the  north)  will  give  plausible

insights into the pattern of extreme temperatures.
Figure 5 shows the mean maximum measured tempera-

tures in London over a period of 10 years. Most maximum
temperatures  in  the  months  of  January  and  December
were scattered around 10 °C, whereas many variations in
maximum temperatures can be observed in the month of
April,  May,  June,  and  July.  The  highest  peaks  were  in
July,  with  significant  yearly  variations  in  the  maximum
temperatures.  In  terms  of  heatwave  years,  the  highest
peaks were in 2018 and 2013, when maximum measured
temperatures  exceeded  28  °C  and  27  °C,  respectively.
The significant yearly variation in maximum temperatures
during  July  suggest  the  city  experienced  heatwaves;

 

Fig. 4    Annual average temperatures of 26 UK cities between 2010 to 2021 (ESM Table S2).

 

Fig. 5    Monthly mean maximum temperature (°C) in London (St James Park) from 2010 to 2020 (ESM Table S3).
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specifically, in 2018 and 2013, maximum temperatures in
July can be considered extreme over a period of 10 years.
Given  that  the  frequency  of  extreme  temperatures  will
increase  as  climate  change  progresses,  these  trends
suggest  that  city  infrastructures  and  populations  face
significant temperature shocks in the future.
To  illustrate  the  challenges  related  to  temperature

extremes  we  investigated  the  hourly  data  for  a  specific
city  in  the  North  of  England.  Newcastle  upon  Tyne
shows  relatively  low  annual  average  temperatures
(Fig. 6). The time series of hourly measured temperature
data  for  Newcastle  is  shown  over  a  period  of  11  years
(2011–2020).  It  shows  most  of  the  data  points  between
10 and 20°C with many observable data points exceeding
25 °C (e.g., in 2020, 2019, 2018, 2016, 2014 and 2013).
Moreover,  several peaks of extreme temperatures can be
observed  in  the  same  year,  more  specifically  in  2018,
2014  and  2013.  In  2013,  hourly  temperatures  exceeded
27.5  °C  on  multiple  occasions,  indicating  extreme
temperature  hazards  in  the  city  that  might  otherwise  be
concealed in averages. 

4.2    Air pollution across the 30 UK cities

Figure 7 shows annual average concentrations (µg/m3) of
PM10,  NO2  and  O3  over  a  period  of  12  years
(2010–2021).  The  highest  levels  of  PM10  concentration
were  in  Cambridge  (approximately  22  µg/m3)  and  the
lowest  in  Edinburgh.  NO2 concentrations are  highest  for
Glasgow (approximately 61 µg/m3) and lowest for Derry
in Northern Ireland.  Annual average NO2 concentrations
in Bradford, Birmingham, Wolverhampton, and Glasgow
exceeded DEFRA’s national air quality standard limit of
40  µg/m3,  and  annual  PM10  concentrations  increased
across  the  different  cities  during  our  period  of  analysis.
Aberdeen  at  the  top  of  the  graph  shows  annual  average
concentrations  of  12,  19,  and  59 µg/m3  for  PM10,  NO2,
O3,  respectively.  Whereas  Kingston  upon  Hull  in  the
middle  shows 16,  24,  and 55 µg/m3  for  PM10,  NO2,  O3,
respectively.  Wrexham  at  the  bottom  shows  14  and

18  µg/m3  for  PM10  and  NO2,  respectively.  Coventry,
Liverpool,  and  Wirral  show  the  highest  annual  O3
concentrations  of  approximately  61  µg/m3,  whereas  the
lowest figure was in Manchester (see Fig. 7). It  is worth
mentioning  that  the  cities  of  Stevenage,  Bradford,
Lincoln,  and Worcester  do  not  have  monitoring  data  for
O3  and  PM10,  and  thus  are  excluded  from  the  study.
Although air pollution levels in most cities are within the
limits stipulated by DEFRA, the values are annual averages
that  do  not  reflect  hourly  variations.  Therefore,  we  use
data  from  DEFRA  to  present  a  city-specific  study  for
London  to  gain  insights  about  hourly  variation  and  to
examine  the  relationship  between  air  pollution  hazards
and extreme temperature hazards (Fig. 8). 

4.2.1    Analysis of air pollution during London’s heat
wave

We now examine air pollution hazards in London during
the  UK’s  2014  heatwave  to  provide  greater  temporal
resolution in the analysis. Figure 8 presents a time series
of daily mean concentrations of PM10, NO2, and max 8-h
O3  concentrations  for  London  during  this  period.  Air
pollutant concentrations are plotted with hourly measured
temperature  data  retrieved from DEFRA. Spikes  of  NO2
concentration (of  up to 90 µg/m3)  can be observed from
January  until  March  when  temperature  values  and  O3
concentrations  are  comparatively  lower,  whereas  May,
June,  July,  and August  show several  peaks of  hourly O3
concentrations  coinciding  with  temperature  spikes.
Again,  O3  concentrations  are  reduced  from  September
until December when temperatures are lower.
A  statistically  significant  and  positive  correlation

between  temperature  and  O3  concentrations  can  be
observed  from  p  values  of  correlation  analysis.  The
increasing  trend  of  O3  with  increasing  temperature
reflects impact on tropospheric O3 (p < 0.001) formation
in the ambient atmosphere. Similarly, a positive correlation
is observed between air pollutants PM10 (p < 0.001), NO2
(p < 0.001) and temperature.
Table  2  shows  the  observed  relationship  between

extreme  temperatures  and  concentrations  of  PM10,  NO2
and O3  in  the ambient  atmosphere.  However,  it  is  worth
noting  that  temperature  variations  did  not  instantly
change the levels of pollution. In fact, there are time lags
between  increases  or  decreases  in  temperature  and
increases or decreases in air pollutant concentrations.
Figures  9–11  show  linear  regression  plots  between

temperature and air pollutant concentrations. The heatwave
period  observed  in  2014  occurred  during  the  month  of
July.
Figure  10  shows  there  is  a  significant  relationship

between  temperature  and  NO2  concentrations,  in  that
NO2 concentrations decreasing with rises in temperature,
in  contrast  to  rising  O3  as  shown  in Fig.  9.  The  median

 

Fig. 6    Time  series  of  hourly  measured  temperature  in
Newcastle Upon Tyne from 2011 to 2021.
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and mode of 16 µg/m3 and 17 µg/m3 is observed between
01st July 2014 and 31st July 2014. The results demonstrate
the influences temperature has on the hourly and day-to-
day  variations  in  air  pollution.  Extreme  temperatures
during heat waves can influence ambient air pollutants by
increasing or decreasing their concentrations. 

4.3    Local adaptation plans, heat risks, and air quality
across selected cities

We found  that  many  of  the  30  cities  in  our  sample  lack
comprehensive  adaptation  strategies  and  a  systematic
framework  to  address  the  climate  hazards  of  heatwaves

and  air  pollution.  Those  plans  that  do  exist  exhibit  high
variabilities  in  risk  analysis,  targets,  and  timeframes  of
adaptation measures and in their implementation at local
level.  Most of  the local  climate plans we analyzed high-
lighted the potential impacts of severe weather on the city
and included climate risk assessments and tools to inform
adaptation  decisions.  Edinburgh,  Bristol,  Birmingham,
and  London have  prioritised  action  plans  for  heatwaves,
and many cities include policies (such as increasing urban
tree  cover  and  shading)  that  should  help  to  reduce  heat
risks  over  the  longer  term.  However,  only  Edinburgh’s
strategy  identified  air  pollution  as  a  key  climate  hazard.
No other city in our sample incorporated air quality, and

 

Fig. 7    Annual average concentrations (µg/m3), PM10, NO2 and max 8-h O3 of 26 UK cities. World Health Organisation (WHO) recom-
mended Air  Quality  Guidelines  (AQG) for  NO2,  PM10,  and  O3  are  10,  15,  and  60 µg/m3,  respectively  (Global  Air  Quality  Guidelines,
2021).
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its impact on human health, into a comprehensive frame-
work for  assessing and reducing risks  as  climate  change
accelerates.  This  suggests  that  awareness  of  the  impact
that higher temperatures can have on O3 levels is limited,
at  least  within  UK local  governments.  As  the  content  of
the strategies are of interest we report some key features
of the selected cities.
Aberdeen  City  Council  has  implemented  a  Climate

Change  Plan  with  the  objectives  of  achieving  net  zero
targets  and  climate  resilience  by  2025.  Their  objectives
highlight a net-zero vision for the public sector by reducing
emissions from council assets. This plan highlights adap-
tation  to  climate  risks  by  understanding  climate  impacts
for the region, risks affecting the council, and adaptation
benchmarking.  It  refers  to  the  UK  Climate  Projections
(UKCP18)  for  an  increase  in  severity  and  frequency  of
heatwaves,  coastal  flooding,  flood  risks,  and  increased
winter  temperatures.  Interestingly,  the  plan  has
mentioned the impacts of extreme weather events on the
assets  of  city  councils,  such  as  buildings,  roads  and

transport,  parks  and  grounds,  and  procurement  (Kamara
et  al.,  2020).  Further,  the  council  utilizes  an  adaptation
benchmarking  toolkit  to  assess  the  planning  and  imple-
mentation  of  adaptation  strategies.  However,  the  plan  is
still in the initial stages of appraisal of adaptation options,
development of adaptation strategies, and implementation
of actions.
Belfast City Council has conducted a Belfast Resilience

Assessment  to  identify  a  wide  range  of  climate  risks  in
the  city.  The  assessment  outlines  the  impact  of  climate
stress on infrastructure capacity and public health due to
flooding and extreme weather events. However, a lack of
exact  figures  can  be  observed  while  assuming  a  generic
term  for  extreme  weather  events  in  the  assessment.  The

 

Fig. 8    Daily mean concentrations of PM10,  NO2,  and max 8-h O3 concentrations with hourly measured temperature data of London in
2014 UK heatwave.

 

Table  2    Probability  values  (p)  from  bivariate  correlation  analysis
between temperature and air pollutant concentration of London in 2014
UK heatwave

Independent variable Dependent variable p value

Temperature PM10 < 0.001

Temperature O3 < 0.001

Temperature NO2 < 0.001

 

Fig. 9    Relationship between hourly measured temperature and
max 8-h O3 concentrations of London during the 2014 heatwave
in the UK.
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council  has  outlined  a  case  study  on  climate  action  that
involved the  participation of  children and young people.
They drew some common themes from this case study to
express  concerns  about  climate  shocks  and  stresses  on
public health. The assessment emphasized the importance
of urgent actions to tackle air pollution and its impact on
public  health.  Overall,  there  is  a  lack  of  a  systematic
framework  to  assess  climate  hazards,  adaptation  strate-
gies, and, most importantly, climate actions.
Birmingham’s City of Nature Plan and climate adapta-

tion  aim  to  prepare  Birmingham  for  the  impacts  of
climate  change  and  climate  resilience  for  emerging
climate risks. This plan introduced a measurement tool to
identify the areas of the city that are vulnerable to climate
hazards  such  as  floods  and  overheating  in  heatwaves.
This  combined  index  also  considers  data  from  multiple
deprivations  and  existing  health  inequalities.  Whereas
“The City of Nature Plan” is set out to implement adapta-
tion  strategies  by  2045.  The  plan  aims  to  modify  and
improve  existing  infrastructure  and  assets  to  reduce  the
impact  of  floods  and  overheating  while  prioritising  the
most vulnerable areas of the city. Interestingly, an action
plan  is  proposed  by  the  council  for  community  engage-
ment,  improvements  to  council  assets  and  educational

establishments,  and further  planning.  It  is  perceived that
the  plan  lacks  a  risk  assessment  for  existing  climate
hazards in the city for effective implementation of action
plans.
The  Bristol  City  Council  Climate  Emergency  Action

Plan  (2022–2025)  includes  strategies  for  climate
resilience  to  major  climate  risks  of  flooding,  storms,
drought,  and  extreme  heat.  The  council  released  its
preliminary  climate  resilience  assessment  in  2021.  It
focused on gathering data for climate hazards, the vulner-
ability of assets and populations to these hazards, and the
city’s adaptive capacity. Climate hazards included in this
assessment  are  sea  level  rise,  extreme  precipitation,  and
elevated  temperatures.  It  states  that  planning,  funding,
and detailed designs have been developed in the course of
the implementation of  adaptation strategies in key areas.
Key actions include the flood defense scheme, the Bristol
water  drought  plan,  and  the  local  resilience  forum.  It  is
worth noting that climate action doesn’t include strategies
to reduce risk from heatwaves and air pollution. Further,
there  is  a  lack  of  identification  of  areas  in  the  plan  that
could  be  more  sensitive  to  climate  hazards  and  result  in
greater damage.
Cambridge City Council published a climate adaptation

plan  in  2018.  This  focuses  on  supporting  council
services, residents, and businesses to adapt to the impacts
of  climate  change.  The  assessment  of  climate  risks  in
Cambridge  is  drawn  from  the  UK  Climate  Projections
Programme (UKCP09), which provides inadequate infor-
mation about local climate hazards. Major risks included
in the plan are flooding, water scarcity, and overheating.
The plan mentions heatwaves experienced by the city in
2003  and  2006.  It  further  emphasizes  the  potential  risks
of increased summer temperatures. The current adaptation
actions  being  implemented  by  the  city  councils  are  the
application  of  sustainable  drainage  systems,  advice  to
reduce health risks from heatwaves, and a water manage-
ment plan.
The  City  of  Edinburgh  Council  has  followed  an

evidence-based  and  risk-based  analysis  to  implement  a
climate change adaptation framework in the city. A local
climate  impact  assessment  is  conducted  using  weather
data and media searches. The LCLIP provides a baseline
assessment of the city’s vulnerability to extreme weather.
It  identified  extreme  weather  events  such  as  flooding,
force  winds,  cold  spells,  and  heatwaves  as  experienced
by  the  city.  Further,  a  climate  change  adaptation  action
plan  was  implemented  in  2016  that  highlights  climate
action in the city. To address the urban heat island effect
and  improve  air  quality,  the  council  has  launched  an  ‘i-
tree ecosurvey’  to  value ecosystem services  provided by
trees in Edinburgh. This survey has been implemented to
calculate  urban  canopy  and  utilized  in  forest  research.
However,  it  doesn’t  contribute  toward  improving  air
quality  or  mitigating  the  urban  heat  island  effect.  In

 

Fig. 10    Relationship  between  hourly  measured  temperature
and daily mean NO2 concentrations of London during the 2014
heatwave in the UK.

 

Fig. 11    Relationship  between  hourly  measured  temperature
and daily mean PM10 concentrations of London during the 2014
heatwave in the UK.
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another effort, the council launched a ‘Trees and Woodland
Action  Plan’  to  promote  tree  plantation  to  mitigate  the
impact  of  urban  heat  effects  and  improve  air  quality.
Edinburgh’s  existing  infrastructure  is  prone  to  the
hazards  of  overheating  due  to  heatwaves,  and  current
action plans don’t address the impact of these hazards.
The  Mayor’s  Climate  Change  Adaptation  Strategy

(Davoudi  et  al.,  2010)  accounts  for  managing  risks  and
increasing  climate  resilience  in  London.  It  highlights
flooding, drought, and heatwaves as the key climate risks
to be addressed via adaptation strategies. The strategies to
manage  the  urban  heat  island  effect  in  London  are
focused  on  increasing  the  green  space  in  the  city.  For
example, increasing the green cover to 10% by 2050 will
help manage temperatures in the hottest parts of London.
However,  there  are  many  current  gaps  observed  in
managing  the  risks  of  heatwaves  on  infrastructure  and
vulnerable populations. Key infrastructures lack the revi-
sion of risk assessments and the development of prioritised
action  plans  for  heatwave  hazards.  Thus,  measures  such
as increasing green cover should be implemented alongside
developing infrastructure resilience to combat concurrent
impacts from heatwaves. Furthermore, there is a lack of a
robust heatwave plan for London to address the immediate
impacts of heatwaves and, subsequently, air pollution.
Manchester’s  climate  change  framework  includes

climate adaptation and resilience as one of the key objec-
tives.  Whereas the responses to adapt to climate hazards
are solely based on the number of extreme weather events
that occurred in the city, there is a lack of comprehensive
risk  assessment  for  key  areas  in  the  city,  including  key
infrastructure and vulnerable populations. Among climate
actions,  the  framework  proposes  to  increase  the  amount
of  green cover  to  10% by  2038.  The framework doesn’t
provide a convincing background for adaptation strategies
and their implementation.
The  Net  Zero  Newcastle–2030  Action  Plan  identifies

risks  to  infrastructure  and  population  from  hazards  of
heatwaves,  surface  and  coastal  flooding,  droughts,  and
storms.  Further,  the  plan  proposes  to  develop  a  climate
change adaptation working group to identify key climate
change risks to city infrastructure and residents. The plan
lacks  targeted  and  effective  preparation  for  climate
hazards and the development of adaptation strategies.
The  carbon-neutral  Nottingham  action  plan  mentions

the current and future impacts of heatwaves and floods on
the city of Nottingham. It highlights the proposed actions
for  land  and  planning  policies  to  include  adaptation  for
heatwaves  and  floods.  It  also  proposes  a  local  climate
impact  profile  to  understand  the  impact  of  climate
hazards on citizens,  businesses,  and infrastructure.  Thus,
the  Nottingham city  action  plan  also  lacks  identification
of key climate risks, convincing adaptation strategies, and
implementation. 

5    Discussion

Our  study  highlights  the  vulnerability  of  UK  cities  to
extreme  heat  and  air  pollution.  Heat  risks  are  becoming
more and more real:  observed occurrence and frequency
of extreme temperatures from June to August indicates an
increase in heat wave intensities in all 30 UK cities, and
other studies show how this trend is expected to increase
across Europe (Guerreiro et al., 2018). City-specific studies
can  validate  our  findings:  for  example,  a  study  of  the
urban heat island and its impact on climate change adap-
tation  in  Glasgow  by  Emmanuel  and  Krüger  (2012)
found  a  consistent  increase  in  minimum  and  maximum
air  temperatures  over  10  years.  Furthermore,  the  study
concluded that the UHI effect contributed to higher maxi-
mum temperatures  in  Glasgow compared to  surrounding
rural  areas.  High  urban  density,  artificial  cover  through
impermeable  surfaces,  and  increasing  thermal  inputs  in
the urban atmosphere exacerbate heat stress within cities. 

5.1    Implications for air pollutants

The  levels  of  air  pollution  in  our  30  UK  cities  show
temporal and spatial  variations due to underlying factors
such as transboundary air movement, population density,
geographical  location,  and  atmospheric  stability.
However,  although  changes  in  temperature  are  also
clearly linked with ambient temperature, they do not have
an immediate effect. There are time lags between a rise or
fall  in  temperature  and  an  increase  or  decrease  in  air
pollutant  concentrations,  which indicate the effect  of  the
present  and  previous  day’s  temperature  on  air  pollutant
concentrations (Kalisa  et  al.,  2018).  Nonetheless,  a  clear
relationship  between  air  pollution  (specifically  ozone)
and  temperature  indicates  that,  together,  they  could
constitute  a  self-reinforcing  cycle  of  increased  risks  to
human  health  in  urban  areas  (both  in  the  UK  and  else-
where), because hotter days lead to higher concentrations
of tropospheric ozone.
An investigation of air  pollution hazards across all  the

30 UK cities were beyond scope due to data limitations,
and  therefore  we  conducted  a  city-specific  study  for  air
pollution  hazards  and  risks  in  London  during  the  2014
heatwave. London shows a statistically significant corre-
lation  between  O3  concentration  and  temperature  during
the  2014  heatwave,  which  aligns  with  Kalisa  et  al.
(2018),  who  identified  a  similar  relationship  during  a
heatwave  in  Birmingham.  Our  study  found  that  daily
maximum  O3,  PM10,  and  NO2  concentrations  exhibit
statistically  significant  correlations  with  daily  maximum
temperatures  (Table  1);  these  are  positive  for  O3  but
negative for NO2 and PM10. This trend reflects increased
accumulation  of  O3  in  high  temperatures  likely  due  to
transformation of NO2, due to prolonged high temperatures
in a heatwave event (per Reaction 1 in Section 2.3). The
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O3 peaks during the 2014 London heatwave are attributed
to  the  accelerated  photochemical  reactions  in  the  atmo-
sphere, due to excessive sunlight that acts as the catalyst
for reaction.
It  is  notable  that  a  fall  in  PM10  concentrations

(Fig. 11) coincided with an increase in temperature. PM10
concentrations in urban areas are affected by a number of
factors:  PM10  is  positively  correlated  with  soil  cover,
humidity,  and  vehicular  emissions,  but  negatively
impacted  by  temperature,  wind  speed,  and  atmospheric
stability  (Czernecki  et  al.,  2017;  Kirešová  and  Guzan,
2022).  Higher  temperatures  during  heatwaves  lead  to  a
decrease  in  atmospheric  stability,  which  can  cause  a
reduction  in  PM10  concentrations  due  to  dispersion  and
wind speed. According to the Severe Weather and Natural
Hazards  Framework  published  by  the  Greater  London
Authority,  high temperatures  are likely to  increase PM10
concentrations  during  hot  and  still  air  conditions.
(London  Resilience  Group,  2022).  However,  given  that
both  conditions  need  to  be  present,  we  assume  that
greater  atmospheric  instability  led  to  PM10  dispersing
more  quickly  during  the  London  heatwaves  that  we
examined,  and  therefore  concentrations  of  this  pollutant
fell,  despite  the  warmer  weather.  In  addition,  it  is  worth
mentioning  that  certain  limitations  do  exist  e.g.,  for
London,  we  relied  solely  on  PM10  data  from  a  North
Kensington monitoring site,  which may not be represen-
tative  of  the  whole  city.  Nonetheless,  our  finding
suggests  that  higher  temperatures  do  not  always  lead  to
increased  PM10  concentrations,  particularly  if  they  are
accompanied by strong winds. 

5.2    Deficiencies in Local Authority adaptation plans

Many local authorities have published city-specific adap-
tation plans to respond to and manage risks from heatwaves
and  air  pollution.  For  example,  the  Greater  London
Authority recently published a London-specific framework
to  tackle  severe  weather  and  natural  hazards  due  to
climate  change.  This  framework  covers  the  risks  of
extreme  heat  and  air  pollution  in  terms  of  population
health, utilities, transport, and environment. However, the
plan  shows  insufficient  information  regarding  hazard-
specific  impacts,  case  studies  from  previous  incidents,
and  strategies  to  combat  heat  waves  and  air  pollution
(London Resilience Group, 2022). Newcastle City Council
has  published  a  combined  Net  Zero  Newcastle  Action
Plan  that  includes  both  mitigation  and  adaptation
approaches  for  tackling  climate  change  (Net  Zero
Newcastle  Action  Plan,  2020).  The  plan  considers  heat
waves  among  other  climate  hazards  but  does  not  cover
the impacts of heat waves on air pollution, public health,
or infrastructure. The plan relies on Heat Health Reports
from the UK Meteorological Office for tackling risks due
to  heat  waves.  Given  that  heatwaves  pose  significant
risks  to  the  City  of  Newcastle,  we suggest  that  the  local

authority  should  consider  planning  and  responding  to
extreme temperatures accordingly.
Overall, most of the 30 cities we analyzed lack specific

plans  for  addressing  heat  waves,  urban  drought,  and  air
pollution within their adaptation strategies.  They also do
not  identify  vulnerable  communities  and  critical  assets
within the city, and therefore it is not clear whether adap-
tation  activities  will  seek  to  protect  the  most  important
infrastructures  and  most  deprived  communities.  These
shortcomings apply more generally to a range of climate
threats, as well as to the specific example of increased O3
concentrations  during  periods  of  extreme  heat  that  we
identified in London. Prolonged periods of raised ambient
temperatures on the one hand, and higher levels of tropo-
spheric  ozone  on  the  other,  have  substantial  (and  differ-
ent)  impacts  on  public  health.  Specifically,  heatwaves
increase  the  risks  of  heat  exhaustion  and  heat  stroke,
particularly  among  older  and  very  young  people,  and
those with cardiovascular or renal diseases (Arsad et  al.,
2022).  Although  higher  O3  concentrations  have  health
implications for similar groups of people (particularly the
young), they exacerbate symptoms for those with respira-
tory  illnesses  such  as  asthma,  emphysema,  or  bronchitis
(U.S.  Environmental  Protection  Agency,  2023),  thereby
increasing  the  size  of  the  population  at  risk  of  health
problems.
As  such,  because  heatwaves  often  lead  to  higher  O3

concentrations,  their  combined  impacts  on  vulnerable
groups  and  public  health  systems  will  increase,  along
with mortality rates (Gryparis et al.,  2004). Although O3
concentrations tend to be lower in cities than in the coun-
tryside, levels are increasing in most cities (Sicard et al.,
2020) and the urban heat island effect will exacerbate this
trend  during  the  summer  months.  Yet,  we  found limited
evidence  that  UK  cities  were  considering  the  public
health risks of air pollution as part of their climate adap-
tation  strategy.  We  also  found  a  lack  of  integration
between national policies and local adaptation plans, both
in terms of coping with the increased risks of heatwaves
and  the  potential  impact  of  higher  O3  concentrations  in
cities.  This  may  have  contributed  toward  cities  not
considering how heat and air pollution combined represent
significant risks to human health and is also likely to lead
to ineffective coordination between council planners and
emergency  planners  on  hazard  risk  management  and
adaptation measures. 

6    Conclusions

We  found  that  London  and  Cambridge  exhibited  the
highest  risks  of  air  pollution  hazards  among  the  30  UK
cities  that  were  investigated.  As this  type of  pollution is
further  exacerbated  by  anthropogenic  activities  and
higher  temperatures,  we  conducted  a  study  to  highlight
the  relationship  between  air  pollution  and  heatwaves
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specifically for London. We found significant correlations
between concentrations of O3, NO2, and PM10 on the one
hand, and temperature on the other, in London during the
2014 heatwave (p < 0.001). Specifically, higher tempera-
tures  were  correlated  with  higher  levels  of  O3,  and  with
lower  levels  of  NO2  and  PM10.  We  suggest  that  the
reduction  in  concentrations  of  PM10  during  heat  waves
was due to greater atmospheric instability (which causes
pollutants to disperse more quickly than would otherwise
be the case),  whereas  the drop in  NO2 pollution is  more
likely  to  be  a  result  of  the  photochemical  reactions  that
result in higher levels of tropospheric O3.  More research
is necessary to identify exactly how these variables might
interact,  and  their  concomitant  impact  on  air  pollution
and human, animal and plant health. Notwithstanding this
uncertainty,  higher air  temperatures do not  always result
in  stronger  winds,  and  therefore  we  suggest  that  cities
should  assess  the  extent  to  which  concentrations  of  all
these  pollutants  might  increase  during  spells  of  warm
weather and incorporate these hazards and risks to human
health into their local adaptation plans.
We found that 29 out of our selection of 30 UK cities

have a specific local climate adaptation plan or devote a
section of their climate strategy to the issue of adaptation.
Bristol,  Edinburgh,  London,  Leeds,  Leicester,  Lincoln,
Glasgow,  Cambridge,  Derry,  and  Belfast  City  Councils
have  published  specific  climate  plans  for  adaptation.
Wrexham  county  borough  council  did  not  specify  any
adaptation  strategy  or  risks  associated  with  climate
change  in  its  climate  plan.  There  are  significant  gaps  in
how  these  plans  identify  specific  hazards,  assess  risks,
and  take  account  of  vulnerabilities  and  inclusivity.  In
particular,  our  analysis  of  the  strategies  and  the  data  on
local  pollutants  suggest  that  city  plans  do  not  consider
specific climate change risks related to urban heat and air
pollution.  This  is  even  though,  barring  a  few exceptions
caused by limited data that we excluded from our study,
all  30  cities  are  at  the  risk  of  extreme  temperatures  and
air pollution.
Several cities do consider some of the risks in isolation,

but  without  significant  consideration  of  their  potential
occurrence, frequency, and impact of hazards. In particu-
lar,  none  of  our  30  UK  cities  had  specific  adaptation
plans  for  heatwaves  and  air  pollution.  There  is  a  clear
lack  of  data  across  cities  and  inconsistencies  in  their
adaptation  strategies.  Further  assessments  of  climate
hazards and risks on city level are required to ensure that
cities  are  adapting  to  climate  change  effectively.  Addi-
tionally, we recommend that policymakers raise awareness
of the combined risks to human health that heatwaves and
air  pollution  represent  and  seek  to  integrate  these  twin
risks  into  future  adaptation  and  emergency  management
planning. This would not only involve undertaking more
comprehensive  vulnerability  assessments  (for  example,
identifying  the  populations  most  at  risk  from  heatwaves
and  from poor  air  quality),  but  also  putting  measures  in

place  to  reduce those  risks.  While  we recognize  that  the
public health impacts of climate change and air pollution
will be most keenly felt at the local level, this applies as
much to national as to municipal governments, particularly
in  countries  where  local  authorities  rely  heavily  on
central funding.
Within this study, the boundary conditions were set by

the current extent of the cities in terms of their  adminis-
trative boundaries; and limited to the snapshot of the time
of the study. Vulnerabilities and exposures change as city
footprints  grow  and  contract,  and  new  technologies  and
management strategies are introduced. At the same time,
the  decision-making  context  is  also  dynamic,  as  policy-
makers  prioritise  different  issues  and  become  aware  of
emerging  risks  and  opportunities  from  new  data  and
evidence.  We  welcome  future  research  to  paint  a  more
comprehensive  understanding  of  a  greater  number  of
cities,  over  a  longer  time  frame.  This  includes  new
approaches  in  assessing,  quantifying,  and  understanding
of their adaptive capacity, which can lead to more robust
management strategies in the future. 

Acknowledgements    This  analysis  was  made  possible  through  data  sets
retrieved from European Commission (Eurostat),  Department for Environ-
ment,  Food  and  Rural  Affairs  (DEFRA),  Met  Office,  UK  City  Councils,
and Office of National Statistics (ONS). We want to thank the 30 cities that
provided their climate change strategy documents and adaptation plans, and
data  sets  for  our  analysis.  Our  thanks  go  to  Dr.  Craig  Robson  (Newcastle
University),  who  has  helped  us  with  the  map  and  illustrations.  We  also
want  to  thank  the  three  reviewers  for  their  detailed  and  constructive
comments that have helped us to improve the paper. 

Electronic Supplementary Material    Supplementary material is available
in  the  online  version  of  this  article  at  https://doi.org/10.1007/s42524-025-
4029-y and is accessible for authorized users. 

Open Access    This article is licensed under a Creative Commons Attribution
4.0 International License, which permits use, sharing, adaptation, distribution
and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made.
The images or other third party material in this article are included in the

article’s  Creative Commons licence,  unless  indicated otherwise in a  credit
line  to  the  material.  If  material  is  not  included  in  the  article’s  Creative
Commons licence and your intended use is not permitted by statutory regu-
lation  or  exceeds  the  permitted  use,  you  will  need  to  obtain  permission
directly  from  the  copyright  holder.  To  view  a  copy  of  this  licence,  visit
http://creativecommons.org/licenses/by/4.0/. 

Competing  Interests    The  authors  declare  that  they  have  no  competing
interests.

References  

 Adger W N, Brown I, Surminski S (2018). Advances in risk assessment
for  climate  change  adaptation  policy.  Philosophical  Transactions  -
Royal  Society. Mathematical,  Physical,  and  Engineering  Sciences,
376(2121): 20180106

 Arsad  F  S,  Hod  R,  Ahmad  N,  Ismail  R,  Mohamed  N,  Baharom  M,

Shefali CHAUHAN et al.  Climate hazards and adaptation in UK cities 15

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.1098/rsta.2018.0106
https://doi.org/10.3390/ijerph192316356


Osman Y, Radi M F M, Tangang F (2022). The impact of heatwaves
on mortality and morbidity and the associated vulnerability factors:
A  systematic  review.  International  Journal  of  Environmental
Research and Public Health, 19(23): 16356–16378

 Ballester,  J,  Quijal-Zamorano,  M,  Méndez  Turrubiates,  R  F,  Pege-
naute,  F,  Herrmann,  F  R,  Robine,  J  M,  Basagaña,  X,  Tonne,  C,
Antó, J M, & Achebak, H (2023). Heat-related mortality in Europe
during the summer of 2022. Nature Medicine, 29(7): 1857–1866

 Berrang-Ford  L,  Pearce  T,  Ford  J  D  (2015).  Systematic  review
approaches for climate change adaptation research. Regional Envi-
ronmental Change, 15(5): 755–769

 Bozeman J F III, Chopra S S, James P, Muhammad S, Cai H, Tong K,
Carrasquillo M, Rickenbacker H, Nock D, Ashton W, Heidrich O,
Derrible  S,  Bilec  M  (2023).  Three  research  priorities  for  just  and
sustainable  urban  systems:  Now is  the  time  to  refocus.  Journal  of
Industrial Ecology, 27(2): 382–394

 Butt T, Mohareb E, Egbor K, Hashemi A, Heidrich O (2022). Analysis
of  greenhouse  gas  mitigation  performance  in  UK  urban  areas.
Carbon Management, 13(1): 463–481

 Buzási A, Simoes S G, Salvia M, Eckersley P, Geneletti D, Pietrapertosa
F,  Olazabal  M,  Wejs  A,  De  Gregorio  Hurtado  S,  Spyridaki  N  A,
Szalmáné Csete M, Torres E F, Rižnar K, Heidrich O, Grafakos S,
Reckien  D  (2024).  European  patterns  of  local  adaptation  plan-
ning—A regional analysis. Regional Environmental Change, 24(2):
59

 Committee  on Climate  Change (CCC) (2017). Committee  on Climate
Change.  UK  Climate  Change  Risk  Assessment.  UKCCRA  2017.
Available at: CCC 2017

 Committee  on Climate  Change (CCC) (2021). Committee  on Climate
Change.  Independent  Assessment  of  UK Climate  Risk.  UKCCRA
2021. Available at: CCC 2021

 Committee  on Climate  Change (CCC) (2023). Committee  on Climate
Change  Progress  in  adapting  to  climate  change  2023  Report  to
Parliament. London, UK. Available at: CCC 2023

 City of Bradford Council (2021). Air quality Data. Available at: Bradford
Data

 City  of  Lincoln  Council  (2022).  Air  Quality  Data.  Available  at  the
website of lincoln.gov.uk

 City  of  Wolverhampton  Council  (2022). Air  Quality  Data. Available
at: Wolverhampton Data

 Czernecki B, Półrolniczak M, Kolendowicz L, Marosz M, Kendzierski
S,  Pilguj  N  (2017).  Influence  of  the  atmospheric  conditions  on
PM10  concentrations  in  Poznań,  Poland.  Journal  of  Atmospheric
Chemistry, 74(1): 115–139

 Davoudi  S,  Mehmood  A,  Brooks  L  (2010).  The  London  climate
change adaptation strategy: Gap analysis based on work carried out
for  the  ARCADIA  project  (Adaptation  and  Resilience  In  Cities:
Analysis  and  decision-making  using  integrated  assessment)  Elec-
tronic Working Paper No. 44

 Dawson  R,  Wyckmans  A,  Heidrich  O,  Köhler  J,  Dobson  S,  Feliu  E
(2014). Understanding Cities: Advances in integrated assessment of
urban  sustainability.  Centre  for  Earth  Systems  Engineering
Research (CESER). Available at the website of ncl.ac.uk

 DEFRA (2019). Department for Environment, Food and Rural Affairs.
Data  Archive-  Defra,  UK.  Available  at:  https://uk-air.defra.gov.
uk/data/

 Doherty  R  M,  Heal  M  R,  Wilkinson  P,  Pattenden  S,  Vieno  M,
Armstrong  B,  Atkinson  R,  Chalabi  Z,  Kovats  S,  Milojevic  A,
Stevenson D S (2009). Current and future climate- and air pollution-
mediated impacts on human health. Environmental Health, 8(Suppl
1): S8

 Emmanuel  R,  Krüger  E  (2012). Urban  heat  island  and  its  impact  on
climate change resilience in a shrinking city: The case of Glasgow,
UK. Building and Environment, 53: 137–149

 European Local Climate Plans (EURO LCPs) (2020). Available at the
website of easy.dans.knaw.nl

 Eurostat  (2007).  Urban  audit  reference  guide-  Data  2003–2004.
Luxembourg. Available at: Eurostat Guide

 Eurostat  (2010).  European  Regional  and  Urban  Statistics  Reference
Guide. Luxembourg. Available at: Eurostat Reference

 Eurostat  (2019).  Database  -  Eurostat.  Available  at  the  website  of
ec.europa.eu

 Gasper R, Blohm A, Ruth M (2011). Social and economic impacts of
climate change on the urban environment. Current Opinion in Envi-
ronmental Sustainability, 3(3): 150–157

 Global Air Quality Guidelines WHO (2021). Particulate matter, ozone,
nitrogen  dioxide,  sulphur  dioxide  and  carbon  monoxide.  Geneva:
World Health Organisation. Available at the website of WHO

 Gravesham Borough Council (2022). Air quality data. Available at the
website of gravesham.gov.uk

 Gryparis  A,  Forsberg  B,  Katsouyanni  K,  Analitis  A,  Touloumi  G,
Schwartz J, Samoli E, Medina S, Anderson H R, Niciu E M, Wich-
mann H E, Kriz B, Kosnik M, Skorkovsky J, Vonk J M, Dörtbudak
Z  (2004).  Acute  effects  of  ozone  on  mortality  from  air  pollution
and  health.  American  Journal  of  Respiratory  and  Critical  Care
Medicine, 170(10): 1080–1087

 Guerreiro S B, Dawson R J, Kilsby C, Lewis E, Ford A (2018). Future
heat-waves,  droughts  and  floods  in  571  European  cities. Environ-
mental Research Letters, 13(3): 034009

 Heidrich O,  Reckien D, Olazabal  M, Foley A, Salvia M, de Gregorio
Hurtado S, Orru H, Flacke J, Geneletti D, Pietrapertosa F, Hamann
J J P, Tiwary A, Feliu E, Dawson R J (2016). National climate policies
across  Europe  and  their  impacts  on  cities  strategies.  Journal  of
Environmental Management, 168: 36–45

 Howarth C, Brooks K (2017). Decision-making and building resilience
to  nexus  shocks  locally:  Exploring  flooding  and  heatwaves  in  the
UK. Sustainability, 9(5): 838

 IPCC Climate Change (2022). Impacts, Adaptation, and Vulnerability.
Contribution of Working Group II to the Sixth Assessment Report
of  the  Intergovernmental  Panel  on  Climate  Change  Cambridge
University Press

 IPCC  (2023a). Climate  Change  2023:  Synthesis  Report.  Contribution
of Working Groups I, II and III to the Sixth Assessment Report of
the  Intergovernmental  Panel  on  Climate  Change  IPCC,  Geneva,
Switzerland, 35–115

 IPCC  (2023b).  Annex  I:  Glossary  [Reisinger,  A.,  Cammarano,  D.,
Fischlin,  A.,  Fuglestvedt,  J.  S.,  Hansen,  G.,  Jung,  Y.,  Ludden,  C.,
Masson-Delmotte,  V.,  Matthews,  R.,  Mintenbeck,  J.  B.  K.,
Orendain,  D.  J.,  Pirani,  A.,  Poloczanska,  E.,  &  Romero,  J.  (eds.)]
In: Climate Change 2023: Synthesis Report. Contribution of Working
Groups I, II and III to the Sixth. IPCC Glossary

 Kalisa  E,  Fadlallah  S,  Amani  M,  Nahayo  L,  Habiyaremye  G  (2018).

16 Front. Eng. Manag.

https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.3390/ijerph192316356
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1038/s41591-023-02419-z
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1007/s10113-014-0708-7
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1111/jiec.13360
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1080/17583004.2022.2120418
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10113-024-02211-w
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1007/s10874-016-9345-5
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1186/1476-069X-8-S1-S8
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.buildenv.2012.01.020
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1016/j.cosust.2010.12.009
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1164/rccm.200403-333OC
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1088/1748-9326/aaaad3
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.1016/j.jenvman.2015.11.043
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.3390/su9050838
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033


Temperature  and  air  pollution  relationship  during  heatwaves  in
Birmingham, UK. Sustainable Cities and Society, 43: 111–120

 Kamara  J  M,  Heidrich  O,  Tafaro  V  E,  Maltese  S,  Dejaco  M  C,  Re
Cecconi F (2020). Change factors and the adaptability of buildings.
Sustainability, 12(16): 6585

 Kirešová  S,  Guzan  M  (2022).  Determining  the  correlation  between
particulate  matter  PM10  and  meteorological  factors.  Engineering,
3(3): 343–363

 London Resilience Group (2022). Severe Weather and Natural Hazards
Framework.  Version  2.3.  UK  Health  Security  Agency.  London.
London Resilience Group Report

 Magnan  A  K,  Schipper  E  L  F,  Duvat  V  K  E  (2020).  Frontiers  in
climate  change adaptation  science:  advancing  guidelines  to  design
adaptation  pathways.  Current  Climate  Change  Reports,  6(4):
166–177

 Mendizabal M, Feliu E, Tapia C, Rajaeifar M A, Tiwary A, Sepúlveda
J,  Heidrich  O  (2021).  Triggers  of  change  to  achieve  sustainable,
resilient,  and  adaptive  cities.  City  and  Environment  Interactions,
12: 100071

 Met Office (2022). UK climate averages. Met Office. Available at the
website of metoffice.gov.uk

 Net  Zero  Newcastle  Action  Plan  (2020).  Our  Newcastle  Our  Future.
Newcastle  City  Council,  Newcastle  upon  Tyne.  Newcastle  Action
Plan

 OECD (2009). Policy guidance on integrating climate change adaptation
into  development  co-operation',  Organisation  for  Economic  Coop-
eration  and  Development  (OECD),  Paris.  Available  at:
https://www.oecd.org/env/cc/44887764.pdf.

 Office for National Statistics (2021). National Population Projections -
Office  for  National  Statistics.  Available  at  the  website  of
ons.gov.uk

 Office  for  National  Statistics  (2023).  Standard  Area  Measurements
(2023)  User  Guide.  Available  at  the  website  of  geoportal.
statistics.gov.uk

 Reckien D, Buzasi A, Olazabal M, Spyridaki NA, Eckersley P, Simoes
S  G,  Salvia  M,  Pietrapertosa  F,  Fokaides  P,  Goonesekera  S  M,
Tardieu  L  (2023). Quality  of  urban  climate  adaptation  plans  over
time. npj Urban Sustainability, 3(1): 1–14

 Reckien  D,  Salvia  M,  Pietrapertosa  F,  Simoes  SG,  Olazabal  M,  De
Gregorio Hurtado S, Geneletti  D, Krkoška Lorencová E, D’alonzo
V, Krook-Riekkola A, Fokaides PA (2019). Dedicated versus main-
streaming approaches in local climate plans in Europe. Renewable
& Sustainable Energy Reviews, 112: 948–959

 Roggero M, Gotgelf A, Eisenack K (2023). Co-benefits as a rationale
and  co-benefits  as  a  factor  for  urban  climate  action:  linking  air
quality  and  emission  reductions  in  Moscow,  Paris,  and  Montreal.
Climatic Change, 176(12): 179

 Sanchez-Rodriguez  R  (2009). Learning  to  adapt  to  climate  change  in

urban  areas.  A  review of  recent  contributions. Current  Opinion  in
Environmental Sustainability, 1(2): 201–206

 Sicard  P,  Paoletti  E,  Agathokleous  E,  Araminienė  V,  Proietti  C,
Coulibaly F,  De Marco A (2020). Ozone weekend effect  in  cities:
Deep  insights  for  urban  air  pollution  control.  Environmental
Research, 191: 110193

 Smid M, Costa A C (2018). Climate projections and downscaling tech-
niques: a discussion for impact studies in urban systems. International
Journal of Urban Sciences, 22(3): 277–307

 Stevenage Borough Council (2022). Air Quality Data. Available at the
website of stevenage.gov.uk

 Susca  T,  Pomponi  F  (2020).  Heat  island  effects  in  urban  life  cycle
assessment: Novel insights to include the effects of the urban heat
island  and  UHI-mitigation  measures  in  LCA  for  effective  policy
making. Journal of Industrial Ecology, 24(2): 410–423

 The National Adaptation Programme (2018). The National Adaptation
Programme and the Third Strategy for Climate Adaptation Reporting
Making the country resilient to a changing climate. Available at the
website of assets.publishing.service.gov.uk

 UK  Government  (2008).  Climate  Change  Act  2008. Available  at  the
website of legislation.gov.uk

 UK Government (2023). UK greenhouse gas emissions: local authority
and regional. Available at the website of data.gov.uk

 U.S.  Environmental  Protection  Agency  (EPA)  (2023). Health  Effects
of Ozone Pollution. Available at the website of EPA

 Walsh  C  L,  Glendinning  S,  Dawson  R  J,  O’Brien  P,  Heidrich  O,
Rogers C D F, Bryson J R, Purnell P (2022). A systems framework
for  infrastructure  business  models  for  resilient  and  sustainable
urban areas. Frontiers in Sustainable Cities, 4: 825801

 Wilby  R  L  (2003). Past  and  projected  trends  in  London’s  urban  heat
island. Weather, 58(7): 251–260

 Wilby  R  L  (2007). A  review  of  climate  change  impacts  on  the  built
environment. Built Environment, 33(1): 31–45

 Wilby R L (2008). Constructing climate change scenarios of urban heat
island intensity and air quality. Environment and Planning. B, Plan-
ning & Design, 35(5): 902–919

 Wilby  R  L,  Dessai  S  (2010).  Robust  adaptation  to  climate  change.
Weather, 65(7): 180–185

 Williams M (2012). Tackling climate change: What is the impact on air
pollution? Carbon Management, 3(5): 511–519

 Wolf T, McGregor G (2013). The development of a heat wave vulnera-
bility  index  for  London,  United  Kingdom.  Weather  and  Climate
Extremes, 1: 59–68

 Worcestershire Regulatory Services (2022). Air Quality Data. Available
at the website of worcsregservices.gov.uk

 Zaidi R Z, Pelling M (2015). Institutionally configured risk: Assessing
urban  resilience  and  disaster  risk  reduction  to  heat  wave  risk  in
London. Urban Studies, 52(7): 1218–1233

Shefali CHAUHAN et al.  Climate hazards and adaptation in UK cities 17

https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.1016/j.scs.2018.08.033
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/su12166585
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.3390/eng3030025
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1007/s40641-020-00166-8
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1016/j.cacint.2021.100071
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1038/s42949-023-00085-1
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1016/j.rser.2019.05.014
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1007/s10584-023-03662-6
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.cosust.2009.10.005
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1016/j.envres.2020.110193
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1080/12265934.2017.1409132
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.1111/jiec.12980
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.3389/frsc.2022.825801
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.1256/wea.183.02
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.2148/benv.33.1.31
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1068/b33066t
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.1002/wea.543
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.4155/cmt.12.49
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1016/j.wace.2013.07.004
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957
https://doi.org/10.1177/0042098013510957

