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Urban dwellers worldwide are increasingly affected by more frequent and intense extreme temperature events,
ongoing urbanization, and changes in socioeconomic conditions. Decades of research have shown that vulnera-
bility is a crucial determinant of heat-related risk and mortality in cities, yet assessments of future urban heat-
related challenges have largely overlooked the contribution of changes in socioeconomic conditions to future
heat-related risk andmortality. The scenario framework for climate change research, made up of socioeconomic
scenarios (Shared Socioeconomic Pathways – SSPs) combinedwith climate scenarios (Representative Concentra-
tion Pathways – RCPs), facilitates the integration of socioeconomic scenarios into climate risks assessments. In
this study, we used Greater Houston (Texas) as a case study to implement the scenario framework at the
intra-urban scale. Integrating locally extended SSPs along with a range of sectoral modelling approaches, we
combined projections of urban extreme heat –which account for SSP-specific urban heat islands –with projec-
tions of future population and vulnerability. We then produced estimates of future heat-related risk and mortal-
ity for 2041–2060 (2050s) summers at Census tract level, for multiple combinations of climate and
socioeconomic scenarios. Using a scenariomatrix,we showed that the projected ~15,738—24,521 future summer
excess mortalities compared to 1991–2010 are essentially driven by population growth and changes in vulnera-
bility, with changes in climatic conditions alone being of little influence. We outline methods to apply the new
scenario framework at intra-urban scale and to better characterize the contribution of socioeconomic pathways
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to future urban climate risks. This socio-climatic approach provides comprehensive estimates of future climate
risks in urban areas, which are essential for adaptation planning under climatic and socioeconomic uncertainty.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Extreme heat is a major cause of weather-related mortality world-
wide (Hales et al., 2014; Guo et al., 2017). This is particularly the case
in urban areas, where people and assets are concentrated (Romero-
Lankao et al., 2012) and where extreme heat is further exacerbated by
the characteristics of the built environment (Brazel et al., 2007; Ward
et al., 2016; Li et al., 2017). Several studies have shown that heat-
related deaths are unevenly distributed among the urban population,
with a number of vulnerable groups being disproportionally impacted
by extremeheat, such as elderly, low-incomehouseholds, ethnicminor-
ities, socially isolated persons, low-educated communities, and those
with pre-existing medical conditions (e.g., Reid et al., 2009; Wilhelmi
and Hayden, 2010; Uejio et al., 2011).

Climate change will exacerbate extreme heat conditions worldwide
(Mora et al., 2017), including in the United States (Zobel et al., 2017;
Oleson et al., 2018). Themetropolitan area of Houston, Texas (hereafter
Greater Houston) is no exception; recent research suggests that climate
changewill lead to a large increase in high heat stress days andnights by
the middle of twenty first century, in both urban and surrounding rural
areas (Oleson et al., 2013). Greater Houston is particularly exposed to
extreme heat events due to its (i) subtropical climate (warm and
humid), (ii) rapidly increasing temperatures (Papalexiou et al., 2018),
and (iii) intensifying urban heat island (UHI) (Zhou et al., 2014), alto-
gether causing excess in mortality every summer among the most vul-
nerable groups (Heaton et al., 2014; Zhang et al., 2015; Chien et al.,
2016). In addition to changes in climatic conditions, Greater Houston
is also facing drastic changes in socioeconomic conditions; it is one of
the fastest growing metropolitan area of the country as well as one of
the most increasingly diverse (Emerson et al., 2012). At the same
time, the population is ageing as baby boomers enter into their senior
years (HCAAA, 2016) and the social fabric is being transformed, with
the growing income inequality, shrinking of the middle class, growing
racial generation gap, increasing ethnic diversity in suburban areas,
expanding urbanization, and increasing levels of education
(PolicyLink, 2013). These trends will undoubtedly affect the future spa-
tial distribution, characteristics, and size of the heat-vulnerable groups
(Marsha et al., 2018) and will alter the future urban thermal character-
istics – which in turn will influence future urban heat hazard (Conlon
et al., 2016). Therefore, in order to better characterize future heat-
related challenges in urban areas– such as inGreaterHouston – it is cru-
cial to explore how changes in both socioeconomic and climatic condi-
tions will shape future patterns of vulnerability, heat hazard, and
consequential mortality.

Up until recently, the vast majority of assessments of future climate
risks – including heat risk – were based on future climatic conditions
superimposed on current socioeconomic characteristics (Preston et al.,
2011; Birkmann et al., 2013), hence failing to account for the contribu-
tion of changes in the social fabric to future climate risks. This is partic-
ularly problematic in that it introduces a systematic bias into climate-
related health management decisions (Ebi et al., 2016). Employing the
scenario framework for climate change research (Ebi et al., 2013) –
made up of climate scenarios (Representative Concentration Pathways
– RCPs (van Vuuren et al., 2011)) and socioeconomic scenarios (Shared
Socioeconomic Pathways – SSPs (O'Neill et al., 2017)) – a growing num-
ber of IAV (Impacts, Adaptation, and Vulnerability) studies has
attempted to address this shortcoming and has successfully considered
future socioeconomic conditions when assessing future heat-related
risk and mortality (e.g., Dong et al., 2015; Chen et al., 2017; Liu et al.,
2017; Anderson et al., 2018; Asefi-Najafabady et al., 2018; Jones et al.,
2018; Marsha et al., 2018; Rohat et al., 2019a, 2019b). Nevertheless, a
number of methodological challenges remain to be tackled. First, most
of the existing studies have focused on the global or regional scale
(e.g., Jones et al., 2018; Russo et al., 2019), with very few studies being
conducted at the local scale (e.g., Lee et al., 2018; Marsha et al., 2018;
Rohat et al., 2019a), amongwhichnone is spatially explicit or conducted
at the intra-urban scale. Second, the few local studies relied on the
global SSPs only and thus were unable to fully account for the local con-
text of socioeconomic development. Third, most of the existing assess-
ments have focused on population exposure – that is, accounting for
demographic growth only – and have neglected future vulnerability
(see review in Rohat, 2018), although a few exceptionsmust be pointed
out (Marsha et al., 2018; Rohat et al., 2019b). Finally, none of the
existing assessments of future heat risk has accounted for the feedback
of socioeconomic development on extreme heat hazard, such as the in-
fluence of urbanization type and land use change on future extreme
heat through the intensification of the UHI.

In this paper, we aim to tackle the aforementioned issues and to ad-
dress specific challenges linked to (i) the extension of the global SSPs'
narratives at the urban scale, (ii) the projection of the wide range of
drivers of vulnerability at the intra-urban scale – under different local
socioeconomic scenarios – that are consistent with both the local and
national scales, (iii) the consideration of the feedback of local socioeco-
nomic development trends on intra-urban climatic conditions, and (iv)
the local integration of socioeconomic, climatic, and feedback compo-
nents within the scenario matrix. Using the case study of Greater Hous-
ton, this study advances the implementation and applicability of the
new scenario framework at the intra-urban scale, which is crucial to fos-
ter the integration of socioeconomic trends into urban-scale climate
risks assessments and to, in turn, provide more comprehensive
climate-related risk and mortality projections.

2. Methods

Wedeveloped and applied amethodological framework (Fig. 1) that
combines socioeconomic and climatic dimensions in order to provide
comprehensive projections of future heat-related mortalities in Greater
Houston. This framework establishes permanent links between local
and global scales, which are crucial to ensure both the relevance of the
projections at the local scale and their consistency within a broader na-
tional and international context. The sectoral modelling of socioeco-
nomic projections and the urban climate modelling required a wide
range of datasets, originating from various sources (Table 1).

2.1. Spatial extent and scale

We defined our spatial extent as Greater Houston, which includes
Harris County – in which the City of Houston is located – and its seven
neighboring Counties (Fig. 2). This spatial extent is consistent with the
scale at which regional development organizations (e.g., The Houston-
Galveston Area Council – H-GAC) operate. We employed a 1 km spatial
grid across this extent to explore future urban heat hazard, and Census
tracts to explore future patterns of heat-related vulnerability and
mortality.

2.2. Extension of the global SSPs for Greater Houston

The SSPs are global (O'Neill et al., 2017) and should be regionally and
locally extended – i.e., contextualized (Kriegler et al., 2012) – to increase
their suitability for regional studies (vanRuijven et al., 2013). A growing



Fig. 1.Methodological framework of the study. Yellow boxes indicates preexisting data and inputs (shading represents the geographical scale, from global (light) to local (dark) scale),
black boxes indicate modelling performed in this study, and blue boxes indicate data and outputs that we produced. The “sectoral modelling” box is detailed in Fig. 3. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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number of studies have developed extended SSPs for specific regions,
e.g., the Mediterranean coast (Reimann et al., 2018), the Barents region
(Nilsson et al., 2017), West Africa (Palazzo et al., 2017), Tokyo (Kamei
et al., 2016), Europe (Rohat et al., 2018; Kok et al., 2019), Boston (Lino
et al., 2019), and the US Southeast (Absar and Preston, 2015). Although
regional extensions of the SSPs are mainly stand-alone publications, we
consider as critical to include the scenario development step in this
paper in order to provide a comprehensive and complete approach to
Table 1
Datasets (and sources) employed to project future socioeconomic and climatic conditions
across Greater Houston.

Dataset Purpose Source

Population by age, sex, and
race/ethnicity

Demographic
projections

US Censuses 2000 and 2010

County-level population
projections under the SSPs

Demographic
projections

Hauer (2019)

Number of households Classification of
census tracts types

US Census 2010

Households' living
arrangements

Social isolation
projections

US Census 2010

Median income Poverty projections US Census 2010
Persons in poverty Poverty projections US Census 2010
GDP projections at State level
under the SSPs

Poverty projections Absar and Preston (2015)

Construction year of housing
units

AC prevalence
projections

US Census 2010

Prevalence of AC AC prevalence
projections

Harris County Appraisal
District

Spatial population
projections at 1 km scale

Land use
projections

Gao (2017)

Global urban fraction
projections

Land use
projections

Gao and O'Neill (2019)

Land use at parcel-level for
Greater Houston

Land use
projections

Houston-Galveston Area
Council

Land use at national scale Land use
projections

National Land Cover
Database

Hourly meteorological
forcing data

Urban climate
projections

North American Land
Assimilation System phase 2

Regional climate projections Urban climate
projections

North American CORDEX
assess future climate risks in urban areas under multiple plausible fu-
tures (that is, from the design of the scenarios to the assessment of fu-
ture climate impacts).

Existingmethods to develop extended SSPs fall into three broad cat-
egories: (1) scenario development based on a highly participatory pro-
cesswith a strong bottom-up approach (e.g., Nilsson et al., 2017; Palazzo
et al., 2017); (2) scenario development based on review of historical
trends and existing scenarios, with no stakeholders or local experts in-
volved (e.g., Absar and Preston, 2015; Mogollón et al., 2018; Reimann
et al., 2018); and (3) a mix of the two above approaches, with scenario
development based on review of historical trends and existing scenar-
ios, and subsequently refined through an iterative process with key
local experts using individual interviews and/or questionnaires (e.g.,
Kamei et al., 2016; Kok et al., 2019). In this study, we employed the lat-
ter approach to develop extended SSPs for Greater Houston (hereafter
H-SSPs) for the 2050s. The mid-century time-horizon is aligned with
the vast majority of existing development plans and scenarios in Hous-
ton and in Texas (e.g., City of Houston, 2018; H-GAC, 2018;
Lieberknecht, 2018; WHA, 2018).

InformedbyGreater Houston's specific socioeconomic characteristics,
historical trends, local development plans (e.g., City of Houston, 2018; H-
GAC, 2018; Lieberknecht, 2018;WHA, 2018), and existing extended SSPs
for the US Southeast (Absar and Preston, 2015), we extended four global
SSPs – SSP1, SSP2, SSP3, and SSP5 – to Greater Houston for the 2050s and
contextualized them for heat-related health challenges. We did not ex-
tend SSP4 because we largely relied on the four existing extended SSPs
for US Southeast, which omitted SSP4 due to its low plausibility in devel-
oped countries such as the US. It is worth noting that a few specific as-
pects of the H-SSPs were found to diverge from the underlying global
SSPs.We viewed these discrepancies as inevitable to ensure the local rel-
evance and the internal consistency of theH-SSPs. For instance, while the
social policies and capital increase globally under SSP5, we found them to
be static under H-SSP5, due to the business-oriented focus of the local
government depicted under this scenario.

After having produced a first set of detailed narratives along with a
synthesized table of trends, we engaged with local stakeholders to re-
fine the scenarios and to create an ownership of the H-SSPs, which is



Fig. 2. Geographical extent of Greater Houston, its 8 Counties and its 1067 Census tracts, and the spatial extent of the City of Houston.
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crucial to ensure their saliency and legitimacy. We followed the step-
wise approach suggested by Knol et al. (2010) and performed a trans-
parent elicitation process in which we obtained feedbacks from 20
local stakeholders through an online survey (Text S1) with questions
about the local relevance, pertinence, and internal consistency of the
scenarios. Study participantswere identified based on their professional
experience on exploring current and future socioeconomic and urban-
related patterns of development in Greater Houston. In particularly,
we identified (i) generalists, i.e., those who have a multidisciplinary ex-
perience in the development of future socioeconomic trends and sce-
narios for Greater Houston, (ii) subject-matter experts, i.e., those who
have a professional expertise of future trends and development in a
given field, such as demography, urban planning, economy, and (iii)
normative experts, i.e., thosewho have practical experience and knowl-
edge about the socioeconomic dynamics and the environmental-related
health issues in Houston area, but do not have extensive experience in
future planning. The expert list was created through the review of
peer-reviewed literature, grey literature (local, state and regional gov-
ernment reports), online documents, and websites of organizations op-
erating in Greater Houston. Some experts/stakeholders were
participants in previous stakeholder workshops on heat and health
(Wilhelmi and Hayden, 2016). Out of the 78 invited experts, 20 filled
the online survey. They represent the City of Houston, Harris County, re-
gional government, regional organizations, NGOs, and academia, with
various expertise in public health, demography, socioeconomic model-
ling, transportation planning, health equity, emergency management,
and urban planning. Using the individual and aggregated results of the
online survey (Fig. S1), we subsequently revised the narratives and
the table of qualitative trends to produce the final set of H-SSP narra-
tives (Appendix A) and trends (Table 2). The individual, qualitative sug-
gestions (which are bound to a confidentiality agreement) on ways to
improve both the consistency and policy-relevance of the scenarios
proved to be the most useful to revise the scenarios' narratives.

It is worth mentioning that 40% of the stakeholders considered that
one (or several) policy-relevant scenarios were missing from the origi-
nal set of H-SSPs. Nevertheless, the majority of stakeholders (80–90%)
considered the H-SSPs to be policy-relevant (Fig. S1). We therefore de-
cided not build other scenarios outside of the SSP framework, in order to
restrain the number of scenarios and to anchor this study within the
global SSP-RCP framework.

2.3. Heat risk model

We employed the statistical model of Heaton et al. (2014) to project
future risk of heat-related summer (June–August) mortality in Greater
Houston. Using historical heat-related non-accidental summer mortality
records and a spatially varying coefficientmodel with awide range of cli-
matic and socioeconomic variables at the Census block group level,
Heaton et al. (2014) found (i) the risk of non-accidental summermortal-
ity to bemost strongly correlated with age, social isolation, air condition-
ing prevalence, ethnicity, and poverty (see Table S1) and (ii) the daily
minimum temperature to be themost strongly correlated heat hazard in-
dicator. The latter suggests that nighttime cooling is an important factor
in modulating heat-related mortality, as indicated by a number of other
studies (e.g., Kovats and Hajat, 2008). Based on these findings, Heaton
et al. (2014) developed a statistical regression model that correlates the
risk of non-accidental summer mortality to the aforementioned predic-
tive variables (see full description of the model in Heaton et al. (2014)).

We projected future relative risk of heat-related mortality for each
Census tract of Greater Houston, under a given set of climatic and socio-
economic conditions, that is, under different combinations of RCPs and
H-SSPs. We then combined the predictive relative risk of each Census



Table 2
Qualitative trends for a number of elements under the four extended SSPs for Greater Houston (H-SSPs). “++” is high increase, “+” is moderate increase, “=” is static, “−” is moderate
decrease, and “− −” is high decrease, compared to current conditions.

Element H-SSP1: sustainable density H-SSP2: middle of the road H-SSP3: Economic slowdown H-SSP5: pro-business

Population growth + + − ++
Immigration (from outside US) + + − − ++
Racial/ethnic diversity ++ ++ + ++
Population ageing + + ++ =
Economic growth + + − ++
Economic inequalities − − = + −
Sustainable consumption ++ = = −
Technology development ++ + − ++
Urban vertical development ++ + = =
Urban sprawling − − + + ++
Biodiversity conservation + = − − −
Societal cohesion ++ − = −
Social policies ++ = − =
Marginalized communities − + + =
Access to affordable air conditioning ++ = − +
Access to affordable education ++ = − +
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tract with its population count (under a given H-SSP) to project the
number of heat-related mortalities. Uncertainty in the heat-related
mortality model parameters was accounted for by simulating mortality
counts for each draw from the posterior distribution of the model pa-
rameters (see Heaton et al., 2014), yielding an ensemble of posterior
predictive draws of mortalities. These were then averaged (yearly)
and the interquartile range (IQR) of the posterior distribution for the
total yearly (mean) projected number of mortalities was used to define
uncertainty bounds.

2.4. Sectoral modelling of socioeconomic projections

The scarcity of SSP-consistent socioeconomic projections at the local
scale and the paucity of methods to project drivers of vulnerability are a
Fig. 3. Sectoral modelling of the drivers of vulnerability. Yellow boxes indicate secondary and
output variables that we produced. (For interpretation of the references to colour in this figure
major barrier to the integration of future socioeconomic conditions in
local climate risks assessments (Rohat, 2018). We developed and ap-
plied a number of easy-to-implement sectoral modelling approaches
(synthesized in Fig. 3) to project the predictive variables of heat risk
under each H-SSP, at the Census tract level, for the year 2050. Each ap-
proach is briefly described next, with detailed modelling in supplemen-
tary material (Text S2-S13).

2.4.1. Demographic projections
We employed the Hamilton-Perry method (Swanson et al., 2010)

to project population and age structure at the Census tract level. This
method is a fairly common alternative to the cohort-component
method (Hauer, 2019) and only requires population counts by co-
horts at two different time steps (e.g. the two most recent Census
primary input data, black boxes indicate modelling components, and blue boxes indicate
legend, the reader is referred to the web version of this article.)
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counts), hence making it an appropriate approach for demographic
projections at the Census tract level. Noteworthy, this method
should be accompanied with controlling factors (e.g., controlled by
independent projections made at a higher spatial resolution) and
limiting factors (maximum and minimum values of annual popula-
tion growth/decline) to avoid unrealistically high (low) projections
in rapidly growing (declining) places and in small-size cohorts
(Hardy and Hauer, 2018).

We first applied the Hamilton-Perry method with the two most re-
cent US decadal Censuses, 2000 and 2010 – whose boundaries are nor-
malized beforehand using the Longitudinal Tract Database's conversion
tool (Logan et al., 2014) – to project future decadal population counts in
each Census tract for different age-sex cohorts (see Text S2).

Second, to account for the different spatial patterns of population
growth depicted under the H-SSPs, we (i) classified the Census tracts
into three different types – namely urban, suburban, and rural (Kolko,
2015a; Ybarra, 2017; see Text S3) – and (ii) subsequently applied a
rescaling (which retains the demographic structure, i.e., the distribution
of age-sex cohorts) with H-SSP- and Census tract type-specific limits of
annual population growth over the period 2010–2050 in order to ac-
count for the H-SSP-specific assumptions of spatial development (see
Text S3). As an example, limits of population growth in urban and
rural Census tracts are set high and low respectively under H-SSP1
(which depicts a highly densified city, hence high population growth
in urban areas and low growth in rural areas), and oppositely under
H-SSP5 (which depicts a highly sprawling city).

Third, to ensure the consistency of the resulting age-sex cohort pro-
jections with the national population projections under the global SSPs
(KC and Lutz, 2017), we applied a second rescaling, using the SSPs'
county-level population projections developed by Hauer (2019) as
higher-level control projections (see Text S4). This final rescaling en-
sures the quantitative consistency of our H-SSP-specific projections
with the national SSP projections while preserving the underlying age
structures, sex ratios, and spatial patterns of our projections.

As for projections of race/ethnicity, we first defined four different
race/ethnicity groups –White, Black, Hispanic, and Other – and retrieved
from the US Census Bureau the Census-tract level population counts for
each age-sex-race/ethnicity (ASRE) cohort for year 2000 and 2010. We
then applied the Hamilton-Perry method with H-SSP- and race/ethnic-
ity group-specific limits of population growth (based on the assump-
tions of immigration depicted in the scenarios) to project ASRE
cohorts for each Census tract under the different H-SSPs (see Text S5).

2.4.2. Social isolation and poverty projections
We employed a headship-based approach (Haurin and Rosenthal,

2004; Bachman and Barua, 2015; McCue and Herbert, 2016) to project
the future share of single-person households at the Census tract level
(procedure fully detailed in Text S6).

To project the future share of persons belowpoverty, we employed a
correlation model (in form of a cubic smoothing spline) that correlates
poverty levels with median income (see text S7). Such a correlation
model has already been applied in Houston (Marsha et al., 2018). Cur-
rent estimates of households' income and persons in poverty at the Cen-
sus tract-level were retrieved from the US Census Bureau, which uses
different poverty thresholds based on the family size and composition
(US Census Bureau, 2018).

Historical trends show that the increase in median income is much
smaller than the increase in GDP per capita – effect known as the
decoupling between wage growth and productivity growth
(Kenworthy, 2018) – partly owing to the increasing income inequality
in the US (Pessoa and Van Reenen, 2011; Nolan et al., 2019). Consider-
ing the assumptions on economic inequalities depicted in both the
global SSPs (Rao et al., 2019) and the H-SSPs, we established different
assumptions of decoupling under the H-SSPs (see Text S8). Combining
these assumptions with SSP-consistent projections of economic growth
for the state of Texas – obtained from Absar and Preston (2015) – we
computed future growth in median income in Greater Houston under
each H-SSP. Assuming the growth in median income to be homoge-
neously spread across the region,we then projected themedian income
of households at the Census tract level for each H-SSP and subsequently
used these projections as inputs into the correlation model to project
the future share of persons below poverty at the Census tract level for
each H-SSP.

2.4.3. Air conditioning projections
We acquired air conditioning (AC) data spanning 2005–2018 from

the parcel-level tax-assessor database of the Harris County Appraisal
District website (http://pdata.hcad.org/index.html). At the regional
scale, the proportion of households without central AC (hereafter %
NOAC) gradually decreases from ~16.3% in 2005 to ~10.4% in 2018,
mainly because almost all (~97%) of the new construction in Greater
Houston is equipped with central AC.

We correlated %NOAC with the households' annual income and the
proportion of housing units built after 1960. The resulting correlation
model accurately predicted historical observed %NOAC (see Text S9).
We then employed this correlation model to approximate current
(2010) %NOAC in all Census tracts located outside Harris County –
using Census tract-level data of income and ages of buildings from the
US Census Bureau – and then employed H-SSP-specific projections of
households' annual income and projections of housing stock (see Text
S10) as inputs into the correlation model to project %NOAC by Census
tract for each H-SSPs for year 2050.

An important distinction has to be made between the prevalence
of AC and the ability of a given household to use AC, as households
equipped with central AC may not necessarily have the financial re-
sources to run it. To account for this aspect, we used results from a
recent survey on adaptive capacity to heat stress in Houston
(Hayden et al., 2017) – which showed that ~21% of households
with total annual income less than $20,000 were not able to use AC
because of its cost – and subsequently corrected the %NOAC projec-
tions, integrating H-SSP-specific assumptions in access to affordable
AC (see Text S11).

2.5. Land use projections

Urban land use is an essential determinant of Greater Houston's
urban heat island (UHI) (Conlon et al., 2016), and therefore we
projected 2050 land use under each H-SSP on a ~1-km spatial grid
(0.01°), to serve as inputs to the urban climate projections (see
Section 2.6).

We first disaggregated the Census tract-level population projections
(depicted in Section 2.4.1) to the 1-km spatial grid, using 1-km global
population projections under the global SSPs (Gao, 2017) as spatial
weights. The disaggregated population projections then served as in-
puts to downscale existing 1/8° SSP-consistent global projections of
urban land fraction (Gao and O'Neill, 2019). The downscaling process
used the same spatial allocation algorithm as described in Gao and
O'Neill, 2019 to distribute Greater Houston's area projected urban frac-
tion change to the 1-km spatial grid (see Text S12). Using a parcel-level
dataset of current land use for Greater Houston and a set of classification
and transitions rules (see Text S13), we then translated the projections
of urban fraction into projections of landuse class. As a result of this pro-
cess, each 1-km grid cell was associated with one of the four urban land
use classes required for the urban climate projections (Monaghan et al.,
2014), namely high density urban, low density urban, commercial
urban, or vegetated.

2.6. Urban climate projections

Historical daily minimum temperatures in Greater Houston were
simulated using an offline version (i.e., uncoupled to an atmospheric
model) of Noah land surface model (Chen and Dudhia, 2001) known

http://pdata.hcad.org/index.html


Table 3
List of experiments conducted to disentangle the individual and combined contribution of
each driver of heat-relatedmortality. Note that experiments involving RCPs are conducted
for RCP4.5 and RCP8.5, experiments involving H-SSPs are conducted for all four H-SSPs,
and experiments involving both RCPs andH-SSPs are conducted for all combinations listed
in the text.

Experiment Climate Vulnerability Population Land
use

Historical Historical Baseline Baseline Baseline
Climate effect RCPs Baseline Baseline Baseline
Vulnerability effect Historical H-SSPs Baseline Baseline
Population effect Historical Baseline H-SSPs Baseline
Urbanization effect Historical Baseline Baseline H-SSPs
Combined climate/urbanization
effects

RCPs Baseline Baseline H-SSPs

Combined
vulnerability/population
effects

Historical H-SSPs H-SSPs Baseline

Integrated assessment RCPs H-SSPs H-SSPs H-SSPs
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as the High Resolution Land Data Assimilation System (HRLDAS;
Chen et al., 2007). HRLDAS is coupled with a 1-layer urban canopy
model (UCM) – a column model of energy and exchange between
the urban surface and the atmosphere that differentiates three dif-
ferent land use classes and vegetation (Kusaka et al., 2001; Chen
et al., 2011) – to approximate the UHI effect across Greater Houston.
Baseline and projections of (i) urban fraction and (ii) urban land use
class on the 1-km computational grid (depicted in Section 2.5)
served as inputs to HRLDAS, which was driven at the upper boundary
by hourly meteorological forcing data from phase 2 of the North
American Land Assimilation System (NLDAS-2; Xia et al., 2012) for
the period 1991–2010.

Our computationally efficient process for projecting future high-
resolution daily minimum temperature (Tmin) across Greater Houston
and different climate scenarios (RCPs) and land use scenarios (H-SSPs)
follows the methodology used in three recent studies conducted on
Greater Houston (Monaghan et al., 2014; Conlon et al., 2016; Marsha
et al., 2018). First, we employed the HRLDASmodel –whichwas evalu-
ated by (Monaghan et al., 2014) over Greater Houston – forced with
NLDAS-2 data for the period 1991–2010 to simulate the daily minimum
temperature for June–August assuming historical or future H-SSP-
specific urban land use. This first step yielded five sets of historical
daily minimum temperatures for the summer months from 1991 to
2010 that account for Greater Houston's current or future H-SSP-
specific urban land use.

Second, to project futureminimum temperatures for the period cen-
tered on 2050 (aligned with the time-horizon of the projections of so-
cioeconomic and demographic conditions), we retrieved simulations
of daily minimum temperatures (averaged for Greater Houston) during
the summer months of the historical period 1991–2010 and the future
period 2041–2060 (i.e., 2050s), under RCP4.5 and RCP8.5 scenarios
(representing respectively low and business-as-usual emissions), from
15 different regional climate model (RCM) simulations (see Table S2)
conducted as part of the North-American CORDEX experiment
(Mearns et al., 2017). Daily deltas were then computed by subtracting
the daily temperatures for 2041–2060 from those for 1991–2010, for
each RCM simulation.

Third, we downscaled the daily deltas to the 1-kmgrid using the sta-
tistical downscaling procedure described in Marsha et al. (2018) (see
Text S14). The procedure was applied to all possible combinations of
RCMs, RCPs, andHRDLAS simulations, including combinationswith cur-
rent land use. The latter enables isolating the sole influence of climate
change on future heat-relatedmortality (see Section 2.7). Finally,we av-
eraged the 1-km daily climate projections into Census tract-level pro-
jections, using the corresponding 1-km population projections as
spatial weights.

2.7. Integrated heat-related mortality assessment

We integrated the aforementioned socioeconomic, land use, and cli-
matic projections into the existing heat riskmodel (Section 2.3) to com-
pute future heat-related mortality counts for the historical period
(1991–2010, with baseline (year 2010) socioeconomic conditions)
and for mid-century (2041–2060, with socioeconomic conditions set
on that of the year 2050) under a number of combinations of socioeco-
nomic and climate scenarios (hereafter named H-SSP*RCP). We
discarded the inconsistent H-SSP*RCP combination (H-SSP1*RCP8.5)
and employed the remaining seven combinations. Mortalities were
computed at the Census tract-level for each summer and each RCMpro-
jection, and subsequently averaged into 20-year multi-model mean
summer mortalities per Census tract.

Wemade use of the full scenario matrix (Kriegler et al., 2012) and
of different combinations of changes in land use and in socioeco-
nomic and climatic conditions to disentangle the individual contri-
bution of each driver of heat-related mortality (hereafter called
climate, vulnerability, population, and urbanization effects) as well
as the contribution of certain combinations, e.g., the combined cli-
mate and urbanization effect (Table 3). The climate effect refers to
RCPs-driven changes in daily minimum temperature, the vulnerabil-
ity effect refers to SSPs-driven changes in socioeconomic predictive
variables described in the mortality model (that is, social isolation,
shares of elderly and young, AC prevalence, race/ethnicity, and pov-
erty), the population effect refers to SSPs-driven changes in size of
the population, and the urbanization effect refers to SSPs-driven
changes in daily minimum temperature due to land use change. We
also computed the interaction effect, defined as the difference be-
tween the mortalities resulting from the integrated experiments
and the sum of themortalities resulting from the climate, vulnerabil-
ity, population, and urbanization effects experiments.

3. Results

3.1. Demographic growth and future vulnerability

Driven by high immigration under H-SSP5, the Greater Houston
population nearly triples to 14.9 million people (M) in 2050, compared
to 5.9M in 2010 (Fig. 4a). Conversely, limited by a decrease in immigra-
tion due to unfavorable economic conditions, the population grows
more slowly under H-SSP3, reaching 10.4 M in 2050. Scenarios differ
not only in terms of demographic growth, but also in terms of spatial
patterns of population distribution (Fig. 4b). While the population
growth is concentrated in existing urban and suburban areas under H-
SSP1 – due to a high increase in urban vertical development and the en-
forcement of strict zoning regulations to drastically limit urban land
take – it is spread across the whole region under H-SSP5 (and under
H-SSP3 to some extent, but limited by lower population growth) due
to the absence of regulations. The contrastwith other scenarios is partic-
ularly noticeable in Counties that are currently rural, such as Brazoria
County; e.g., the population of the latter grows from 0.3 M in 2010 to
1.4 M in 2050 under H-SSP5, as opposed to 0.5–0.8 M under the other
H-SSPs (Fig. S2).

Due to the ageing of the existing population, the proportion of el-
derly (65 years and older) shows a large increase under all H-SSPs,
shifting from ~7.7% in 2010 to ~19.3–21.9% in 2050 depending on the
scenario, with H-SSP1 leading to the highest proportion of elderly at
the regional scale and in most Counties. Ageing is slightly tempered
under H-SSP5 by the high immigration, which is mostly driven by fam-
ilies of Hispanic and Asian descent. In line with an ageing society, the
share of persons living alone increases, as elderly are more likely to
live alone. Because immigration is mostly driven by persons of Hispanic
and Asian descent, the share of African-Americans decreases across
Greater Houston in all scenarios, shifting from ~17% in 2010 to ~12.5%
in 2050 under all scenarios, with the exception of H-SSP3 (~15%),



Fig. 4. (a) Projections of population and vulnerability drivers aggregated for Greater Houston (County-level results are shown in Fig. S2), and (b) spatial patterns (Census tract-level) of
projections of population and selected vulnerability drivers (maps of all vulnerability drivers are shown in Fig. S3), for current conditions (Baseline, year 2010) and future conditions (H-
SSP-specific, year 2050).
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which depicts slower immigration due to unfavorable economic condi-
tions. Notably, there are large spatial disparities in the share of African-
Americans among Census tracts, with a number of urban Census tracts
being predominantly African-American (Fig. S3).

Poverty decreases under all scenarios, but shows large disparities
across the scenarios and the Census tracts (Fig. 4b). The lowest decrease
in poverty is projected under H-SSP3 due to both sloweconomic growth
and a large increase in economic inequality. Conversely, H-SSP1 and H-
SSP5 lead to the largest decrease in poverty, thanks to a large decrease in
inequality and strong economic growth respectively. In H-SSP2 and H-
SSP3, large pockets of poverty persist, particularly in urbanCensus tracts
located in northern and southeastern parts of the City of Houston. Fi-
nally, the share of households without central AC decreases in all sce-
narios, mainly driven by the systematic installation of central AC in all
newly constructed buildings. Nevertheless, there remain a number of
urban Census tracts within Harris County that have more than half of
households unequipped with central AC, mainly owing to the minimal
number of new buildings constructed in those already highly urbanized
Census tracts, and furtherworsened underH-SSP3 by a large decrease in
access to affordable AC.

3.2. Land use change

Conditioned by H-SSP-specific spatial patterns of population
growth and assumptions of urban sprawl, projections of land use
change show large disparities across the scenarios (Fig. 5). Fueled
by high population growth and the absence of zoning regulations,
the land becomes urbanized throughout the whole region under H-
SSP5, with most new urban areas being of low-density. Such an ex-
treme urban sprawl is mitigated under H-SSP3 by lower population
growth and under H-SSP2 by a moderate increase in urban vertical
development (e.g., mixed-use). Although the urban extent under
H-SSP1 is mostly limited to the existing urban and suburban areas,
the increase in population density depicted in this scenario leads to



Fig. 5. Spatial patterns (1-kmgrid) of urban fraction and land use, for current conditions (Baseline, year 2010) and future conditions (H-SSP-specific, year 2050). CU=Commercial Urban,
HU = High Density Urban, LU = Low Density Urban, and Veg = Vegetated.
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a large increase in urban fraction within Harris County, with most
new urban areas being of high density.

3.3. Future urban heat hazard

Derived from the 1 kmgridded projections of urban climate (Fig. S4),
the Census tract-level aggregated projections show higher daily mini-
mum temperatures over the summer days in 2050, with distinct geo-
graphical patterns (Fig. 6a). The magnitude of the increase in Tmin is
function of the climate forcing levels, land use scenarios, and geographic
location. Results show a north-to-south temperature gradient, with
southern Census tracts being warmer than northern Census tracts in
all scenario combinations. As a result, the average number of summer
days when TminN27 °C is ~3–4 times higher in southern Counties (e.g.,
Brazoria County) than in northern Counties (e.g., Waller County),
under both RCPs (Fig. 6c).

Results also show that the H-SSPs lead to contrasted UHI effects
(Fig. 6b and Fig. S5). Being currently confined within the City of Hous-
ton, the UHI is expanding across GreaterHouston, especially in northern
and southwestern Counties. This is particularly the case under H-SSP5,
where the expansion of the UHI leads to an increase in average daily
Tmin of at least +0.5–0.7 °C in most Census tracts of the aforemen-
tioned Counties. Conversely, the restrictions in urbanization depicted
under H-SSP1 lead to a relative confinement of the UHI within Harris
County.

Although both the geographic location and the H-SSP-specific UHI
are significant determinants of future daily Tmin across Greater Hous-
ton, the scenario matrix (Fig. 6a/6c) shows the dominant influence of
RCPs on future urban heat hazard (relative to the effect of the H-SSPs),
since a shift from one RCP to another (along a column of the matrix)
leads to a greater decrease/increase in urban heat hazard than a shift
from one H-SSP to another (along a row of the matrix). Spatially and
temporally averaged, the daily Tmin increases by +1.49 °C (interquar-
tile range IQR = 0.54) under RCP4.5 and by 2.02 °C (0.30) under
RCP8.5. Similarly, the number of days when TminN27 °C increases
from b5–10 per year in 2010 to N20–40 in 2050 under RCP8.5.

3.4. Heat-related mortality

Heat-related mortalities are projected to increase by ~4.2— to ~6.5—
fold, with H-SSP1*RCP4.5 leading to the highest number of mortalities
annually, 28,598 (IQR = 100) in average per summer in the 2050s
(compared to 3825 (15) in the baseline period), and H-SSP3*RCP4.5
leading to the lowest number of mortalities (19,738 (73)). The increase
in mortalities is unevenly spread across Greater Houston, with highly
contrasted spatial patterns (Fig. 7a). Undermost scenario combinations,
the Census tracts showing the highest number of mortalities (N100) are
located in Counties surrounding Harris County, with the exception of
the combination H-SSP1*RCP4.5, underwhichmost of the Census tracts
with highmortalities are locatedwithin Harris County.While the popu-
lation count of each Census tract plays an evident role in determining
future mortalities, the great increase in relative risk (Fig. 7c) – which
is independent of the population count – and its contrasted spatial pat-
terns (Fig. S6) suggest that other determinants (e.g., vulnerability) play
an important role in shaping future spatial patterns of heat-related
mortality.

The scenario matrix (Fig. 7a) clearly highlights that changes in so-
cioeconomic conditions (along a row of the matrix) have a much
greater influence on future mortality than changes in climatic condi-
tions (along a column of thematrix). Evenwhen focusing only on the
relative risk, results show that a shift from historical to future cli-
matic conditions has comparatively little influence, regardless of
the RCP and county (Fig. 7c and Fig. S7). Shifts in climatic conditions
lead to ~175–325 (14) excess summer mortalities (Fig. 7b),
underlining the weak influence of changing climatic conditions on
future mortality. This contrasts sharply with the shift from baseline
to future socioeconomic conditions, which largely increases both rel-
ative risk and excess mortalities (regardless of the H-SSP) in all
Counties (Fig. S7) and lead to ~15,738–24,521 (98) excess summer
mortalities.

3.5. Individual contributions

The three dominant effects driving excess heat-relatedmortalities at
the regional scale are the vulnerability, population, and interaction ef-
fects (Fig. 8a and Table S3). The order of importance of these three ef-
fects is function of both the H-SSPs and the Counties' characteristics.
As an example, the interaction effect is particularly high in Harris and
Brazoria Counties under H-SSP1 and H-SSP5, whereas the vulnerability
effect largely dominates in Galveston and Liberty Counties, particularly
under H-SSP2 and H-SSP3. As expected from the results depicted in
Section 3.4, the climate effect and the urbanization effect (the latter



Fig. 6. (a)Daily Tmin (°C) in summer averaged at the Census tract level, (b)Meandifference in daily Tmin (°C) in summer between baseline landuse andH-SSP-specific landuse, averaged
at the Census tract level, and (c) Mean number of days per summer when daily TminN27 °C (averaged per county). Results are averaged over the 20-year periods, i.e. historical
(1991–2010) and future (2041–2060). Error bars in (c) represent the multi-summer multi-models IQR, while the multi-summer multi-model averages were used to produce maps in
(a) and (b).
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Fig. 7. (a) Spatial patterns of heat-related summer mortalities under different scenario combinations, with the total mortalities per summer indicated in the bottom-right corners; (b)
Excess mortality due to climate change only, under two RCPs, combined with Baseline socioeconomic conditions and H-SSPs; (c) Averaged number of mortalities and relative risk
aggregated for Greater Houston, under different scenario combinations.
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intervenes in the mortality modelling through the intensification of the
climate effect) are small in comparison to other effects. A closer look at
the interaction effect at the county scale (Fig. S8) shows that it results
almost exclusively from the interaction between vulnerability and
population.

Similar findings came out at the Census tract level, with vulnerabil-
ity, population, and interaction effects being the dominating effects in
all scenario combinations and all Census tracts (Fig. 8b).We further dis-
aggregated the vulnerability effect by computing the excess heat-
related mortality under two additional vulnerability-driven experi-
ments, namely one that considers historical levels in all vulnerability
drivers except ageing, and another one that considers historical levels
for ageing only (and employs projections for all other vulnerability
drivers). Results clearly show that the effect of ageing on future mortal-
ities at the county scale dominates that of all other changes in other vul-
nerability drivers (Fig. S9).
4. Discussion

4.1. Crucial role of the socioeconomic pathways

Results showed that future heat-related risk andmortality in Greater
Houston are largely driven by changes in socioeconomic conditions, as
they are responsible for an excess mortality ~65 times greater than
those due to changes in climatic conditions (Fig. 7). Regardless of the
Census tract and the H-SSP*RCP combination, changes in vulnerability
and demography are themain contributors to excess heat-related mor-
tality (Fig. 8). This clearly emphasizes the crucial role that changes in so-
cioeconomic conditions play in shaping future heat-related health
challenges at the urban scale and the necessity to explore different so-
cioeconomic pathways.

Although all types of socioeconomic development depicted under
theH-SSPs lead to a large increase inmortalities across Greater Houston,



Fig. 8. (a) Excess mortality (compared to the historical situation) at the County and regional scale, computed for the experiments described in Table 3; (b) Spatial patterns of dominant
effects at the Census-tract level, under the seven H-SSP*RCP combinations. Note that the contribution of the climate and urbanization effects to excess in mortalities are too small – in
comparison to that of the population, vulnerability, and interaction effects – to be visualized in (a), and none of the census tracts' excess in mortality is dominated by the climate or
the urbanization effect (b).
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significant differences among them remain, with H-SSP1 and H-SSP3
leading to the highest and lowest regional mortalities respectively.
The difference is 5529 (69) mortalities between H-SSP5 and H-SSP3
(under RCP8.5) and 8860 (73) mortalities between H-SSP1 and H-
SSP3 (under RCP4.5). The H-SSPs also lead to different spatial patterns
of mortality, particularly in the (currently) rural Counties, with future
mortality under H-SSP1 in Waller and Chambers Counties being sub-
stantially smaller (up to ~6 times less) than that under H-SSP3. At the
Census tract level, such difference in outcomes between the H-SSPs is
even more pronounced, with H-SSP1, H-SSP2, and H-SSP5 depicting
the highestmortalities inmost of the urban, suburban, and rural Census
tracts respectively (Fig. S10). When focusing on relative risk only, H-
SSP3 is the pathway that leads to the highest risk in most Census tracts.
Such differences in spatial patterns of mortality (and risk) between the
H-SSPs underline the necessity to explore future heat-related chal-
lenges under multiple plausible futures.

This research also showed that among all drivers of vulnerability,
ageing was the major contributor to the projected increase in rela-
tive risk. Such dominant role played by ageing in this case study is
due to (i) its high explanatory power on historical heat-related mor-
tality (Heaton et al., 2014) – which is consistent with existing litera-
ture (e.g., Anderson and Bell, 2009) – hence leading to an important
weight in the heat risk model (from 3 to 10 times higher than other
vulnerability drivers; see Table S1), and (ii) its great change com-
pared to baseline conditions. In relative terms and averaged across
Census tracts, ageing increases by ~187–225% (depending on the
H-SSP) compared to current conditions, whereas the share of per-
sons in poverty decreases by ~6–103% and the share of NOAC de-
creases by ~27–76%, and the share of African-American population
decreases by ~10–41%. Due to the major role that ageing plays in
shaping future heat-related mortality in this case study, the most
sustainable and socially equitable pathway (H-SSP1) leads to the
highest mortalities at the regional scale, because of the increased
ageing depicted under this scenario.

The extent to which socioeconomic pathways play a crucial role in
shaping future heat-related challenges is a function of (i) the explana-
tory power that changes in socioeconomic and demographic conditions
have on heat risk –which might differ across time, case-study, and sta-
tistical and epidemiological approaches – relative to that of changes in
climatic conditions, and (ii) the intensity of changes in socioeconomic
and demographic conditions compared to baseline conditions. It is
also worth mentioning that the influence of socioeconomic pathways
– relative to that of climate change – might be lowered in the second
half of the 21st century, as the magnitude of changes in climatic condi-
tions (compared to the baseline)will considerably increase, particularly
under high-end scenarios such as RCP8.5.
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4.2. Applicability of the scenario framework at the urban scale

Throughout the case study of future heat-related challenges in
Greater Houston, we have implemented the scenario framework (that
is, combinations of SSPs and RCPs) in IAV research at the intra-urban
scale. We showed that such a framework is applicable in urban areas
and that it enables exploring future urban climate risks and the contri-
bution of individual effects. Throughout the process, we also identified
a number of key elements that are of crucial importance to ensure a suc-
cessful application of the SSPs into IAV studies in urban areas. These are
summarized here.

4.2.1. Urban extended SSPs
We found the global SSPs to be inoperable at the urban scale, if not

extended. Urban extension of the global SSPs proved crucial to resolve
the local socioeconomic and demographic dynamics and to increase
the saliency and legitimacy of the SSPs among local stakeholders.
Since the publication of the global SSP narratives (O'Neill et al., 2017),
regional extensions of the SSPs have flourished in the literature, alto-
gether providing a wide range of methods to extend the SSPs in specific
regions, including urban areas (VanOort et al., 2015; Kamei et al., 2016).
This growing set of SSP-extension methods clearly facilitates the devel-
opment of extended SSPs for future IAV research.

We also consider local stakeholders' inputs on the extended SSPs to
be crucial at the urban scale, not only to promote ownership of the sce-
narios, but also to ensure that all the locally relevant elements are inte-
grated in the scenarios and that their trends are accurately reported
under each SSP. In the case study presented here, the stakeholders' in-
puts (particularly the qualitative comments) proved essential in identi-
fying inconsistencies in the scenarios. This is of utmost importance since
the SSPs' narratives and trends are the starting point for the quantifica-
tion process.

4.2.2. Multi-scale quantification of vulnerability drivers
Because they play a critical role in shaping future climate risks in

urban areas, vulnerability drivers should be quantified, and both the
qualitative consistency with the extended SSPs and the quantitative
consistency with the global SSPs should be ensured. Accounting for
local socioeconomic and demographic dynamics (as described in the ex-
tended SSPs) while remaining consistent with the broader national and
international socioeconomic trends (as described in the global SSPs) is
the backbone of the local scale application of the scenario framework
(van Ruijven et al., 2013) and allows for further comparative studies be-
tween multiple local-scale case studies (Ebi et al., 2013).

The qualitative consistency of our socioeconomic projections with
theH-SSPswas ensured bymeans of H-SSP-specific assumptionswithin
the modelling approaches (e.g., assumptions on the decoupling, AC af-
fordability, land use patterns, or immigration), while the quantitative
consistency with the global SSPs was guaranteed by the use of national
SSPs projections acting as top-down boundary conditions. The estab-
lishment of quantitative links between global and local scales under
the SSPs is facilitated by the increasing sub-national quantification of
the global SSPs, e.g., for population (Jones and O'Neill, 2016; Gao,
2017), age structure (Hauer, 2019), urban land use (Gao and O'Neill,
2019), or economic growth (Absar and Preston, 2015; Gidden, in
review).

We also showed that a number of easy-to-implementmodelling ap-
proaches exist or can be developed in order to project vulnerability
drivers such as age, social isolation, AC prevalence, poverty, and race/
ethnicity, at the intra-urban scale. This was facilitated by the data-rich
environment of Greater Houston, where (like many North American
and European cities) historical socioeconomic and demographic data
are available at high-spatial resolution. We recognize that such quanti-
fication at the intra-urban scale might prove muchmore challenging in
data-poor environments.
4.2.3. Influence of SSPs-driven land use on urban climate
It is widely recognized that changes in urban land use patterns have

a substantial effect on urban climatic hazards, for example through the
contribution of urbanization to the UHI or flood risk. Therefore, the in-
fluence of SSP-driven land use changes on urban climate should be ex-
plored. In this study, we found the H-SSP-driven changes in land use
influenced urban climate and the consequential urban heat hazard to
some extent substantially (responsible of up to one quarter of the
total increase in daily minimum temperatures), particularly in newly
urbanized areas. The growing number of urban climate modelling
frameworks that account for changes in land use (Chen et al., 2007;
Alfieri et al., 2015; De Ridder et al., 2015) make it increasingly easier
to account for such feedbacks from SSPs on local urban climatic
conditions.

4.2.4. Usefulness of the scenario matrix
Very few IAV studies that employ the scenario framework use the

scenario matrix to its full potential (Kriegler et al., 2012). This includes
(i) the combination of different SSPs with a single RCP – and vice-
versa – to explore the influence on future climate risks of varying levels
of socioeconomic development (or climate change) under given cli-
matic (or socioeconomic) conditions; and (ii) the combinations of
SSPs with historical climate and of RCPs with baseline socioeconomic
conditions to isolate the individual contribution of socioeconomic and
climatic drivers respectively. We regard the use of the scenario matrix
to its full potential to be particularly useful to identify the dominant
contributors of future climate risks, which is highly relevant at the
urban scale. Cities are appropriate for the design of contextually-
relevant adaptation options targeting locally influential determinants
of urban climate risks revealed by the scenario matrix. In this study,
the use of the scenario matrix highlighted the crucial role that socioeco-
nomic pathways play in shaping projections of heat-related mortalities
and enabled identifying the main drivers of excess mortality in each
Census tract.

4.3. Caveats

In addition to the inherent limitations of the heat risk model that we
employed (see Heaton et al., 2014), the sectoral modelling approaches
that we applied also have a number of limitations. First, the projections
of social isolation assume constant headship rates and shares of single-
person households (for each county and ASRE cohort), meaning that
behavioral-based changes in living arrangements are not accounted
for. Althoughheadship rates have been rather constant over the past de-
cades (Haurin and Rosenthal, 2004), these could differ under the differ-
ent H-SSPs. The share of persons living alone may also not cover all
aspects of social isolation. Second, the existing dataset of air condition-
ing prevalence accounts only for central AC (hence neglecting window
or wall AC). The current proportion of households without AC might
then be overestimated, particularly in communities with older building
stock where window or wall AC are common. Third, the projections of
poverty do not account for changes in population structure and there-
fore lack spatial explicitness. By applying the same H-SSP-specific an-
nual growth rate of median income household over all the Census
tracts, we assumed all Census tracts' median household income will
grow/decline similarly. Moreover, although the poverty thresholds –
as defined by the US Census Bureau – are revised annually (US Census
Bureau, 2018), we did not project them and considered them to be sim-
ilar to that of the year 2010. Fourth, the climatemodelling approach that
we employed does not take into account the synergistic effect of UHI
and the increase in nighttime temperature (Zhao et al., 2018). The effect
of SSP-specific land use change on future daily Tmin (that is, the urban
heat hazard) might then be underestimated – although we would ex-
pect similar mortality estimates if the UHI effect was stronger, as heat-
related mortality is predominantly driven by socioeconomic and demo-
graphic factors. Finally, due to the overlay ofmultiple sectoralmodels to



14 G. Rohat et al. / Science of the Total Environment 695 (2019) 133941
create estimates of future heat-related mortality, there is a substantial
risk of propagation of uncertainty – which primarily originates from
the modelling of future socioeconomic and demographic conditions.

While we relied on a single model of heat risk to provide mortality
estimates, the use of several heat risk models – developed indepen-
dently with different statistical approaches – would strengthen the
findings of this study. Furthermore, because ageing and population
growth both play a crucial role in shaping future heat-related mortality
in the heat riskmodel thatwas employed here, the latter estimates pro-
vided in this study are highly dependent on the county-level age and
population projections of Hauer (2019) that we employed to scale our
projections at the Census tract level.

Lastly, we considered the relationships between the predictive vari-
ables and the outcome (relative risk and mortality) to be the same in
2050 as it is currently depicted in the heat risk model and the same
across the H-SSPs. This might not hold true, as recent research suggests
that heat-related vulnerability is dynamic and declining over time
(Sheridan and Allen, 2018). The H-SSPs narratives also suggest that
the relationships between increase in the share of elderly and increase
in relative riskmight differ across the different scenarios, with for exam-
ple the elderly being less vulnerable under H-SSP1 and H-SSP5 than
under H-SSP3 and H-SSP2. Implementing such qualitative observations
on future trends in a heat risk model grounded on historical mortality
records remains challenging.
5. Conclusions

Focusing on Greater Houston, we have provided a first implementa-
tion of the scenario framework at the intra-urban scale to explore future
heat-related risk and mortality under multiple combinations of socio-
economic and climatic scenarios. We extended the global SSPs for
Greater Houston and employed a number of easy-to-implement sec-
toral modelling approaches to project demography, vulnerability, and
urbanization at the Census tract level. We showed that varying levels
of socioeconomic development lead to different spatial patterns of vul-
nerability and population growth, and to some extent influence future
urban climate hazard through the modification of the UHI. Using a
heat riskmodel and a scenariomatrix, we demonstrated that the future
increase in heat-related mortality is largely driven by changes in popu-
lation and vulnerability, with changes in climatic conditions having
much smaller influence.

The different H-SSPs lead to various patterns of mortality and risk,
with H-SSP3 leading to the highest relative risk in most Census tracts,
but to comparatively lowmortalities at the regional scale due to limited
population growth. Conversely, H-SSP5 leads to the lowest relative risk
in most Census tracts, mainly due to the relatively low ageing, but leads
to a large increase in the number of mortalities at the regional scale,
driven by a very high population growth. H-SSP1, depicting an ageing
population with concentrated patterns of population growth, leads to
high increase in mortalities in urban Census tracts. Such contrasted re-
sults emphasize the crucial role that socioeconomic pathways play in
shaping future heat-related challenges in urban areas. In this regard, it
appears of utmost importance to account for future socioeconomic con-
ditions – using scenarios – when assessing future climate risks (van
Ruijven et al., 2013) in urban areas, where socioeconomic conditions
are rapidly changing (Garschagen and Romero-Lankao, 2013). The sce-
nario framework proved useful in disentangling the individual contri-
bution of drivers of climate risks, shows great potential to mainstream
the use of socioeconomic scenarios in climate risks assessments at the
urban scale, and constitutes a promising tool to provide policy-
relevant information for local-scale climate adaptation planning under
climatic and socioeconomic uncertainty (Ebi et al., 2016). This uncer-
tainty – revealed by the use of scenarios – hints at the enormous poten-
tial for decision makers to help their cities adapt to greater future
climate risks by developing local policies to reduce vulnerability.
Further research is needed to explore the contribution of socioeco-
nomic pathways to future urban climate risks in other settings (i.e.,
using different city case studies and different heat risk models). Further
research is also needed to develop methods to incorporate changes in
local adaptive capacity and in the health system under the SSPs
(Sellers and Ebi, 2018), as these will differently influence future risk
andmortality outcomes. Finally, the scenariomatrix could be used to as-
sess the potential efficiency of proposed adaptation options or strategies
under multiple futures (Frame et al., 2018). Because adaptation options
are often designed at the local scale, such use of the scenario matrix ap-
pears particularly critical in urban areas.
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Appendix A. Narratives of Greater Houston extended SSPs (H-SSPs)

A.1. H-SSP1 – sustainable density

Greater Houston's population continues to grow, fueled by amoder-
ate economic growth.Driven by a steadily growing awareness of the im-
portance of environmental effects and by large public and private
investments, the regional economy is diversifying and slowly shifting
from oil and gas industries to high-tech industries – e.g. biomedical re-
search, aerospace, renewable energies –, accelerating innovation and
technological advancements. Consumption patterns rapidly shift to-
wards local and sustainable products, resulting in the growth of local
production with sustainable supply chains. Large public and private in-
vestments at the regional scale contribute to accelerated innovation and
technological advancements. In combination with changes in people's
behavior, the latter enables reconciling economic and population
growth with sustainability. Urban development shifts towards a sus-
tainable urbanization, with the vertical urbanization of existing urban
centers – promotingmulti-story residential buildings and concentrating
urban functions on the same square mile –, together with the use of
marginal and under-utilized land. Strict zoning regulations and govern-
mental policies allow preventing ecosystem destruction and ensure
housing affordability of the newly densified areas. Large investments
in mass transportation are made to ensure the quality of life of urban
dwellers. Affordable access to higher education increases substantially,
associated with a growth in the share of the skilled workforce and lead-
ing to an increase in per capita income. At the same time, strong social
policies are implemented to assist disadvantaged communities and bet-
ter redistributewealth. A particular effort is made to increase the spatial
homogeneity across the city, and local businesses make the increasing
ethnic diversity an asset for Greater Houston.

A.2. H-SSP2 – middle of the road

Reflecting the persistence of existing trends, population continues to
increase by means of both national and international immigration,
attracted by the relative low cost of living and job opportunities.
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Nevertheless, despite continuing investments in the oil and gas indus-
tries, the latter fails to keep up with the pace of population growth. As
a result, Greater Houston faces growing disparities in income and
wealth, mainly between unskilled workers and skilled, highly educated
workers. Higher education remains unaffordable for a significant por-
tion of the population, particularly affecting marginalized communities
and unskilled ethnic minorities. Growing disparities have negative ef-
fects on sustainability goals. Local businesses struggle to make the in-
creasing ethnic diversity an asset for Greater Houston, tearing down
the social fabric in some places. In view of the lack of extensive social
policies, the role of civil society (for instance nonprofit organizations)
in supporting the poorest communities largely increases. At the same
time, civil society's efforts to promote sustainable and less carbon-
intensive consumption start to pay off, with a slow increase in sustain-
able consumption by the population. Urban sprawl continues increas-
ing, driven by population growth and enabled by the lack of strict
urban planning policies. Urban sprawl is only moderately slowed
down by the shift in housing demands towards mixed urban develop-
ments, which is the continuation of existing trends. Similarly, the devel-
opment of transportation systems continues favoring individual
transportation, although the multimodal network is expanding.

A.3. H-SSP3 – economic slowdown

Facing strong national economic headwinds and increased interna-
tional competition of oil production, Greater Houston enters a period
of extended and unprecedented economic slowdown. Technological in-
novation and change are constrained by the lack of investments and re-
gional industries struggle to compete with other top US regions. Such
unprofitable situation is further worsened by the lack of economic di-
versification of industries in Greater Houston and the lack of prepared-
ness of policy-makers. Due to the significantly lower economic growth
and fewer job opportunities, the region is not as attractive as it used
to be, leading to a strong decrease in immigration and a slowdown of
population growth – although still growing due to the natural increase.
The economic slowdown affects most of theworkforce, with only a very
few elites who profit from the remaining industrial activity and among
whom thewealth is concentrated. Themajority of the population faces a
substantial decrease in job stability and purchasing power. Being weak
and poorly resourced, the local government fails to maintain the imple-
mentation of social policies,which furtherworsens the living conditions
of marginalized and poor communities, who struggle to maintain an af-
fordable access to air conditioning. Similarly, access to affordable educa-
tion keeps decreasing, further tearing down the social fabric. Although
limited by a slowdown of population growth, urban sprawl continues
increasing – essentially constrained around existing settlements pat-
terns –, mainly enabled by the lack of restrictive policies for urban zon-
ing. The unfavorable economic situation also prevents the
implementation of regional transportation development plans, largely
limiting the expansion of mass transportation systems.

A.4. H-SSP5 – pro-business

Thanks to numerous governmental incentives for business develop-
ment and extra-regional trade, the local economy is expanding at an ex-
ponential rate. Higher resource use and rapid technological
development lead to higher levels of production of goods and services,
in addition to a continued expansion of the oil and gas industries, en-
abled by the lack of restrictive mitigation policies and an ever-growing
demand. Attracted by the fertile economic situation and business devel-
opment – and enabled byflexible immigration policies – a large number
of both skilled and unskilled foreign workers are moving to Greater
Houston, significantly contributing to the population growth. As a re-
sult, urban sprawl is rapidly increasing – favored by the absence of zon-
ing and restrictions –, and land conversion occurs at an unprecedented
pace. Urban sprawl and carbon-intensive lifestyles contribute to a
decrease in sustainable consumption, and land conversion is accompa-
nied by an increase in transportation infrastructure that favors unsus-
tainable and individual transport. Due to strong economic growth and
numerous job opportunities, the unemployment rate rapidly drops,
leading to a reduction in economic inequalities. Local business succeeds
in making the increasing ethnic diversity an asset for Greater Houston.
However, being business-focused, the local government falls short in
addressing the remaining inequality issues and in supporting the mar-
ginalized, poor, and unskilled communities that did not profit from
the economic growth. Similarly, companies are more profit-oriented
than ever and pay very little attention to social and environmental
capital.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.133941.
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