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Abstract

Climate change-driven temperature increases worsen air quality in places where coal combustion
powers electricity for air conditioning. Climate solutions that substitute clean and renewable
energy in place of polluting coal and promote adaptation to warming through reflective cool roofs
can reduce cooling energy demand in buildings, lower power sector carbon emissions, and
improve air quality and health. We investigate the air quality and health co-benefits of climate
solutions in Ahmedabad, India—a city where air pollution levels exceed national health-based
standards—through an interdisciplinary modeling approach. Using a 2018 baseline, we quantify
changes in fine particulate matter (PM, 5) air pollution and all-cause mortality in 2030 from
increasing renewable energy use (mitigation) and expanding Ahmedabad’s cool roofs heat
resilience program (adaptation). We apply local demographic and health data and compare a 2030
mitigation and adaptation (M&A) scenario to a 2030 business-as-usual (BAU) scenario (without
climate change response actions), each relative to 2018 pollution levels. We estimate that the 2030
BAU scenario results in an increase of PM; 5 air pollution of 4.13 ug m—> from 2018 compared to a
0.11 pug m~? decline from 2018 under the 2030 M&A scenario. Reduced PM; 5 air pollution under
2030 M&A results in 1216-1414 fewer premature all-cause deaths annually compared to 2030 BAU.
Achievement of National Clean Air Programme, National Ambient Air Quality Standards, or
World Health Organization annual PM; 5 Air Quality Guideline targets in 2030 results in up to
6510, 9047, or 17 369 fewer annual deaths, respectively, relative to 2030 BAU. This comprehensive
modeling method is adaptable to estimate local air quality and health co-benefits in other settings
by integrating climate, energy, cooling, land cover, air pollution, and health data. Our findings
demonstrate that city-level climate change response policies can achieve substantial air quality and
health co-benefits. Such work can inform public discourse on the near-term health benefits of
mitigation and adaptation.

1. Introduction

Air pollution is a major global public health problem, associated with an estimated 6.67 million deaths in
2019 from outdoor and indoor exposures combined, of which 4.2 million are due to ambient (outdoor) air
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pollution exposures (Health Effects Institute 2020). Fine particulate matter (PM, s, with aerodynamic
diameter <2.5 um) poses severe health risks via penetration of particles deep into the lungs and into the
bloodstream, resulting in acute and chronic cardiovascular and respiratory impacts, including lung cancer
and cerebrovascular ailments (Health Effects Institute 2020). While global average PM, 5 levels declined
slightly from 2010 to 2019, concentrations in South Asia worsened during that period and reflect the highest
exposures globally (Health Effects Institute 2020).

In India, outdoor air pollution imposes an enormous public health burden, contributing to an estimated
980 000 deaths in 2019, when the country’s annual PM, 5 level averaged 91.7 ug m—> (Pandey et al 2020).
Average annual exposures across many Indian cities are well above the current Indian National Ambient Air
Quality Standard (NAAQS) (annual average of 40 g m~?) and the corresponding World Health
Organization Air Quality Guideline (WHO AQG) (annual average of 5 ug m—>) (Balakrishnan et al 2019,
Purohit et al 2019, Pandey et al 2020, World Health Organization 2021). Importantly, premature mortality
from air pollution in the 12 current Indian ‘megacities’ (population >10 million, including Ahmedabad,
Mumbeai, Pune, and Kolkata) increased significantly between 2005 and 2018 (Vohra et al 2022). That change
stems in part from sulfur dioxide (SO, ) emissions (a contributor to secondary PM, 5 formation in the
atmosphere) from industry and coal-fired power plants that increased by 50% between 2007 and 2016 (Li
etal 2017).

Climate change, air pollution, and extreme heat are interconnected public health threats: combustion of
fossil fuels emits health-harming fine particles as well as carbon pollution that fuels rising temperatures.
Extreme heat in India is already associated with significant excess all-cause mortality (Azhar Shah et al 2014),
and climate change is projected to further increase annual average temperatures as much as 4.4 °C (~8 °F)
by the 2080s (Sanjay et al 2020) relative to the 1976—-2005 average. Recent air modeling studies led by Indian
researchers indicate that climate warming could worsen PM, 5 pollution across the country (Upadhyay et al
2020, Kaur and Pandey 2021).

Air conditioning (A/C) offers an important heat-health adaptation, as recognized in India’s Cooling
Action Plan (ICAP). Although only 6% of Indian households were estimated to have A/C in 2019
(Romanello et al 2021), the ICAP projects nationwide cooling demand to grow eight-fold by 2037-38
compared to 2017-18 (Ministry of Environment, Forests, and Climate Change (Government of India)
2019a). The ICAP sets forth a comprehensive cross-sectoral plan to address India’s growing demand for
cooling energy through climate-friendly solutions (Ministry of Environment, Forests, and Climate Change
(Government of India) 2019a). In addition to planning for increased cooling needs, the Government of India
also launched a National Clean Air Programme (NCAP) in 2019 to provide a roadmap for reducing
unhealthy air pollution levels (Ganguly et al 2020). The NCAP aims to reduce PM, 5 levels 20%-30% by 2024
(relative to 2017) levels in 132 cities not yet attaining the annual NAAQS (CPCB 2021).

While A/C saves lives, its use can worsen both air pollution and climate change itself, if the energy to
meet associated increases in electricity demand is supplied from fossil fuels (Abel et al 2018). India operates
47 thermal coal-fired power plants more than 25 years old, with an average age of 34 years (Singh and
Sharma 2021, Global Energy Monitor 2022), including the torrent power plant (TPP) in Ahmedabad,
opened in 1934. Prior work estimated that in India, air pollution from coal combustion in thermal power
plants and industries contributes to 169 000 premature deaths annually (Ganguly et al 2020). Electricity use
for A/C is becoming more sensitive to rising temperatures in India (Gupta 2012), with unclear health effects.

The city of Ahmedabad has developed coordinated climate resilience strategies to reduce health
vulnerabilities from extreme heat and air pollution. Ahmedabad developed and launched South Asia’s first
heat action plan in 2013, an effort integrating heat forecasting with improved municipal governance, health
risk communication, and landcover interventions, including reflective cool roofs (Knowlton et al 2014,
Pingle et al 2018). Cool roofs can help to moderate indoor temperatures and save energy from reducing A/C
and fan use for cooling Vellingiri et al 2020. In 2017, Ahmedabad launched an air information response plan
(Limaye et al 2018a) to establish continuous air quality monitoring and health risk communication.

This project characterizes the current state of local air quality and cooling demand in Ahmedabad and
projects 2030 PM, 5 pollution levels and air pollution effects on all-cause mortality from implementing
climate change mitigation and adaptation (M&A) strategies (compared to a business-as-usual (BAU) future).
To do so, our project team conducted an interdisciplinary analysis spanning climate, energy, air pollution,
and health models to estimate future air pollution and health co-benefits at the city level. We configure the
Benefits Mapping and Analysis Program-Community Edition (BenMAP-CE) with local air pollution,
population, and baseline health data to estimate, for the first time, citywide air quality effects on human
health. Because this research is executed using an adaptable modeling framework and designed within the
context of the ICAP, NCAP, and India’s climate goals, it can help to inform broader city and state actions
across the country to address climate change and achieve near-term improvements for air quality and public
health.
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Figure 1. Flowchart depicting sequenced approach for air quality and health co-benefits modeling analysis. From top to bottom:
climate change warming in Ahmedabad estimated between 2018 and 2030 under Representative Concentration Pathway 8.5,
energy demand with a focus on electricity for cooling buildings, 2030 energy supply (coal-fired power plant under the
business-as-usual scenario or renewable solar and wind energy under the mitigation scenario), and landcover modification via
cool roof (adaptation scenario). Energy system futures are used to estimate 2030 air quality using the WRF-Chem model under
two conditions: the business-as-usual (BAU) and combined mitigation and adaptation scenario (M&A). Air pollution effects on
all-cause mortality in Ahmedabad are estimated using the BenMAP-CE model by comparing estimated 2030 air pollution levels
(BAU and M&A) to baseline air pollution levels in 2018.

2. Methods

Recent guidance on ways to better standardize health co-benefits analyses suggests that researchers clearly
describe their modeling approaches, methods for parameterization and reporting, and approaches for
stakeholder engagement (Hess et al 2020). With these suggestions in mind, a summary of the methodological
approach taken by the project team follows.

2.1. Overview of modeling approach

As shown in figure 1, to establish a baseline for analysis we first modeled demand for cooling energy in
Ahmedabad in 2018 and the sources of energy supply (thermal coal-fired power plants or renewable sources
including solar and wind energy) utilized to meet current electricity needs (sections 2.2—4). We then
estimated electricity and cooling demand in 2030, considering changing demand for cooling driven by
population growth, economic development, and climate warming (section 2.5). Energy modeling then
informed the level of air pollution generated from thermal coal plant electric power delivery to Ahmedabad
in baseline 2018 and in 2030, under a BAU future and a combined mitigation (energy source) and adaptation
(land cover) scenario (section 2.6).

Air pollution modeling subsequently distributed the stationary energy source-generated air pollution
emissions across the modeling domain, along with other regional air pollution inputs (section 2.6.1).
Regional chemical inputs were pollutant concentrations of PM; 5 (and its precursor gases: sulfur dioxide,
nitrogen oxides, volatile organic compounds, and primary particulate matter composed of dust, black
carbon, and organic carbon) analyzed in a city-level domain nested in broader domain boundaries (see
supplemental information section 1.3.3). Finally, associated changes in air pollution-related premature
mortality, under the combined M&A scenario, were evaluated and compared using a health impact
assessment model that integrates population, pollution exposure, and baseline health data with air pollution
exposure-risk functions (figure 1 and section 2.6.2).
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Figure 2. Map of Ahmedabad study area with inset map of in India and Gujarat state (green area). The study area map displays
the six fossil fuel-fired power plants in Gujarat. The energy modeling analysis considers all plants depicted here, and air quality
and health analyses focuses on the pollution impacts from the torrent power plant (TPP) in Ahmedabad (power plant #1).
Adapted from (Joshi et al 2022), with permission from Springer Nature. CC BY 4.0.

2.2. Geographic area

This project focused on the municipal (taluka) area of Ahmedabad, a city of about 8.5 million people in
Gujarat state in western India (see figure 2). While the urban area of Gandhinagar is immediately adjacent to
the north and the two cities are often considered together, we limited the study to Ahmedabad because of
availability of local population, baseline mortality, energy, and air pollution data. With respect to air
pollution emissions sources relevant to air quality in Ahmedabad, there are two local thermal coal-fired
power plants in the region, both relatively old, high pollution-emitting sources (see figure 2); there are six
total fossil fuel-fired power plants in Gujarat (Gujarat Electricity Regulatory Commission (Gandhinagar)
2022b, p 147, (2022a), p 39, Joshi et al 2022).

As part of a related analysis (Joshi et al 2022), we identified major point sources of PM, 5 emissions that
provide power to meet Ahmedabad’s energy demand and are in close enough proximity to also affect the
city’s air quality (Guttikunda and Jawahar 2014, System of Air Quality and Weather Forecasting and
Research, Indian Institute of Tropical Meteorology 2017, Ganguly et al 2020). The coal-fired TPP in the heart
of the city on the Sabarmati River, opened in 1934, was the focus for modeling energy, air quality and health.
TPP largely supplies municipal electricity and cooling needs, and TPP’s PM; 5 emissions directly impact the
city’s air quality (Guttikunda and Jawahar 2014). Among the other power plants shown in figure 2, only the
Surat gas-fired plants also supply power to Ahmedabad. However, as these plants are located approximately
200 km from the urban core, they do not appreciably impact city air quality.

The Gandhinagar Power Plant, while nearby, does not supply power to Ahmedabad, is already operating
near capacity, and is projected to remain so in the foreseeable future (Joshi et al 2022), so its emissions were
expected to remain fairly constant by 2030 and were considered as stable inputs to the overall modeling
domain (Gujarat Electricity Regulatory Commission (Gandhinagar) 2020), see section 2.5.4. The Wanakbori
and Vadodara plants, nearly 100 km distant, also do not supply power for Ahmedabad and thus their
emissions are held constant in our analysis (Guttikunda and Jawahar 2014, Gujarat Industries Power
Company Ltd 2016, Gujarat Electricity Regulatory Commission (Gandhinagar) 2020). According to India’s
Central Electricity Authority, TPP is a ‘Category A’ power plant because of its location within a 10 km radius
of a million-plus city (in this case, Ahmedabad); such plants are being prioritized for emissions controls to
reduce pollution exposures to nearby population centers (Central Electricity Authority, Ministry of Power
(Government of India) 2022).
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Table 1. Three air quality and health impact modeling scenarios applied (2018 baseline, 2030 business-as-usual (BAU), 2030 mitigation
and adaptation (M&A)). TPP is the Torrent Power Plant in Ahmedabad.

Scenario

Energy sector emissions

Land cover adaptation

2018 baseline

2030 business-as-usual (BAU)

2030 mitigation and adaptation
(M&A)

Direct estimate of TPP emissions in
2018

2018 meteorology and boundary
conditions

Climate change affects ambient
temperatures and cooling energy
demand

2030 meteorology and boundary
conditions

TPP emissions reflect slight growth
relative to 2018

Climate change affects ambient
temperatures and cooling energy
demand (local application of India
Cooling Action Plan estimates)
2030 meteorology and boundary

e Estimates cooling energy demand

from buildings consistent with 5%
cool roof area coverage

e Estimates cooling energy demand

from buildings consistent with 5%
cool roof area coverage

e Assumes total of 20% cool roof

area coverage (15% beyond the 5%
baseline in 2018) leads to reduc-
tion in cooling energy demand from
buildings

conditions

o Eliminates TPP pollution emissions
and assumes additional Ahmedabad
city power demand met by
renewable energy sources

2.3. Overview of baseline and future scenarios

We selected our analytical time frames of 2018 (baseline year) and 2030 as the model-simulated future year.
Critical data on meteorology, energy demand, cool roof implementation, air quality, and citywide all-cause
mortality were available and accessible for the year 2018. As the global coronavirus pandemic emerged in
Asia in late 2019, spread globally in 2020 and 2021, and still continues, 2018 is among the most recent years
for which data is available to represent a pre-pandemic reference. The year 2030 offers an opportunity for
developing near-term air quality and health projections for local policymakers, who are engaged in planning
air quality targets for 2024 under the NCAP and key national climate change goals (Intergovernmental Panel
on Climate Change 2018). We describe the methods and assumptions for estimating annual average PM, 5
air pollution levels in the baseline and two 2030 scenarios in sections 2.4, 2.5 and table 1.

2.4. Estimating 2018 baseline

We used the Weather Research and Forecasting-Chemistry model (WRF-Chem version 3.9.1) (Grell et al
2005, Powers et al 2017) to estimate 2018 meteorology and air pollution. To compare near-term future air
pollution to 2018 pollution levels on a consistent geographic grid, we conducted an analysis in WRF-Chem
of 2018 monitored and modeled conditions, using previously documented modeling approaches (Beig et al
2015, Limaye et al 2018a). We compared the use of modeled 2018 baseline data against 2018 daily ambient
PM, 5 monitoring data collected from System of Air Quality and Weather Forecasting and Research (SAFAR)
continuous air quality monitors (see figure 3 and supplemental table B).

We compared the ramifications for health effect estimates of using modeled vs. monitored baseline air
quality conditions in separate sensitivity analyses (Beig et al 2015) (see supplemental information section 2.4
and supplemental tables H and I). For more details on model configuration for the baseline year (2018), see
section 2.6 and supplemental information section 1.3.5.

2.5. Modeling of 2030 scenarios
2.5.1. Climate change drivers and meteorology
We estimated climate change impacts on temperatures in Ahmedabad using an existing data set
corresponding to the Representative Concentration Pathway (RCP) 8.5 scenario, which indicated a change in
the annual average temperature in Ahmedabad from 300.73 K in 2018 to 301.54 K in 2030 (an increase of
0.81 °C) (Monaghan et al 2014).

While increasing deployment of renewable energy makes it less likely that future global emissions will
correspond to RCP 8.5, emissions trends in developing countries still track that high emissions trajectory
(Pedersen et al 2020). Previous work integrating climate change, energy, and air quality modeling indicates

5
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Figure 3. Map of study region with ten SAFAR (System of Air Quality and Weather Forecasting and Research) continuous air
quality monitoring stations (blue pins), thermal coal-fired thermal power plants (black squares), and inner-outer grid domain
(boundary) for WRF-Chem and BenMAP-CE modeling of Ahmedabad (orange square grid). For more information on the air
quality modeling domain and baseline air quality estimates using monitored data, see supplemental information section 1.3.
Figure produced using ArcGIS Pro (ESRI 2020).

that daily average temperature is an appropriate metric (Abel et al 2017). For more information on climate
modeling methods, see supplemental information section 1.1.

2.5.2. Future cooling energy demand

We previously analyzed the impacts of climate change-driven temperature increases, along with population
and economic growth based on ICAP projections, on demand for electricity to cool buildings in Ahmedabad
between 2018 and 2030 (Joshi et al 2022). That study estimated the annual electricity demand in Ahmedabad
by 2030, the fraction of this 2030 electricity demand that would come from cooling demand in buildings,
and the sensitivity of the modeled cooling demand to a range of future scenarios: climate change (the impact
of rising temperatures due to climate change by 2030), mitigation (limiting the use of fossil fuels to meet
additional cooling demand), and adaptation (implementing cool roofs to reduce on 2030 cooling demand).
That prior analysis found that the climate change-triggered increase in 2030 cooling demand in Ahmedabad
(0.17 terawatt-hours, TWh), a driver of cooling demand along with population growth and economic
expansion, was slightly more than offset by an expansion of cool roofs from 5% to 20% of roof area in the
city (energy savings of 0.21 TWh). The analysis described here applies key findings from that prior
investigation to estimate 2030 air pollution and corresponding health impacts under different energy and
land cover scenarios (BAU, M&A).

2.5.3. 2030 business-as-usual (BAU) scenario overview

The prior Joshi et al (2022) analysis indicated that, under a BAU energy scenario, electricity supplied by the
TPP would increase by approximately 6% between 2018 and 2030, absent any additional cool roof
installations to moderate cooling energy demand. To estimate the air quality effects of this increase in power
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Table 2. Results for climate and energy demand modeling, TWh denotes terawatt hours (sources: (Monaghan et al 2014, Joshi et al
2022)).

2018 baseline 2030 BAU 2030 M&A

Average temperature (°C) 27.58 28.39 28.39
Wind speed at 10 m (m s~ 1) 3.58 3.38 3.38
Relative humidity at 2 m (%) 55.13 53.10 53.10
Additional cool roof area coverage from 2018 (km?) — 0 20.60
Torrent power plant (TPP) power supply to 1.70 2.10 0
Ahmedabad (TWh)

Surat power supply to Ahmedabad (TWh) 4.43 5.26 5.26
Ahmedabad cooling electricity demand (TWh) 1.46 4.22 4.01
Renewable energy supply to Ahmedabad (TWh) 0.73 6.63 8.73

generation, we modified the emissions inventory deployed in WRF-Chem to increase direct air pollution
emissions from the plant by a corresponding amount, and distributed changes in primary emissions to
estimate air pollution concentrations in four representative months. The air pollution emission inputs
impacted by power plant emissions are: (a) precursor gases: oxides of nitrogen and sulfur (NOx, SO;) from
coal combustion, and (b) primary particulate matter e.g. black carbon from high temperature combustion,
and primary PM, 5 (e.g. fly ash). For more information on energy modeling methods, see supplemental
information section 1.2. For more information on selecting seasonally representative months analyzed in air
pollution modeling, see section 2.6.1 and supplemental information section 1.3.5.

2.5.4. 2030 mitigation and adaptation (M&A) scenario overview

2.5.4.1. Mitigation

Recent emission inventories for Ahmedabad suggest that industrial sources, including thermal coal-fired
power plants, contribute about 12.4% of observed PM; 5 concentrations in Ahmedabad (Ganguly et al 2020)
and 9.8% in Gujarat overall (Cropper et al 2021). We estimated the municipal air quality effects of reducing
2030 emissions from TPP. With the NCAP goal of 20%-30% reductions in PM; 5 by 2024 (compared to 2017
levels) our modeling assumptions in table 1 represent plausible changes by 2030 (Ministry of Environment,
Forests, and Climate Change (Government of India) 2019b). In the 2030 M&A scenario, we modify the
underlying emissions inventory to completely remove the emissions from the coal plant, reflecting a shift of
electricity supply away from fossil fuels and towards renewable energy (Joshi et al 2022). With our focus on
identifying the air pollution and related health effects linked specifically to TPP emissions, we hold emissions
for the other power plants depicted in figure 2 at their 2018 levels in boundary conditions for air modeling of
both 2030 BAU and M&A.

This scenario is of interest because of policies that are transitioning India away from fossil fuel energy
sources in alignment with India’s climate goals (United Nations Framework Convention on Climate Change
2015). In 2022, India’s Ministry of Power announced plans to reduce power generation at 81 coal-fired
utilities because of availability of more cost-effective renewable energy (Varadhan 2022). While the country
seeks to completely halt use of coal-fired power by 2070, the state of Gujarat has already announced it would
stop granting permissions for new power plants in the state and indicated that renewable energy sources
would be deployed to meet anticipated increases in energy demand (Vora 2019). These policies are already
affecting operations at Ahmedabad’s TPP: in 2018, two units at station C of the plant (60 MW total) were
decommissioned after more than 50 years of operation (Ministry of Power, Government of India 2018). The
mitigation scenario we apply in this analysis (complete elimination of TPP emissions) helps to demonstrate
the air quality and health effects linked with these national- and state-level policies. Our separate energy
modeling analysis (Joshi et al 2022) indicates that by 2030, renewable energy supply to Ahmedabad will
compensate for the energy supply reduction that would be caused by closure of TPP (see table 2) and that
other plants that supply energy to Ahmedabad will continue to operate at full capacity (Joshi et al 2022).

2.5.4.2. Adaptation
To protect communities from extreme heat, Ahmedabad is implementing cool roofs to help keep indoor
temperatures cooler in non-air-conditioned buildings. In a separate analysis (Joshi et al 2022),
energy-demand impacts of expanding Ahmedabad’s municipal cool roof program to cover 20% of available
roof area by 2030 were modeled, a substantial increase (i.e. an additional 15% of municipal roof area)
beyond the current estimate of cool roofs covering approximately 5% of the city’s available roof area.

We applied an estimate for Ahmedabad of 14.2 kWh saved annually per square meter of cool roof
coverage in our energy modeling for land cover adaptation (Bhatia et al 2011). Because we remove emissions
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from TPP coal combustion under the 2030 M&A scenario, the influence of cool roofs by 2030 reduces the
cooling demand for electricity from regional renewable energy sources (taking into account growth in energy
demand related to population growth and economic expansion, along with increasing temperatures).

Because the mitigation scenario assumes complete elimination of emissions from TPP, and the additional
energy to meet cooling demand by 2030 assumed in our adaptation scenario would be supplied by
non-polluting renewable energy (Joshi et al 2022), we combine these climate actions into a single 2030 M&A
scenario. The main assumptions of the single baseline and two 2030 modeling scenarios described in
sections 2.4 and 2.5 are summarized in table 1.

2.6. Co-benefits modeling inputs and outputs
2.6.1. Air quality modeling
We modeled future air quality in Ahmedabad using the WRF-Chem model configuration for Ahmedabad
specified by SAFAR (Beig et al 2021). The city air and health modeling grid domains are depicted in figure 3,
along with the locations of the SAFAR air monitors and thermal coal-fired power plants in Ahmedabad and
Gandhinagar. For 2018, meteorology is based on European Center for Medium-Range Weather Forecasts
atmospheric reanalysis of the global climate, a meteorological dataset that has been validated for
meteorological analyses in other settings (Kolluru et al 2020, Luo and Minnett 2020, Sharmar and Markina
2020, Jiang et al 2021, Tang et al 2021, Kannemadugu et al 2022). The model spin-up time is 10 d for each
month; a detailed description of the SAFAR modeling framework is available in supplemental information
section 1.3; model validation is documented elsewhere (Beig et al 2015, 2021).

For 2018 baseline modeling, we used chemical initial boundary conditions for gas and aerosols from
Community Earth System Model (CESM) version 2.1/Community Atmosphere Model-Chem (Lamarque
et al 2012) provided by the National Center for Atmospheric Research (NCAR), with a horizontal resolution
0.9° latitude x 1.25° longitude at 56 levels in the vertical domain available at six hourly intervals (National
Center for Atmospheric Research n.d., Buchholz et al 2019). We applied NCAR CESM global bias-corrected
CMIP5 output for the RCP 8.5 scenario (Monaghan ef al 2014) to generate the 2030 initial boundary
conditions for meteorological fields in WRF-Chem. Further details on air modeling inputs are described in
supplemental information sections 1.3.3—4.

2.6.1.1. Time horizon for future air quality modeling

Given constraints in computational resources and consistent with prior analyses, four months were selected
in each modeled year, 2018 (baseline) and 2030 (future), to represent critical air pollution seasons: January
(representing winter, December—February), May (representing summer/pre-monsoon, March—May), July
(representing monsoon/rainy season, June—September), and October (representing post-monsoon/autumn,
October—November). These seasonal period categorizations are consistent with those in prior published
work by the Indian Institute of Tropical Meteorology, Indian Institute of Public Health-Gandhinagar, and the
India Meteorological Department (Parthasarathy et al 1987, Sanjay et al 2020, Beig et al 2021, Wei et al 2021).
Based on that seasonal representation, we calculated a manually-weighted daily city average PM; 5 level to
characterize the annual concentration across the city. Our 2030 BAU and M&A scenarios modeled in
WRF-Chem utilize the same selection of four months to enable comparison to the 2018 baseline scenario.
We also estimated the health benefits from achieving three air quality targets by 2030 relative to the 2018
baseline: NCAP (reduction of PM, 5 pollution levels by 30% from baseline), NAAQS (40 pg m~?), and
WHO AQG (5 ug m~3) (see supplemental information tables E and I).

2.6.2. Health impact modeling

2.6.2.1. Population and demographic data for modeling

To estimate population exposure to air pollution, the BenMAP-CE model applies population-based
weighting to gridded WREF air pollution output (Sacks et al 2018). To account for population growth
between 2018 and 2030, we developed a hybrid population dataset that incorporated the best available spatial
resolution, population growth estimate, and age structure from several data sources ((United Nations
Department of Economic and Social Affairs (Population Dynamics) 2018), (Ahmedabad Municipal
Corporation n.d.), (US Environmental Protection Agency 2016) (Urban Emissions 2022)). See supplemental
information section 1.4.1 and supplemental tables F and G for more information on our hybrid population
estimation method and sensitivity analyses using different population datasets.

2.6.2.2. Health metrics and baseline health estimates

Comparing the PM, 5 air pollution conditions for baseline 2018 versus those under two alternative future
assumptions for 2030 (BAU and M&A), we quantify health co-benefits from avoided mortality using the
BenMAP-CE model v1.5, an open-source software application used widely in health impacts research (Sacks
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et al 2018, Brown et al 2020, Manojkumar and Srimuruganandam 2021). Due to the lack of cause-specific
mortality and morbidity data for Ahmedabad, we utilize all-cause mortality as the health metric in this study.
All-cause mortality data were obtained from the Ahmedabad Municipal Corporation Office of the Registrar
of Births and Deaths department.

2.6.2.3. PM; 5 exposure-response functions

We calibrated BenMAP-CE with the gridded Ahmedabad population estimate for 2030 (see section 2.6.2).
Due to the lack of India-specific exposure-response functions for all-cause mortality (Gordon et al 2018,
Limaye et al 2018b), we applied integrated exposure-response functions for all-cause and non-accidental
mortality in BenMAP-CE related to annual PM, 5 exposures (Pope et al 2015, Turner et al 2016, Burnett et al
2018) (see supplemental information section 1.4.3). The Burnett et al (2018) Global Exposure Mortality
Model (GEMM), in particular, integrates data from 41 population cohorts in 16 countries with annual PM; 5
exposure levels up to 84 g m—> (in China) (Yin et al 2018). The GEMM approach has previously indicated
substantial health benefits from PM, 5 reductions in highly polluted settings including India and China
(Burnett et al 2018).

3. Results

3.1. Climate change and cooling energy demand

Table 2 shows the results of our climate and energy demand modeling for Ahmedabad, extracted from a
broader analysis (Joshi et al 2022). Climate warming causes the average temperature in the city to rise to
28.39 °C in 2030 from 27.58 °C in 2018, an increase of 0.81 °C (Monaghan et al 2014). Based on the analysis
detailed in (Joshi et al 2022), annual demand for cooling electricity increases to 4.22 (BAU) TWh in
Ahmedabad by 2030, compared to 1.46 TWh at 2018 baseline. But implementation of cool roofs to cover a
total of 20% of available roof area in buildings can help to moderate this increase and reduce total annual
electricity demand by 0.21 TWh. In our analysis of power sector emissions from TPP to help meet city
electricity demand (Joshi et al 2022), we estimate an increase in total power generation (and corresponding
primary pollution emissions) between 2018 and 2030 BAU (from 1.70 to 2.10 TWh) while power generation
from Surat to help meet Ahmedabad’s demand increases from 4.43 to 5.26 TWh between 2018 and 2030. In
our 2030 M&A scenario, we estimate zero electricity generation from TPP (in table 2, the share of 2030 BAU
power supply from TPP, 2.10 TWHh, is substituted by renewable energy in 2030 M&A) and eliminate the
entirety of its pollution emissions for the purposes of air quality modeling.

Separately, our energy demand analysis reported that the cool roof intervention scenario and its
associated reduction in electricity demand is equivalent to avoiding about 0.191 metric megatons of carbon
dioxide emissions (Joshi et al 2022). The carbon dioxide reduction associated with the 2030 mitigation
scenario is about ten times larger: between 1.97 and 2.61 metric megatons annually (see supplemental
information section 2.2 and supplemental table C).

3.2. Air quality impacts

For air quality, we first describe our monthly results that represent four seasons: winter, spring,
summer/monsoon and fall/post-monsoon. Figure 4 displays the WRF-Chem air quality modeling results,
depicting daily PM, 5 levels averaged for each month under 2018 baseline, 2030 BAU, and 2030 M&A. The
monthly average and standard distribution of PM, 5 levels for all grids for each scenario are shown in
table 3.

Opverall, across the three scenarios we identify consistent seasonal trends in air pollution, with January
and October registering the highest levels and July registering the lowest levels. For annual weighting
(described in supplementary section 1.3.5), the July data most strongly drive the annual average, but PM, 5
levels modeled for July are consistent across 2018, 2030 BAU, and 2030 M&A. Air pollution estimates for
January show the highest increase from 2018 to both 2030 scenarios, while the October estimates show a
decrease from 2018 to both 2030 scenarios. In our annual estimates, January data are weighted more heavily
than October; that influence is apparent in our manually-weighted annual averages shown in table 4. It is
important to note that for health impact estimates, BenMAP calculates population-weighted averages from
the annual PM, 5 data we input (see table 4).

Our results indicate that, by 2030, PM, 5 air pollution in Ahmedabad is expected to increase in the BAU
climate scenario, but M&A actions can help to moderate this effect. The application of ambient meteorology,
emissions, and atmospheric chemistry datasets through WRF-Chem modeling at a high spatial-resolution of
4.2 km? provides more granular insights into local PM, 5 levels. Air quality improves slightly in the vicinity of
TPP even in 2030 BAU due to differences in meteorology inputs between 2018 and 2030 and meteorology
effects on secondary PM; 5 formation downwind of TPP (Pan et al 2021); eliminating emissions from TPP in
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Figure 4. Monthly average PM, 5 estimates calculated from daily averages in WRF-Chem for the 2018 baseline, 2030
business-as-usual (BAU), and 2030 mitigation and adaptation (M&A scenarios). Comparing modeled 2030 vs 2018 air quality
conditions, under different scenarios. Torrent power plant (TPP) (i.e. the Ahmedabad plant) location depicted with black square
in each panel. Figure produced using ArcGIS Pro (ESRI 2020).

Table 3. Monthly average PM 5 estimates and standard deviations calculated from daily averages in WRF-Chem for the 2018 baseline,
2030 business-as-usual (BAU), and 2030 mitigation and adaptation (M&A) scenarios.

Monthly average PM» 5 (ug m~?) (standard deviation)

Scenario January May July October
2018 baseline 74.46 69.72 38.95 86.20
(15.56) (13.64) (9.35) (21.56)
2030 BAU 92.83 66.51 39.52 75.15
(14.40) (12.61) (8.23) (17.14)
2030 M&A 92.42 66.37 38.13 74.95
(14.19) (12.43) (7.67) (17.04)

2030 M&A results in larger and more widespread PMj; 5 reductions than those attributed to changing
meteorology.

To assess how well our modeled 2018 air quality represents air quality observations from monitoring
stations, we compared modeled and monitored data across four seasons (winter, spring, summer, and fall)
(see supplemental information section 2.3). This comparison indicates that, during the fall season, the
WRE-Chem Model well-represented PM, 5 concentrations (0.5% difference between measured and modeled
PM, 5). However, during the other seasons the model underestimated PM, 5 concentrations by 20%-34.2%
on average. Because the health impact analysis relies on the difference in pollution levels between the 2030
scenarios and 2018 baseline, any seasonal underestimation of PM, 5 by WRF-Chem that is systematic in both
2018 and 2030 should not affect the relative comparisons of associated premature mortality across different
years.
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Table 4. BenMAP-CE input values and health result estimates in 2030 under BAU (business-as-usual) and M&A (mitigation and
adaptation) scenarios. The 95% CI denotes lower and upper bounds of 95% confidence interval.

2018 baseline 2030 BAU 2030 M&A

BenMAP-CE inputs

Population (age 0-99) 8459 139 9308 479 9308 479
Population (age 25-99) 6 344 354 7 488 672 7 488 672
Population (age 30-99) 5921 397 7116 333 7116 333
Baseline mortality rate (All-cause, age 30-99, 684.21 — —

per 100 000)

Annual daily average PM> 5 63.40 65.50 64.90

(ug m™>, manually weighted)

Annual daily average PM> 5 71.04 75.18 70.93

(ug m™?, population weighted)

Change in PM,5 (% change) from 2030 to 2018 — +4.13 —0.11
(ug m™?, population weighted annual average) (+5.81%) (—0.15%)

BenMAP-CE health results

2030 excess annual mortality incidence, relative to 2018 baseline

Pope et al 2015 — +1389 -25
All-cause mortality (95% CI) (1092, 1681) (—22,—28)

Average mortality rate (% change) — 707.95 697.89

(age 30-99, per 100 000) (43.47%) (+1.02%)
Turner et al 2016 — +1193 —23
All-cause mortality (95% CI) (793, 1585) (—18,-27)

Average mortality rate (% change) — 704.60 690.20

(age 30-99, per 100 000) (+2.98%) (+0.88%)
Burnett et al 2018 — +870 —52
Non-accidental mortality (95% CI) (648, 1088) (—38, —66)

Average mortality rate (% change) — 699.06 689.27

(age 25-99, per 100 000) (42.17%) (40.74%)

3.3. Health impacts

In considering the exposed population, our analysis indicates that the overall population in the study region
will increase by about 10% in 2030, from 8.46 million in 2018 to 9.31 million. As table 4 and figure 5 show,
annual population-weighted daily average PM, 5 decreases by 0.11 g m— in 2030 relative to the 2018
baseline (a 0.2% decrease from baseline) in the M&A scenario, compared to a 4.13 ug m~? increase in the
BAU scenario (a 5.8% increase from baseline). Population-weighted PM, 5 estimates derived via
BenMAP-CE from WRF-Chem data (section 2.6.2) are considerably higher than manually-weighted
WRE-Chem estimates for 2018, 2030 BAU, and 2030 M&A, demonstrating the importance of population
data in BenMAP-CE to estimate exposure levels.

Our health effect estimates are for changes in excess annual all-cause mortality (age 30-99) and
non-accidental mortality (age 25-99). We estimate that under the BAU scenario, the 2030 annual
population-weighted PM, 5 level is associated with between 1193 (95% CI: 793—1585) and 1389 (95% CI:
1092-1681) excess all-cause deaths or 870 (95% CI: 648—1088) excess non-accidental deaths. However, we
estimate reduced mortality in the 2030 M&A scenario relative to pollution-associated mortality the 2018
baseline. We estimate that under the M&A scenario, 2030 annual population-weighted PM, 5 is associated
with 23 (95% CI: 18-27) to 25 (95% CI: 22-28) fewer all-cause deaths or 52 (95% CI: 38-66) fewer
non-accidental deaths relative to the 2018 baseline. While the average all-cause mortality rate in people aged
30-99 rises in both 2030 scenarios across all exposure-response functions from 2018, the percent increase in
the average mortality rate between 2018 and 2030 is about three-fold larger under BAU compared to the
mortality rate under the M&A scenario.

Comparing between the two 2030 scenarios, we estimate that the reduced PM, 5 air pollution estimated
in the 2030 climate action (M&A) scenario results in between 1216 and 1414 fewer all-cause deaths on
average, or 922 fewer non-accidental deaths relative to the 2030 BAU scenario. Using the Burnett et al (2018)
exposure-response function, the average mortality rate increases by 2.17% under 2030 BAU and decreases by
about 0.74% under 2030 M&A, relative to the 2018 baseline. In our sensitivity analyses (reported in
supplemental table E), we find that achievement of NCAP, NAAQS, or WHO AQG targets for annual daily
average PM, 5 in 2030 would result in up to 6510, 9047, or 17 369 fewer premature all-cause deaths annually,
respectively, relative to 2030 BAU.
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Figure 5. Comparing modeled 2030 vs. 2018 air quality conditions, under different scenarios. Top panels: annual daily average
PM; 5 levels in study region (2018 baseline, 2030 business-as-usual (BAU) scenario, 2030 mitigation and adaptation (M&A)
scenario). Bottom panels: changes in annual daily average PM, 5 relative to 2018 baseline (BAU: business-as-usual scenario; M&A:
mitigation and adaptation scenario). In bottom panels, negative values (green tones) reflect lower air pollution concentrations in
2030 relative to 2018, and positive values (shown in orange tones) reflect higher air pollution concentrations in 2030 relative to
2018. Torrent power plant (TPP) (i.e. the Ahmedabad plant) location depicted with black square in each panel. Modeling grid at
4.2 km? cell resolution, visualized in BenMAP-CE, reflects WRF-Chem modeled PM, 5 levels used as BenMAP-CE inputs. Figure
produced using ArcGIS Pro (ESRI 2020).

4. Discussion

Our research, deploying an air pollution health impact assessment model for the first time in the Indian city
of Ahmedabad, demonstrates that local actions to respond to climate change through M&A policies can
achieve substantial air quality and health co-benefits at the local level. Local government, community and
civil society groups are in discussion on the future of local power sources and plan to engage further given
the Indian government’s aim to reduce output from coal-fired power plants. Efforts to fully substitute
renewable energy in place of coal combustion in Ahmedabad are expected to improve local air quality
relative to a BAU scenario. In contrast, a BAU scenario results in elevated emissions, PM, 5 concentrations,
and higher all-cause mortality in 2030. For context, research by Vohra et al (2022) estimates that 2018 PM, 5
pollution from all sources in Ahmedabad caused 18 400 premature all-cause deaths (95% CI: 5400-31 400)
(Vohra et al 2022); the 2030 health benefits achievable in our M&A scenario (compared to BAU) therefore
represent an approximate 7% reduction in PM; 5-related mortality at the city level. The baseline 2018 annual
population-weighted average PM, 5 level estimated in our WRF-Chem modeling (71.04 pug m~2) is higher
than a recently published estimate 57.68 pg m~ for 2019 (an exposure level corresponding in that same
study to an estimated 5960 premature deaths) (Health Effects Institute 2022); these divergent findings
indicate the need for further refinement of air pollution exposure and health effect estimates in Ahmedabad
and India overall.

This study takes advantage of newly-established air quality monitoring and forecasting in Ahmedabad to
enable novel insight into the local air quality and health co-benefits of climate actions over the near-term.
Future projections of climate change impacts on heat, cooling demand, air pollution, and human health are
needed at a local level in India. A key challenge in quantifying the air quality and health co-benefits of M&A
actions is the range of data, compatible modeling platforms, and expertise needed to conduct
comprehensive, integrated analyses; our interdisciplinary research team surmounted this obstacle by linking
climate, energy, air quality, and health datasets and models using consistent methods that account for not
just future projected climate change, but also population growth and economic expansion.
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Several data issues and modeling assumptions could limit further application of our analyses. For
our air quality modeling, due to computational constraints we did not undertake a year-round,
meteorology-constant simulation of 2030 BAU and 2030 M&A using 2018 meteorology inputs; nor run a
modeling ensemble method across a range of future years to thoroughly assess the effects of climate change
on meteorology and air quality. As a result, we cannot determine the portion of air pollution change between
2018 and 2030 due to changing meteorology alone. The project team did not have access to cause-specific or
age-specific daily mortality data for Ahmedabad, nor to morbidity data and we were unable to apply local,
age-specific exposure-response coefficients to estimate the potential health co-benefits among residents
<25 years. Because children are especially vulnerable to air pollution health harms (Perera et al 2019,
deSouza et al 2022), the avoided mortality co-benefits will therefore be underestimated. In our 2030 M&A
scenario, we only considered emissions reductions from a single stationary source rather than additional
stationary and mobile air pollution sources. While prior analyses indicate that renewable energy sources are
poised to grow substantially by 2030, our air quality and health modeling assumes that these sources will
help to substitute for reduced power generation from TPP along with continuing power generation at the
two Surat plants.

With regards to the mitigation scenario we considered in our modeling, targets announced in 2021
would allow for India to provide half the country’s energy mix from renewable, non-fossil fuel sources by
2030 (United Nations Framework Convention on Climate Change 2021). With India’s climate change policy
ambitions in mind, our approach provides an adaptable method to estimate local air pollution and health
co-benefits of renewable energy deployment and passive cooling strategies in buildings. Cities need more
information on the health benefits of reduced climate and air pollution (Bruine de Bruin et al 2021). With
M&A projects already underway in Ahmedabad and other Indian cities, our modeling results on substantial
avoidable premature mortality from air quality improvements strengthen the evidence base to scale up
climate solutions throughout India.

Data availability statement

All data that support the findings of this study are included within the article (and any supplementary
information files).

Acknowledgments

The authors thank collaborators for contributing work together as part of the Ahmedabad Climate Change
Air Pollution Health Co-Benefits Study Group. Patrick L Kinney, and Jonathan Patz, and Perry Sheffield
provide technical consultation to the group. The authors acknowledge the contributions of Jaron Burke, Alex
Hillbrand, Kelsey Kane-Ritsch, Ken Posey, Leslie Jones, Jessica Jacoby, Shanna Keown, Dipa Bagai, Sameer
Kwatra, Kriti Sehgal, Amanda Maxwell, Parimal Jivarajani, Sayantan Sarkar, Suvarna Tikle, and Mahaveer
Golechha to this work.

Funding

This work was supported by the Wellcome Trust (Grant #216093/Z/19/Z).

ORCID iDs

Vijay S Limaye ® https://orcid.org/0000-0003-3118-6912
Akhilesh Magal ® https://orcid.org/0000-0002-0465-4998
Jaykumar Joshi ® https://orcid.org/0000-0002-4190-3471
Sujit Maji ® https://orcid.org/0000-0001-9175-3339
Priya Dutta ® https://orcid.org/0000-0002-0233-1335
Prashant Rajput ® https://orcid.org/0000-0002-8132-7165
Prima Madan ® https://orcid.org/0000-0002-9022-8599
Polash Mukerjee ©® https://orcid.org/0000-0002-3544-5240
Gufran Beig ® https://orcid.org/0000-0002-5564-7210
Dileep Mavalankar ® https://orcid.org/0000-0003-0498-3799
Anjali Jaiswal ® https://orcid.org/0000-0001-9509-7527
Kim Knowlton ® https://orcid.org/0000-0002-8075-7817

13


https://orcid.org/0000-0003-3118-6912
https://orcid.org/0000-0003-3118-6912
https://orcid.org/0000-0002-0465-4998
https://orcid.org/0000-0002-0465-4998
https://orcid.org/0000-0002-4190-3471
https://orcid.org/0000-0002-4190-3471
https://orcid.org/0000-0001-9175-3339
https://orcid.org/0000-0001-9175-3339
https://orcid.org/0000-0002-0233-1335
https://orcid.org/0000-0002-0233-1335
https://orcid.org/0000-0002-8132-7165
https://orcid.org/0000-0002-8132-7165
https://orcid.org/0000-0002-9022-8599
https://orcid.org/0000-0002-9022-8599
https://orcid.org/0000-0002-3544-5240
https://orcid.org/0000-0002-3544-5240
https://orcid.org/0000-0002-5564-7210
https://orcid.org/0000-0002-5564-7210
https://orcid.org/0000-0003-0498-3799
https://orcid.org/0000-0003-0498-3799
https://orcid.org/0000-0001-9509-7527
https://orcid.org/0000-0001-9509-7527
https://orcid.org/0000-0002-8075-7817
https://orcid.org/0000-0002-8075-7817

10P Publishing

Environ. Res.: Health 1 (2023) 021003 W Letters

References

Abel D W, Holloway T, Harkey M, Meier P, Ahl D, Limaye V S and Patz J A 2018 Air-quality-related health impacts from climate change
and from adaptation of cooling demand for buildings in the eastern United States: an interdisciplinary modeling study PLoS Med.
15 1002599

Abel D, Holloway T, Kladar R M, Meier P, Ahl D, Harkey M and Patz ] 2017 Response of power plant emissions to ambient temperature
in the Eastern United States Environ. Sci. Technol. 51 5838-46

Ahmedabad Municipal Corporation 2011 Data of Amdavad Municipal Corporation area—census (available at: https://ahmedabadcity.
gov.in/portal/jsp/Static_pages/demographics.jsp)

Anon 2020 QGIS (Version 3. 16.14-Hannover) (available at: https://qgis.org/en/site/forusers/download.html)

Azhar G Shah et al 2014 Heat-related mortality in India: excess all-cause mortality associated with the 2010 Ahmedabad heat wave PLoS
One 9 e91831

Baba Shaeb Kannemadugu H, Ranganathan K, Gharai B and Seshasai M 2022 GNSS-GPS derived integrated water vapor and
performance assessment of ERA-5 data over India J. Atmos. Sol.-Terr. Phys. 227 105807

Balakrishnan K ef al 2019 The impact of air pollution on deaths, disease burden, and life expectancy across the states of India: the Global
Burden of Disease Study 2017 Lancet Planet. Health 3 €26-39

Beig G et al 2021 India’s Maiden air quality forecasting framework for megacities of divergent environments: the SAFAR-project Environ.
Model. Softw. 145 105204

Beig G, Chate D M, Sahu S K, Parkhi N S, Srinivas R, Ali K, Ghude S D, Yadav S and Trimbake H K 2015 System of Air Quality Forecasting
and Research (Safar—India) (Geneva: World Meteorological Organization) (available at: https://library.wmo.int/index.
php?lvl=notice_display&id=19465#.Y9007XbMKUk)

Bhatia A, Mathur ] and Garg V 2011 Calibrated simulation for estimating energy savings by the use of cool roof in five Indian climatic
zones J. Renew. Sustain. Energy 3 023108

Brown K E, Henze D K and Milford ] B 2020 Comparing health benefit calculations for alternative energy futures Air Qual. Atmos.
Health 13 773-87

Bruine de Bruin W, Rabinovich L, Weber K, Babboni M, Dean M and Ignon L 2021 Public understanding of climate change terminology
Clim. Change 167 37

Buchholz R, Emmons L, and Tilmes S (The CESM2 Development Team) 2019 CESM2.1:CAM-chem as boundary conditions (https://
doi.org/10.5065/NMP7-EP60) instantaneous output for boundary conditions UCAR/NCAR-Atmospheric Chemistry Observations
and Modeling Laboratory

Burnett R et al 2018 Global estimates of mortality associated with long-term exposure to outdoor fine particulate matter Proc. Natl Acad.
Sci. 115 9592-7

Central Electricity Authority, Ministry of Power (Government of India) 2022 Unit-wise FGD implementation status and summary sheet
(available at: https://cea.nic.in/wp-content/uploads/tprm/2022/08/Unit_wise_FGD_implementation_status_and_summary_
sheet_August2022.pdf)

CPCB 2021 List of 132 non-attainment/million plus cities in India under NCAP (available at: https://cpcb.nic.in/uploads/Non-
Attainment_Cities.pdf)

Cropper M, Cui R, Guttikunda S, Hultman N, Jawahar P, Park Y, Yao X and Song X-P 2021 The mortality impacts of current and
planned coal-fired power plants in India Proc. Natl Acad. Sci. 118 €2017936118

deSouza P N, Dey S, Mwenda K M, Kim R, Subramanian S V and Kinney P L 2022 Robust relationship between ambient air pollution
and infant mortality in India Sci. Total Environ. 815 152755

ESRI 2020 ArcGIS Pro (Version 2.6.2) (available at: www.esri.com/en-us/arcgis/products/arcgis-pro/overview)

Ganguly T, Selvaraj K L and Guttikunda S K 2020 National Clean Air Programme (NCAP) for Indian cities: review and outlook of clean
air action plans Atmos. Environ. X 8 100096

Global Energy Monitor 2022 Coal-Fired Power Stations in India (available at: https://docs.google.com/spreadsheets/d/
In1g3RVV@ESIOIMpmZECviUYIQTSOnwmf7Sj1y8TIY1/edit#gid=48949133)

Gordon T et al 2018 Air pollution health research priorities for India: perspectives of the Indo-U.S. Communities of Researchers
Environ. Int. 119 100-8

Grell G A, Peckham S E, Schmitz R, McKeen S A, Frost G, Skamarock W C and Eder B 2005 Fully coupled “online” chemistry within the
WREF model Atmos. Environ. 39 695775

Gujarat Electricity Regulatory Commission (Gandhinagar) 2020 Tariff order truing up for FY 2018-19 and determination of tariff for
FY 2020-21 For Gujarat State Electricity Corporation Limited (GSECL) (Case No. 1836 of 2019) (available at: https://gercin.org/
wp-content/uploads/2020/03/GSECL-Tariff-Order-for-FY-2020-21.pdf)

Gujarat Electricity Regulatory Commission (Gandhinagar) 2022a Tariff order truing up for FY 2020-21 and determination of tariff for
FY 2022-23 For Torrent Power Limited—Distribution Ahmedabad (Case No. 2033 of 2021) (available at: https://gercin.org/wp-
content/uploads/2022/04/TPL-D-A-20332021Tariff-Order-for-FY-2022-23-dtd.-31.03.2022.pdf)

Gujarat Electricity Regulatory Commission (Gandhinagar) 2022b Tariff order truing up for FY 2020-21 and determination of tariff for
FY 2022-23 For Uttar Gujarat Vij Company Limited (UGVCL) (Case No. 2028 of 2021) (available at: https://gercin.org/wp-
content/uploads/2022/04/UGVCL-20282021-Tariff-Order-of-FY-2022-23-dtd.-31.03.2022.pdf)

Gujarat Industries Power Company Ltd 2016 Gas Based Power Plants (available at: www.gipcl.com/gas-based-power-plants.htm)

Gupta E 2012 Global warming and electricity demand in the rapidly growing city of Delhi: a semi-parametric variable coefficient
approach Energy Econ. 34 1407-21

Guttikunda S K and Jawahar P 2014 Atmospheric emissions and pollution from the coal-fired thermal power plants in India Atmos.
Environ. 92 449-60

Health Effects Institute 2020 State of Global Air 2020: A Special Report on Global Exposure to Air Pollution and Its Health Impacts
(available at: www.stateofglobalair.org/sites/default/files/documents/2020-10/s0oga-2020-report-10-26_0.pdf)

Health Effects Institute 2022 Air pollution and health in cities, state of global air (available at: www.stateofglobalair.org/resources/
health-in-cities)

Hess ] J et al 2020 Guidelines for modeling and reporting health effects of climate change mitigation actions Environ. Health Perspect.
128 115001

Intergovernmental Panel on Climate Change 2018 The Summary for Policymakers of the Special Report on Global Warming of 1.5 °C
(SR15) (available at: www.ipcc.ch/sr15/)

14


https://doi.org/10.1371/journal.pmed.1002599
https://doi.org/10.1371/journal.pmed.1002599
https://doi.org/10.1021/acs.est.6b06201
https://doi.org/10.1021/acs.est.6b06201
https://ahmedabadcity.gov.in/portal/jsp/Static_pages/demographics.jsp
https://ahmedabadcity.gov.in/portal/jsp/Static_pages/demographics.jsp
https://qgis.org/en/site/forusers/download.html
https://doi.org/10.1371/journal.pone.0091831
https://doi.org/10.1371/journal.pone.0091831
https://doi.org/10.1016/j.jastp.2021.105807
https://doi.org/10.1016/j.jastp.2021.105807
https://doi.org/10.1016/S2542-5196(18)30261-4
https://doi.org/10.1016/S2542-5196(18)30261-4
https://doi.org/10.1016/j.envsoft.2021.105204
https://doi.org/10.1016/j.envsoft.2021.105204
https://library.wmo.int/index.php?lvl=notice_display&id=19465#.Y9007XbMKUk
https://library.wmo.int/index.php?lvl=notice_display&id=19465#.Y9007XbMKUk
https://doi.org/10.1063/1.3582768
https://doi.org/10.1063/1.3582768
https://doi.org/10.1007/s11869-020-00840-8
https://doi.org/10.1007/s11869-020-00840-8
https://doi.org/10.1007/s10584-021-03183-0
https://doi.org/10.1007/s10584-021-03183-0
https://doi.org/10.5065/NMP7-EP60
https://doi.org/10.5065/NMP7-EP60
https://doi.org/10.1073/pnas.1803222115
https://doi.org/10.1073/pnas.1803222115
https://cea.nic.in/wp-content/uploads/tprm/2022/08/Unit_wise_FGD_implementation_status_and_summary_sheet_August2022.pdf
https://cea.nic.in/wp-content/uploads/tprm/2022/08/Unit_wise_FGD_implementation_status_and_summary_sheet_August2022.pdf
https://cpcb.nic.in/uploads/Non-Attainment_Cities.pdf
https://cpcb.nic.in/uploads/Non-Attainment_Cities.pdf
https://doi.org/10.1073/pnas.2017936118
https://doi.org/10.1073/pnas.2017936118
https://doi.org/10.1016/j.scitotenv.2021.152755
https://doi.org/10.1016/j.scitotenv.2021.152755
https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview
https://doi.org/10.1016/j.aeaoa.2020.100096
https://doi.org/10.1016/j.aeaoa.2020.100096
https://docs.google.com/spreadsheets/d/1n1q3RVVqjE8I01MpmZECviUY9QTSOnwmf7Sj1y8TlYI/edit#gid=48949133
https://docs.google.com/spreadsheets/d/1n1q3RVVqjE8I01MpmZECviUY9QTSOnwmf7Sj1y8TlYI/edit#gid=48949133
https://doi.org/10.1016/j.envint.2018.06.013
https://doi.org/10.1016/j.envint.2018.06.013
https://doi.org/10.1016/j.atmosenv.2005.04.027
https://doi.org/10.1016/j.atmosenv.2005.04.027
https://gercin.org/wp-content/uploads/2020/03/GSECL-Tariff-Order-for-FY-2020-21.pdf
https://gercin.org/wp-content/uploads/2020/03/GSECL-Tariff-Order-for-FY-2020-21.pdf
https://gercin.org/wp-content/uploads/2022/04/TPL-D-A-20332021Tariff-Order-for-FY-2022-23-dtd.-31.03.2022.pdf
https://gercin.org/wp-content/uploads/2022/04/TPL-D-A-20332021Tariff-Order-for-FY-2022-23-dtd.-31.03.2022.pdf
https://gercin.org/wp-content/uploads/2022/04/UGVCL-20282021-Tariff-Order-of-FY-2022-23-dtd.-31.03.2022.pdf
https://gercin.org/wp-content/uploads/2022/04/UGVCL-20282021-Tariff-Order-of-FY-2022-23-dtd.-31.03.2022.pdf
https://www.gipcl.com/gas-based-power-plants.htm
https://doi.org/10.1016/j.eneco.2012.04.014
https://doi.org/10.1016/j.eneco.2012.04.014
https://doi.org/10.1016/j.atmosenv.2014.04.057
https://doi.org/10.1016/j.atmosenv.2014.04.057
https://www.stateofglobalair.org/sites/default/files/documents/2020-10/soga-2020-report-10-26_0.pdf
https://www.stateofglobalair.org/resources/health-in-cities
https://www.stateofglobalair.org/resources/health-in-cities
https://doi.org/10.1289/EHP6745
https://doi.org/10.1289/EHP6745
https://www.ipcc.ch/sr15/

10P Publishing

Environ. Res.: Health 1 (2023) 021003 W Letters

Jiang Q, Li W, Fan Z, He X, Sun W, Chen S, Wen J, Gao ] and Wang J 2021 Evaluation of the ERA5 reanalysis precipitation dataset over
Chinese Mainland J. Hydrol. 595 125660

Joshi J, Magal A, Limaye V S, Madan P, Jaiswal A, Mavalankar D and Knowlton K 2022 Climate change and 2030 cooling demand in
Ahmedabad, India: opportunities for expansion of renewable energy and cool roofs Mitig. Adapt. Strateg. Glob. Change 27 1-17

Kaur R and Pandey P 2021 Air pollution, climate change, and human health in Indian cities: a brief review Front. Sustain. 3 705131

Knowlton K ef al and The Ahmedabad Heat and Climate Study Group 2014 Development and implementation of South Asia’s first
heat-health action plan in Ahmedabad (Gujarat, India) Int. J. Environ. Res. Public Health 11 3473-92

Kolluru V, Kolluru S and Konkathi P 2020 Evaluation and integration of reanalysis rainfall products under contrasting climatic
conditions in India Atmos. Res. 246 105121

Lamarque J-F, Emmons L, Hess P, Kinnison D E, Tilmes S, Vitt F, Heald C, Holland E A, Lauritzen P and Neu ] 2012 CAM-chem:
description and evaluation of interactive atmospheric chemistry in the Community Earth System Model Geosci. Model Dev.
5369411

Li C, McLinden C, Fioletov V, Krotkov N, Carn S, Joiner J, Streets D, He H, Ren X and Li Z 2017 India is overtaking China as the world’s
largest emitter of anthropogenic sulfur dioxide Sci. Rep. 7 1-7

Limaye V S et al 2018a Development of Ahmedabad’s air information and response (AIR) plan to protect public health Int. J. Environ.
Res. Public Health 15 1460

Limaye V'S, Schopp W and Amann M 2018b Applying integrated exposure-response functions to PM, s pollution in India Int. J.
Environ. Res. Public Health 16 60

Luo B and Minnett P J 2020 Evaluation of the ERA5 sea surface skin temperature with remotely-sensed shipborne marine-atmospheric
emitted radiance interferometer data Remote Sens. 12 1873

Manojkumar N and Srimuruganandam B 2021 Health benefits of achieving fine particulate matter standards in India—a nationwide
assessment Sci. Total Environ. 763 142999

Ministry of Environment, Forests, and Climate Change (Government of India) 2019a India Cooling Action Plan (New Delhi: Ministry of
Environment, Forest & Climate Change) (available at: http://ozonecell.nic.in/wp-content/uploads/2019/03/INDIA-COOLING-
ACTION-PLAN-e-circulation-version080319.pdf)

Ministry of Environment, Forests, and Climate Change (Government of India) 2019b National Clean Air Programme (NCAP) (New
Delhi) (available at: http://moef.gov.in/wp-content/uploads/2019/05/NCAP_Report.pdf)

Ministry of Power, Government of India 2018 Retirement of Sabarmati C station unit no. 15 and 16 (30 MW each) of torrent power
limited, Ahmedabad (available at: https://cea.nic.in/old/reports/others/planning/pdm/Retirement_sabarmati.pdf)

Monaghan A, Steinhoff D, Bruyere C and Yates D 2014 NCAR CESM global bias-corrected CMIP5 output to support WRF/MPAS
research (available at: https://rda.ucar.edu/datasets/ds316.1/)

National Center for Atmospheric Research WACCM Atmospheric chemistry observations & modeling (available at: www2.acom.ucar.
edu/gem/waccm)

Pan SY, Liou Y T, Chang M B, Chou C C-K, Ngo T H and Chi K H 2021 Characteristics of PCDD/Fs in PM, 5 from emission stacks and
the nearby ambient air in Taiwan Sci. Rep. 11 8093

Pandey A et al 2020 Health and economic impact of air pollution in the states of India: the Global Burden of Disease Study 2019 Lancet
Planet. Health 5 ¢25-38

Parthasarathy B, Sontakke N A, Monot A A and Kothawale D R 1987 Droughts/floods in the summer monsoon season over different
meteorological subdivisions of India for the period 1871-1984 J. Climatol. 7 57-70

Pedersen ] S T, van Vuuren D P, Aparicio B A, Swart R, Gupta ] and Santos F D 2020 Variability in historical emissions trends suggests a
need for a wide range of global scenarios and regional analyses Commun. Earth Environ. 1 41

Perera F, Ashrafi A, Kinney P and Mills D 2019 Towards a fuller assessment of benefits to children’s health of reducing air pollution and
mitigating climate change due to fossil fuel combustion Environ. Res. 172 55-72

Pingle S, Raval A, Dutta P, Tiwari A, Ganguly P, Sathish L, Mavalankar D, Hess ] and Jaiswal A 2018 Occupational heat exposure of
traffic police workers in Ahmedabad, India Occup. Environ. Med. 75 A503

Pope C A, Turner M C, Burnett R T, Jerrett M, Gapstur S M, Diver W R, Krewski D and Brook R D 2015 Relationships between fine
particulate air pollution, cardiometabolic disorders, and cardiovascular mortality Circ. Res. 116 108—15

Powers ] G, Klemp J B, Skamarock W C, Davis C A, Dudhia J, Gill D O, Coen J L, Gochis D ], Ahmadov R and Peckham S E 2017 The
weather research and forecasting model: overview, system efforts, and future directions Bull. Am. Meteorol. Soc. 98 1717-37

Purohit P et al 2019 Pathways to Achieve National Ambient Air Quality Standards (NAAQS) in India (available at: http://pure.iiasa.ac.at/
id/eprint/15822/1/CEEW-ITASA%20-%20Pathways%20to%20National%20Ambient%20Air%20Quality%20Report%20PDF%
2002May19.pdf)

Romanello M et al 2021 The 2021 report of the Lancet Countdown on health and climate change: code red for a healthy future Lancet
398 1619-62

Sacks J D, Lloyd ] M, Zhu Y, Anderton J, Jang C J, Hubbell B and Fann N 2018 The environmental benefits mapping and analysis
program—community edition (BenMAP-CE): a tool to estimate the health and economic benefits of reducing air pollution
Environ. Model. Softw. 104 118-29

Sanjay J et al 2020 Temperature changes in India Assessment of Climate Change over the Indian Region ed R Krishnan, J Sanjay,

C Gnanaseelan, M Mujumdar, A Kulkarni and S Chakraborty (Singapore: Springer Singapore) pp 21-45 (available at: https:/link.
springer.com/10.1007/978-981-15-4327-2_2)

Sharmar V and Markina M 2020 Validation of global wind wave hindcasts using ERA5, MERRA2, ERA-Interim and CFSRv2 reanalyzes
IOP Conf. Ser.: Earth Environ. Sci. 606 012056

Singh V P and Sharma N 2021 Mapping Costs for Early Coal Decommissioning in India (New Delhi: Council on Energy, Environment and
Water) (available at: https://cef.ceew.in/solutions-factory/publications/ CEEW-CEF-mapping-costs-for-early-coal-
decommissioning-in-india.pdf)

System of Air Quality and Weather Forecasting and Research, Indian Institute of Tropical Meteorology 2017 Emission inventory of
Ahmedabad 2017 (Pune: Ministry of Earth Science, Government of India) (available at: http://assets.nrdc.org/sites/default/files/
media-uploads/safar-ahmedabad-ei-2017-full_report.pdf)

Tang W, Qin J, Yang K, Zhu F and Zhou X 2021 Does ERA5 outperform satellite products in estimating atmospheric downward
longwave radiation at the surface? Atmos. Res. 252 105453

Turner M C et al 2016 Long-term ozone exposure and mortality in a large prospective study Am. J. Respir. Crit. Care Med. 193 113442

United Nations Department of Economic and Social Affairs (Population Dynamics) 2018 World urbanization prospects—population
division—United Nations—file 22: annual population of urban agglomerations with 300,000 inhabitants or more in 2018, by

15


https://doi.org/10.1016/j.jhydrol.2020.125660
https://doi.org/10.1016/j.jhydrol.2020.125660
https://doi.org/10.1007/s11027-022-10019-4
https://doi.org/10.1007/s11027-022-10019-4
https://doi.org/10.3389/frsc.2021.705131
https://doi.org/10.3389/frsc.2021.705131
https://doi.org/10.3390/ijerph110403473
https://doi.org/10.3390/ijerph110403473
https://doi.org/10.1016/j.atmosres.2020.105121
https://doi.org/10.1016/j.atmosres.2020.105121
https://doi.org/10.5194/gmd-5-369-2012
https://doi.org/10.5194/gmd-5-369-2012
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.3390/ijerph15071460
https://doi.org/10.3390/ijerph15071460
https://doi.org/10.3390/ijerph16010060
https://doi.org/10.3390/ijerph16010060
https://doi.org/10.3390/rs12111873
https://doi.org/10.3390/rs12111873
https://doi.org/10.1016/j.scitotenv.2020.142999
https://doi.org/10.1016/j.scitotenv.2020.142999
http://ozonecell.nic.in/wp-content/uploads/2019/03/INDIA-COOLING-ACTION-PLAN-e-circulation-version080319.pdf
http://ozonecell.nic.in/wp-content/uploads/2019/03/INDIA-COOLING-ACTION-PLAN-e-circulation-version080319.pdf
http://moef.gov.in/wp-content/uploads/2019/05/NCAP_Report.pdf
https://cea.nic.in/old/reports/others/planning/pdm/Retirement_sabarmati.pdf
https://rda.ucar.edu/datasets/ds316.1/
https://www2.acom.ucar.edu/gcm/waccm
https://www2.acom.ucar.edu/gcm/waccm
https://doi.org/10.1038/s41598-021-87468-5
https://doi.org/10.1038/s41598-021-87468-5
https://doi.org/10.1016/S2542-5196(20)30298-9
https://doi.org/10.1016/S2542-5196(20)30298-9
https://doi.org/10.1002/joc.3370070106
https://doi.org/10.1002/joc.3370070106
https://doi.org/10.1038/s43247-020-00045-y
https://doi.org/10.1038/s43247-020-00045-y
https://doi.org/10.1016/j.envres.2018.12.016
https://doi.org/10.1016/j.envres.2018.12.016
https://doi.org/10.1136/oemed-2018-ICOHabstracts.1425
https://doi.org/10.1136/oemed-2018-ICOHabstracts.1425
https://doi.org/10.1161/CIRCRESAHA.116.305060
https://doi.org/10.1161/CIRCRESAHA.116.305060
https://doi.org/10.1175/BAMS-D-15-00308.1
https://doi.org/10.1175/BAMS-D-15-00308.1
http://pure.iiasa.ac.at/id/eprint/15822/1/CEEW-IIASA%2520-%2520Pathways%2520to%2520National%2520Ambient%2520Air%2520Quality%2520Report%2520PDF%252002May19.pdf
http://pure.iiasa.ac.at/id/eprint/15822/1/CEEW-IIASA%2520-%2520Pathways%2520to%2520National%2520Ambient%2520Air%2520Quality%2520Report%2520PDF%252002May19.pdf
http://pure.iiasa.ac.at/id/eprint/15822/1/CEEW-IIASA%2520-%2520Pathways%2520to%2520National%2520Ambient%2520Air%2520Quality%2520Report%2520PDF%252002May19.pdf
https://doi.org/10.1016/S0140-6736(21)01787-6
https://doi.org/10.1016/S0140-6736(21)01787-6
https://doi.org/10.1016/j.envsoft.2018.02.009
https://doi.org/10.1016/j.envsoft.2018.02.009
https://link.springer.com/10.1007/978-981-15-4327-2_2
https://link.springer.com/10.1007/978-981-15-4327-2_2
https://doi.org/10.1088/1755-1315/606/1/012056
https://doi.org/10.1088/1755-1315/606/1/012056
https://cef.ceew.in/solutions-factory/publications/CEEW-CEF-mapping-costs-for-early-coal-decommissioning-in-india.pdf
https://cef.ceew.in/solutions-factory/publications/CEEW-CEF-mapping-costs-for-early-coal-decommissioning-in-india.pdf
http://assets.nrdc.org/sites/default/files/media-uploads/safar-ahmedabad-ei-2017-full_report.pdf
http://assets.nrdc.org/sites/default/files/media-uploads/safar-ahmedabad-ei-2017-full_report.pdf
https://doi.org/10.1016/j.atmosres.2021.105453
https://doi.org/10.1016/j.atmosres.2021.105453
https://doi.org/10.1164/rccm.201508-1633OC
https://doi.org/10.1164/rccm.201508-1633OC

10P Publishing

Environ. Res.: Health 1 (2023) 021003 W Letters

country, 1950-2035 (thousands) World Urbanization Prospects 2018 (available at: https://population.un.org/wup/Download/Files/
WUP2018-F22-Cities_Over_300K_Annual.xls)

United Nations Framework Convention on Climate Change 2015 India’s Intended Nationally Determined Contribution (available at:
wwwé4.unfccc.int/sites/ndcstaging/PublishedDocuments/India%20First/INDIA%20INDC%20TO%20UNFCCC.pdf)

United Nations Framework Convention on Climate Change 2021 World leaders kick start accelerated climate action at COP26 (available
at: https://unfccc.int/news/world-leaders-kick-start-accelerated-climate-action-at-cop26)

Upadhyay A, Dey S, Chowdhury S, Kumar R and Goyal P 2020 Tradeoffs between air pollution mitigation and meteorological response
in India Sci. Rep. 10 14796

Urban Emissions 2022 India: gridded population for 2011-2050 (available at: https://urbanemissions.info/blog-pieces/india-gridded-
population/)

US Environmental Protection Agency 2016 South Asia (GBD Population Data for BenMAP) (available at: www.epa.gov/sites/default/files/
2019-04/india.zip)

Varadhan S 2022 India aims to cut power output from at least 81 coal-fired plants over 4 years Reuters (available at: www.reuters.com/
business/sustainable-business/india-plans-phase-down-least-81-coal-fired-utilities-4-years-document-2022-05-30/)

Vellingiri S, Dutta P, Singh S, Sathish L, Pingle S and Brahmbhatt B 2020 Combating climate change-induced heat stress: Assessing cool
roofs and its impact on the indoor ambient temperature of the households in the Urban slums of Ahmedabad Indian J. Occup.
Environ. Med. 24 25

Vohra K, Marais E A, Bloss W ], Schwartz J, Mickley L ], van Damme M, Clarisse L and Coheur P-F 2022 Rapid rise in premature
mortality due to anthropogenic air pollution in fast-growing tropical cities from 2005 to 2018 Sci. Adv. 8 eabm4435

Vora RV 2019 Gujarat says ‘No’ to new thermal plants The Hindu Business Line (available at: www.thehindubusinessline.com/news/
national/gujarat-says-no-to-new-thermal-plants/article29362509.ece)

Wei Y, Tiwari A S, Li L, Solanki B, Sarkar J, Mavalankar D and Schwartz ] 2021 Assessing mortality risk attributable to high ambient
temperatures in Ahmedabad, 1987-2017 Environ. Res. 198 111232

World Health Organization 2021 Global air quality guidelines: particulate matter (PM2.5 and PM10), ozone, nitrogen dioxide, sulfur
dioxide, and carbon monoxide (available at: https://apps.who.int/iris/rest/bitstreams/1371692/retrieve)

Yin P et al 2018 Long-term fine particulate matter exposure and nonaccidental and cause-specific mortality in a large national cohort of
Chinese men Environ. Health Perspect. 125 117002

16


https://population.un.org/wup/Download/Files/WUP2018-F22-Cities_Over_300K_Annual.xls
https://population.un.org/wup/Download/Files/WUP2018-F22-Cities_Over_300K_Annual.xls
https://www4.unfccc.int/sites/ndcstaging/PublishedDocuments/India%2520First/INDIA%2520INDC%2520TO%2520UNFCCC.pdf
https://unfccc.int/news/world-leaders-kick-start-accelerated-climate-action-at-cop26
https://doi.org/10.1038/s41598-020-71607-5
https://doi.org/10.1038/s41598-020-71607-5
https://urbanemissions.info/blog-pieces/india-gridded-population/
https://urbanemissions.info/blog-pieces/india-gridded-population/
https://www.epa.gov/sites/default/files/2019-04/india.zip
https://www.epa.gov/sites/default/files/2019-04/india.zip
https://www.reuters.com/business/sustainable-business/india-plans-phase-down-least-81-coal-fired-utilities-4-years-document-2022-05-30/
https://www.reuters.com/business/sustainable-business/india-plans-phase-down-least-81-coal-fired-utilities-4-years-document-2022-05-30/
https://doi.org/10.4103/ijoem.IJOEM_120_19
https://doi.org/10.4103/ijoem.IJOEM_120_19
https://doi.org/10.1126/sciadv.abm4435
https://doi.org/10.1126/sciadv.abm4435
https://www.thehindubusinessline.com/news/national/gujarat-says-no-to-new-thermal-plants/article29362509.ece
https://www.thehindubusinessline.com/news/national/gujarat-says-no-to-new-thermal-plants/article29362509.ece
https://doi.org/10.1016/j.envres.2021.111232
https://doi.org/10.1016/j.envres.2021.111232
https://apps.who.int/iris/rest/bitstreams/1371692/retrieve
https://doi.org/10.1289/EHP1673
https://doi.org/10.1289/EHP1673

	Air quality and health co-benefits of climate change mitigation and adaptation actions by 2030: an interdisciplinary modeling study in Ahmedabad, India
	1. Introduction
	2. Methods
	2.1. Overview of modeling approach
	2.2. Geographic area
	2.3. Overview of baseline and future scenarios
	2.4. Estimating 2018 baseline
	2.5. Modeling of 2030 scenarios
	2.5.1. Climate change drivers and meteorology
	2.5.2. Future cooling energy demand
	2.5.3. 2030 business-as-usual (BAU) scenario overview
	2.5.4. 2030 mitigation and adaptation (M&A) scenario overview

	2.6. Co-benefits modeling inputs and outputs
	2.6.1. Air quality modeling
	2.6.2. Health impact modeling


	3. Results
	3.1. Climate change and cooling energy demand
	3.2. Air quality impacts
	3.3. Health impacts

	4. Discussion
	References


