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Emissions from anthropogenic activity impact both health and climate. Through the use of

adjoint modeling we have developed sensitivities to estimate either the surface temperature change

or premature deaths due to an emissions perturbation at the scale of the model resolution. For

estimation of ambient climate impacts, this work includes parameterizations of indirect and semi-

direct radiative forcing in conjunction with regional radiative forcing scaling factors to estimate

a range of temperature impacts, along with a central estimate, for any emissions perturbation.

We have combined this with health impact sensitivities that use satellite downscaling in order to

calculate human exposure at the 0.1◦ by 0.1◦ resolution. As an application of these techniques we

have created an emissions inventory of aerosol and greenhouse gas emissions from global solid fuel

use for cooking. We have estimated that a linear phased removal of these cookstove emissions leads

to cooling of 79 mK (12 mK warming to 169 mK cooling) in 2050 and prevention of 260,000 (137,000

to 268,000) premature deaths per year. This work has also been able to highlight countries that

are optimal targets for cookstove interventions based on both overall magnitude of impact and the

marginal per-cookstove impacts. The largest impacts for climate and health are realized in China

and India, while Ukraine and Azerbaijan have the largest per cookstove impacts. In addition to

global impacts, the tools developed here also have been applied on a regional scale to estimate

the impacts of clean cookstove implementation scenarios within Mozambique where emissions from

solid fuel use is responsible for 278 annual premature deaths and warming of 0.7 mK by 2050. The

models and estimates of impacts presented in this work will provide policy makers with improved

information that can be used when designing not only cookstove interventions, but any emissions

mitigation scenario.
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Chapter 1

Introduction

Understanding the global impacts of aerosols on climate and health has been a research

problem since the mid-twentieth century. Work done through the Global Burden of Disease (GBD)

project shows that exposure to ambient PM2.5 concentrations was responsible for approximately

2.8 to 3.6 million premature deaths in 2010, in addition to another 2.6 to 4.3 million deaths from

indoor air quality (IAQ) [62]. More recent work has shown that in 2013, the predicted number of

deaths from ambient air pollution (AAP) outweighs the number of deaths caused by IAQ [18, 31].

Ambient air pollution also impacts climate by perturbing the Earth’s energy balance. The latest

Intergovernmental Panel on Climate Change (IPCC) report states that -0.9 Wm−2 (with a range

from -1.9 to -0.1) of the overall anthropogenic radiative forcing of 2.3 Wm−2 (with a range of 1.1

to 3.4) is due to aerosols [75, 17]. These estimates of the climate impacts of anthropogenic aerosols

have also been rated as medium to low confidence due to gaps in the current scientific understanding

and concensus on physical representation of aerosol sources and processes. The combination of the

magnitude of these health and climate impacts along with the uncertainties in the present day and

future values is the underlying motivation for further research on anthropogenic aerosols.

In order to understand the climate and health impacts of aerosol emissions and quantify the

benefits of different mitigation strategies, we need to account for several mechanisms of aerosol

formation and processing in the atmosphere. Although aerosol composition varies, this study will

focus on anthropogenic emissions and formation of primary carbonaceous aerosols (BC and OC),

sulfate, nitrate, and ammonium. These species make up a large portion (∼50%) of fine particulate
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mass over land and are the main focus of air quality regulations. In addition to anthropogenic

aerosol sources, the global aerosol burden also has contributions from naturally occurring aerosols

such as sea salt, mineral dust, and secondary organic aerosol (SOA). The latter two species also have

some anthropogenic component as well, but for the purpose of this work, these have either not been

included or estimated using a simple parameterization since the level of scientific understanding of

their sources is quite nascent and they are thus seldom included in emissions control strategies. Each

of the aforementioned anthropogenic species undergoes different processes in the atmosphere, which

form two classifications: directly emitted aerosols (BC and OC) and secondary inorganic aerosols

(sulfate, nitrate, and ammonium). Atmospheric processing of directly emitted species consists

of chemical aging from hydrophobic to hydrophilic states, which controls their deposition rates

through wet scavenging [26, 63, 23, 25]. Secondary inorganic aerosols (SIA) are formed through the

emission of aerosol precursor species that contain either reactive nitrogen or reactive sulfur [78].

These reactive species then undergo gas-phase oxidation, heterogeneous surface chemistry [28], and

phase partitioning. Once in the aerosol form, these SIA species are also subject to various dynamic

mechanisms such as coagulation, which will perturb the total aerosol number. In addition, the

formation of aerosol affects photolysis rates in the troposphere [69], which is also a feedback on SIA

formation rates. All of these chemical and physical processes lead to an atmospheric aerosol mass

concentration which in turn impacts human health and climate.

Aerosol concentrations impact health by affecting cardiac and respiratory function, which

manifests as a source of premature death. According to the 2015 GBD report on global mortality,

the combined IAQ and AAP impacts result in the 4th highest risk factor for premature death

globally [31]. The diseases considered to be impacted by air pollution for this study are: ischemic

heart disease (IHD), stroke, chronic obstructive pulmonary disease, lower respiratory infections,

and lung cancer (the deaths reported in this report only consider deaths for the population above

30 years old and do not account for infant acute lower respiratory infections (ALRI)). The impact

of air pollution on each of these diseases is estimated using integrated exposure response (IER)

functions which estimate a person’s increased risk due to their annual PM2.5 exposure [19]. These
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IER functions rely on baseline mortality rates [64] at the national-scale along with ambient human

exposure estimated as population-weighted PM2.5 derived from satellite datasets [18, 116].

Aerosol mass concentrations also affect climate by perturbing the radiative balance at the

top of the atmosphere (TOA). In order to calculate this change in radiative flux, we must consider

several factors. Species dependent properties, i.e., refractive index and size distribution, of aerosols

govern how they interact with incoming radiation in the troposphere. In order to determine the

impact on radiative flux, there are several theoretical frameworks for describing aerosol radiative

interactions. Mie scattering theory is a good representation for the typical size range of fine par-

ticulate matter considered in this work. Mie theory assumes spherical particles and accounts for

non-uniform radiation interaction, which includes a reflective component and absorptive component

based on species specific optical parameters (phase function, single-scattering albedo and refractive

index), to estimate the radiative flux for a given wavelength of incoming radiation. By integrating

over a range of wavelengths (315 to 1,667 nm) the total radiative flux for a species can be estimated.

Aerosol concentrations in the atmosphere also impact cloud formation and longevity, which in turn

impacts the radiative flux at the top of the atmosphere [110]. Based on the results from the IPCC

5th Assessment Report, these aerosol cloud interactions make up approximately 50% of the overall

aerosol radiative forcing and are highly uncertain [17]. In our work we treat the species-specific

radiative forcing from these effects as being proportional to their direct radiative forcing. This

approximation is a source of uncertainty, and therefore applied to calculate not only the central

estimate of effective radiative forcing but also the upper and lower bounds.

A valuable tool for understanding the relationship between aerosol sources and their impacts

are atmospheric models that attempt to simulate all of these chemical, physical, and radiative

aerosol processes. Chemical transport models (CTM) treat these chemical and physical processes

in the atmosphere by solving mass balance equations for various species in each grid cell. These

mass balance equations account for emissions, chemical reactions within a grid cell, advection to

and from the grid cell, dispersion to and from the grid cell, and loss rates owing to both wet and

dry deposition. The model used here, GEOS-Chem [7], uses parameterizations for each of these
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processes to estimate the global aerosol mass concentrations gridded at the 2◦ by 2.5◦ resolution.

In this thesis, the GEOS-Chem model has been modified to examine specific model outputs,

hereafter referred to as cost functions, using a number of different modules, inputs, and parame-

terizations. Human health impacts are estimated by combining the modeled grid-cell aerosol mass

concentrations with satellite data and rescaling to the match the annual average PM2.5 concen-

trations from this dataset, along with redistribution from the 2◦ by 2.5◦ resolution to the 0.1◦ by

0.1◦ resolution that is appropriate for estimating human exposure. These exposure estimates are

then combined with IER functions to estimate grid-scale premature deaths from exposure to AAP.

For estimation of aerosol radiative forcing, the LIDORT radiative transfer model [107] is used to

estimate the grid cell contributions to radiative flux [39] for a baseline pre-industrial state and

perturbed case, either present day or future atmospheric condition. A detailed explanation of these

models are included in Chapter 7 and Chapter 6 respectively.

In addition to forward models, explained above, adjoint models present several unique oppor-

tunities for exploring modeled relationships between aerosol sources and their impacts. In general,

adjoint models track the effect of a small perturbation in the model output backward though time

in order to generate sensitivities of the model output with respect to all model inputs. Due to

the timescales by which aerosols are transported and removed from the atmosphere, aerosol mass

concentrations are spatially heterogeneous. This in turn leads to the climate and ambient air

quality impacts of aerosols also being spatially heterogenous, although the spatial distribution of

the impacts does not directly match the spatial distribution of emissions sources due to forma-

tion mechanisms and aerosol lifetime in the atmosphere. Adjoint models are able to capture these

source-receptor relationships by taking into account all of the intermediate processes affecting the

mass-balance in each grid cell. This means that the adjoint model can calculate the grid-scale sen-

sitivities of the cost function with respect to all inputs (i.e., emissions) while taking into account all

of the processes mentioned above. These sensitivities then allow for analysis of the impacts of mul-

tiple grid-scale emission perturbations for a limited (approximately an order of magnitude higher)

computational cost. The same set of results calculated using finite difference methods requires on
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the order of 106 model runs. Further details of the adjoint of the GEOS-Chem model are explained

in Chapters 6 and 7.

Since an adjoint model output is the sensitivities of the cost function with respect to grid-cell

emissions, it is possible to quickly estimate the impacts of a number of different anthropogenic

emissions control strategies or sectors. One of the largest contributors to AAP is the global use of

solid-fuel for cooking. While previous work [112, 3, 21, 59] has estimated the impacts from various

combinations of residential, commercial, and fuel type scenarios, this work focuses on the ranges

of impacts from assuming different cookstove emissions factors combined with a baseline aerosol

emissions inventory and the percent population using solid fuel at the national and regional level.

A full description of the solid fuel cookstove emissions inventory is found in Lacey and Henze, 2015

[55], which is used for the estimation of national-scale climate and health impacts found in Chapter

3 and 6.

This dissertation presents results generated using adjoint methods in conjunction with various

emissions scenarios to calculate the impacts of changes in anthropogenic emissions on both human

health and climate. In particular, this work focuses on a number of policy-relevant science questions

in an effort to further expand our understanding of the link between human activity, health, and

climate. The first section of this thesis explores how carbonaceous aerosol emissions from global

solid-fuel use impact surface temperature, considering a range of temperature impacts based on the

range of stove and fuel specific emissions factors and a range of radiative efficiencies for the different

aerosol species, resulting in the range of temperature imapcts from solid-fuel cookstove emissions

(Chapter 2). The next chapter expands on this work in a number of ways by considering the role

of greenhouse gases on temperature change, calculating transient temperature impacts, and also

estimating health impacts from the cookstove emissions. Lastly, these same tools are applied to a

single country, in this case Mozambique and are used to estimate the ambient health and climate

impacts from a number of different cookstove replacement programs (Chapter 4). While a majority

of this thesis focuses on impacts of solid-fuel cookstove use, the models developed throughout can

also be used to estimate transient climate and health impacts from other changes in anthropogenic
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emissions, therefore providing policy makers with a useful tool for investigating a broad array of

emissions mitigation scenarios.



Chapter 2

Climate impacts from country-level solid fuel cookstove carbonaceous aerosol

emissions1

2.1 Abstract

Cookstove use is globally one of the largest unregulated anthropogenic sources of primary

carbonaceous aerosol. While reducing cookstove emissions through national-scale mitigation efforts

has clear benefits for improving indoor and ambient air quality, and significant climate benefits from

reduced green-house gas emissions, climate impacts associated with reductions to co-emitted black

(BC) and organic carbonaceous (OC) aerosol are not well characterized. Here we attribute direct,

indirect, semi-direct, and snow/ice albedo radiative forcing (RF) and associated global surface

temperature changes to national-scale carbonaceous aerosol cookstove emissions. These results are

made possible through the use of adjoint sensitivity modeling to relate direct RF and BC deposition

to emissions. Semi- and indirect effects are included via global scaling factors, and bounds on these

estimates are drawn from current literature ranges for aerosol RF along with a range of solid

fuel emissions characterizations. Absolute regional temperature potentials are used to estimate

global surface temperature changes. Bounds are placed on these estimates, drawing from current

literature ranges for aerosol RF along with a range of solid fuel emissions characterizations. We

estimate a range of 0.16 K warming to 0.28 K cooling with a central estimate of 0.06 K cooling

1 This chapter is a published article in Environmental Research Letters [55].
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from the removal of cookstove aerosol emissions. At the national emissions scale, countries’ impacts

on global climate range from net warming (e.g., Mexico and Brazil) to net cooling, although the

range of estimated impacts for all countries span zero given uncertainties in RF estimates and fuel

characterization. We identify similarities and differences in the sets of countries with the highest

emissions and largest cookstove temperature impacts (China, India, Nigeria, Pakistan, Bangladesh

and Nepal), those with the largest temperature impact per carbon emitted (Kazakhstan, Estonia,

and Mongolia), and those that would provide the most efficient cooling from a switch to fuel

with a lower BC emission factor (Kazakhstan, Estonia, and Latvia). The results presented here

thus provide valuable information for climate impact assessments across a wide range of cookstove

initiatives.

2.2 Introduction

Cookstoves and residential sources account for approximately 20% of current black carbona-

ceous (BC) emissions [14, 56]. Policies targeting reductions to BC aerosol from cookstoves have gar-

nered attention owing to their potential impacts on both climate and human health [118, 34, 27, 3].

Exposure to indoor and ambient fine particulate matter (PM2.5) is responsible for approximately

4.3 and 3.2–3.7 million premature deaths per year, respectively [4, 62], with solid fuel use contribut-

ing to approximately 0.5 million of the latter [3]. The total pre-industrial to present day effective

radiative forcing (RF) of BC from all anthropogenic sources is 1.1 Wm−2 with a range of 0.17 to 2.1

Wm−2, which is similar in magnitude to the RF of prominent greenhouse gases [86, 11, 75]. This

forcing is a combination of direct, semi-direct, and indirect effects that are in turn a function of

chemical and physical processes in the atmosphere. The fraction of this forcing from cookstove BC

emissions can not be directly attributed according to the cookstove fraction of global BC emissions

owing the regional dependence of BC radiative forcing [39].

Several uncertainties surrounding the net climate impacts of carbonaceous cookstove emis-

sions complicate how mitigation efforts should be accounted for in environmental assessments

[35, 101, 57]. Evaluating the climate impacts of actual BC cookstove emission reduction strate-



9

gies requires accounting for species co-emitted with BC (particularly organic carbon (OC)), the

chemical and physical processes affecting these species in the atmosphere, their climate impacts

via multiple mechanisms, and the range of uncertainties associated with each of these components

[11, 75]. Previous studies have estimated a range of impacts from carbonaceous aerosol cookstove

emissions [67, 34, 32] based on the effects of co-emitted aerosol and gaseous precursor species that

either have additional warming effects or counteract the effects of BC by reflecting incoming solar

radiation. These co-emitted species depend on locally available fuels combined with traditional

stoves and cooking methods [15]. A key consideration is the ratio of BC to total carbon emissions,

referred to here as Φ. Variations in Φ can also be caused by differences in fuels, stove types, cook-

ing methods and habitation, all of which vary regionally [14, 45, 44]. In addition to carbonaceous

aerosol emissions, other species co-emitted from residential cookstove use include trace amounts

of aerosol precursors SO2 and NOx along with greenhouse gases CO, CH4, CO2, and, to a lesser

extent, N2O [102, 8, 88, 44].

In addition to uncertainties related to both the total emissions and characterization of emis-

sions for sectors which emit BC, difficulties in determining the net climate impacts from BC sources

arise from the spatial relationships between these emissions and their impact on climate, which is

more important for aerosols than for long lived, well-mixed greenhouse gases [98, 39]. BC emitted

into regions with a low surface albedo have a smaller direct radiative forcing than BC emitted

into regions with a high surface albedo [86, 39]. Another factor that affects the climate impacts

of carbonaceous aerosols is their atmospheric lifetime. This is a function of deposition loss rates,

which are in turn a function of particle aging from hydrophobic to hydrophilic properties and local

meteorology [26, 63, 39, 94]. There are also uncertainties in the absorption of BC particles owing

to uncertainties in physical properties and aerosol mixing states [43, 12, 65].

Recent work has explored the global impact of these types of uncertainties (emissions, aerosol

properties, etc.) and found the net global temperature impacts of aerosols from all biofuels to

be rather ambiguous [52]. Past studies have quantified the radiative forcing and climate impact

of individual anthropogenic sectors through modeling studies which perturb the emissions from a
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specific species or sector, either globally or from a specific region [33, 112, 6, 66]. Other studies have

provided more detailed analysis of radiative forcing specifically from global sources of carbonaceous

aerosols [51, 24]. While all of these studies take into account aerosol indirect effects in some form,

estimates of aerosol indirect radiative forcing for cookstoves, or carbonaceous aerosol in general,

are highly variable [81, 22, 105, 52]. Further, strategies for mitigating cookstove emissions typically

depend on local government and cultural factors, highlighting the need for analysis of the climate

impacts of cookstove emissions at the national scale.

In this study, we expand on past work by evaluating temperature impacts of carbonaceous

aerosol emissions from cookstove use in each country, taking into account co-emitted BC and OC,

their emissions ratio as a function of fuel type, the spatial heterogeneity of direct radiative forcing,

and the range of temperature responses likely owing to indirect forcing mechanisms. The previously

mentioned studies used multiple forward model perturbations for their analysis. In contrast, here

we use adjoint modeling to estimate the climate impacts of cookstove emissions simultaneously

for all countries. Following Henze et al., 2012 [39], the GEOS-Chem adjoint model is used to

estimate changes in direct radiative forcing with respect to carbonaceous aerosol emissions. Here

we expand upon this approach to consider multi-model mean estimates and ranges for direct and

indirect forcing from Boucher et al., 2013 [17] and Myhre et al., 2013 [75]. Aerosol RF has strong

spatial heterogeneity, and climate sensitivities to RF at different latitudes vary by up to an order of

magnitude. To account for this, we estimate climate responses using absolute regional temperature

potentials (ARTP) for regional surface temperature over land parameterized from a chemistry-

climate model [98, 96]. This allows us to estimate temperature responses to radiative forcing

within different latitude bands. We also bound the total magnitude of the temperature response

from removal of cookstove emissions, changes in cookstove efficiencies, and changes in Φ for each

country.
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2.3 Methods

2.3.1 GEOS-Chem forward and adjoint modeling

Here we provide a brief overview of the models and methodology used for this paper, which

are explained in detail in the Supporting Information. Results were generated using the global

2◦ × 2.5◦ GEOS-Chem chemical transport model and its adjoint based on year 2000 historical

emissions from Lamarque et al., 2010 [56]. Grid-scale adjoint sensitivities were then multiplied by

a grid-scale cookstove emissions inventory constructed from the biofuel emissions inventory from

Bond et al., 2007 [14] and the country-level percent solid fuel use from Bonjour et al., 2013 [15], as

described in Supporting Information, yielding estimates of the biofuel emissions from the fraction of

the population of each country that use solid fuels for cooking with an additional regional correction

factor to account for non-cookstove carbonaceous aerosol emissions. This adjoint approach allows

us to calculate (at the cost of 12 forward model calculations) grid-cell contributions to changes

in the regional direct radiative forcing due to solid fuel cookstove use that would have otherwise

required ∼105 forward model simulations.

2.3.2 Direct, indirect and semi-direct radiative forcing estimates

Several intermodel comparisons have shown a wide range of estimates for aerosol direct and

indirect effects owing to various parameterizations regarding the chemical and physical properties

of carbonaceous aerosol and their interaction with the environment [111, 17, 75, 11]. To account

for this range, following an approach used in the UNEP Integrated Assessment Report, we rescale

the calculated direct radiative forcing to match the species-specific estimated radiative forcing from

Myhre et al., 2013 [75], shown in Table 2.1. We also apply additional scaling factors to account for

indirect and semi-direct effects, assuming that their magnitudes scale proportionally with direct RF

[17]. This simple relationship may not hold on smaller regional scales, where variations in aerosol

and cloud microphysics may dominate. However, globally many chemistry-climate models exhibit

a relationship between direct and indirect effects that falls within the range encompassed by the
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scaling factors applied here [97]. In addition, we use the adjoint model to calculate the contribution

of emissions in any grid cell to deposition of BC onto snow and sea ice. These sensitivities are used

to spatially distribute the global estimated BC snow albedo effect of 0.15 Wm−2 [111, 11] on an

emission per grid-cell basis, as shown in Figure A.3.

Table 2.1: Scaling factors for direct radiative forcing (SFk,DRF ) and various secondary radiative
effects (SFk,SI) for BC, OC and secondary inorganic aerosol (SIA).

Type Species Lower Central Upper

SFk,DRF BC 1.840 2.761 3.681

SFk,DRF OC 0.695 1.595 2.394

SFk,DRF SIA 0.256 0.567 1.001

SFk,SI BC -0.143 1.000 1.471

SFk,SI OC 1.019 1.560 1.740

SFk,SI SIA 1.446 2.214 2.470

These scaling factors and BC snow ice albedo sensitivities are combined for each grid cell, i,

and species, k, for a given forcing region, τ (Arctic, NH mid-latitudes, Tropics and SH Extratropics),

in Equation 2.1,

λ̂τ,i,k = λτ,i,kSFk,DRFSFSI + λ̄BC,i,ALB · δ(k −BC). (2.1)

where λ̂τ,i,k is the rescaled complete radiative forcing sensitivity, λτ,i,k is the radiative forcing

sensitivity calculated by the GEOS-Chem adjoint model and λ̄BC,i,ALB is the yearly averaged

radiative forcing sensitivity from the BC snow/ice albedo change.

2.3.3 Temperature response estimates

Temperature responses are estimated from the application of ARTP coefficients to regional

radiative forcing sensitivities in four different latitude bands calculated with the adjoint model.

These ARTP coefficients are developed following the approach of Shine et al., 2005 [100] for global

temperature potentials, extended in Shindell and Faluvegi, 2010 [95] and Shindell, 2012 [96] to
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regional potentials. These are based on regional climate sensitivities derived from the transient

chemistry-climate-ocean GISS model simulations of Shindell et al., 2009 [98] and account for both

ocean inertia and the influence of local and remote aerosol direct and indirect forcings. These

ARTP coefficients represent the magnification of regional sensitivities relative to the global mean

equilibrium climate sensitivity of 1.06 C per W m−2 (corresponding to 3.9 C response for a doubling

of CO2). Temperature responses estimated using the ARTP coefficients have been shown [96] to

estimate regional climate responses within 20% (at 66-95% confidence intervals) of the response

calculated using three independent full chemistry-climate models; the uncertainty is less when

considering the global climate response as a combination of area-weighted regional responses. To

evaluate the impact of using this method to capture spatially heterogeneous forcings and responses,

the temperature response to emissions perturbations is calculated in two different ways. The first

method is to calculate the change in global RF for a specific species k (BC and OC in this case) and

each grid cell i and multiply it by the global mean sensitivity (GMS) as shown in Equation 2.2,

∆Tglobal,k = GMS
∑
i

[
λ̂global,i,kσi,k

]
. (2.2)

where σi,k is the emissions perturbation and λ̂global,i,k is the rescaled global radiative forcing sen-

sitivity calculated using the adjoint model as shown in Equation 2.1. The second method is to

calculate the temperature response in a region, γ, using absolute regional temperature potential

coefficients (ARTP ) [98, 96]. This method estimates the steady state temperature response from

changes in regional RF (forcing regions τ defined in Section A.3) based on the following equation:

∆Tγ,k = GMS
∑
τ

[
ARTPγ,τ

∑
i

[
λ̂τ,i,kσi,k

]]
. (2.3)

∆Tγ,k is the steady state temperature response in each region, which can then be converted to a

global averaged temperature change using the area ratio of each response region,

∆Tglobal,k =
∑
γ

[
Aγ

Aglobal
∆Tγ,k

]
. (2.4)
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The contribution of an emission in an individual grid cell to the overall temperature change is thus,

∆Ti,k = GMS
∑
γ

∑
τ

[
Aγ

Aglobal
ARTPγ,τ λ̂τ,i,kσi,k

]
. (2.5)

2.4 Results

2.4.1 Regional versus global climate response

We first evaluate the consequences of using regional rather than global temperature response

coefficients. For species where the radiative forcing does not have a strong dependence on latitude,

such as OC, the estimated global average temperature response is similar using both methods. For

example, the predicted temperature response due to removal of biofuel OC emissions everywhere is

0.10 K using the global method (Equation 2.2) and 0.11 K using the ARTP method (Equation 2.4).

In contrast, the removal of BC biofuel emissions yields a global average temperature change of -0.13

K using the global method and -0.22 K using the ARTP method. Figure 2.1 shows each grid cell’s

contribution to global surface temperature change calculated using the global versus ARTP method,

colored by each ARTP response region (γ). The magnitudes are similar for most points in the

Tropics, as the climate response in the Tropics follows the global surface temperature response [98].

The largest deviations from the 1:1 line are due to larger ARTP predicted temperature responses

in the Arctic and Northern Hemisphere mid-latitudes and smaller ARTP predicted temperature

response in the Southern Hemisphere combined with differences in the calculations of λ̂τ,i,k for

different regions compared to λ̂global,i,k. This means that in most regions the ARTP method predicts

a larger contribution to the global temperature perturbation than the globally averaged temperature

perturbation owing to the higher climate sensitivities as well as higher radiative forcing efficiencies

for BC in northern latitudes. These differences in temperature response highlight the value of

using the ARTP method for short-lived species that have latitudinally variable radiative forcing

sensitivities. Therefore, the rest of this paper will present temperature changes using the ARTP

method (Equation 2.4).
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Figure 2.1: Comparison between contributions of 2◦ × 2.5◦ grid-cell removal of biofuel emissions
to the global mean surface temperature using the ARTP method and the Global Method for (a)
BC and (b) OC. Colors represent the location of the grid cells for the emissions inventory.
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2.4.2 Temperature response from cookstove emissions

This section explores how uncertainties in emissions, emission characterizations, and radiative

forcing mechanisms contribute to temperature change estimates from cookstove emissions reduc-

tions. By using the emissions from cookstoves as calculated with Equation A.1, the central estimate

for the total temperature change due to removal of all carbonaceous aerosol emissions from resi-

dential cookstoves is a cooling of 0.06 K (0.06 K warming from removal of OC and 0.12 K cooling

from removal of BC).

Analysis of the BC and OC emission factors shown in Figure A.1 creates a range of Φ of

0.24 +/- 0.09 corresponding to the mean and standard deviation of all emissions factors. We

combine this with the upper and lower estimates for radiative forcing scaling factors (Table 2.1) to

estimate bounds for the global surface temperature change due to cookstove emissions. Figure 2.2

plots the ranges in surface temperature response to removal of cookstove emissions for a range of

uncertainties in the radiative forcing from carbonaceous aerosols (Table 2.1) and the value of Φ for

cookstove emissions.

Figure 2.2 shows a large range of uncertainty in the overall temperature impacts due to remove

of cookstove emissions based on the effective radiative forcing efficiency of BC and OC along with

the characterization of the BC to total carbon emissions ratio for solid fuel use. This plot shows

that for low Φ, 0.15, the effects from OC emissions dominate, leading to a central estimate of a

net warming of 0.03 K along with higher uncertainties due to the current understanding of OC

radiative forcing. The opposite is true for high Φ, 0.33, for which BC dominates the temperature

impacts and the potential temperature change due to removal of cookstove emissions is a cooling

of as much as 0.28 K. In order to further understand the global climate impacts of cookstove

use, the assumptions regarding solid fuel use are further explored below by considering individual

national-scale contributions to the overall temperature change.

We next consider the climate impacts of cookstove emissions from each country in which

greater than five percent of the population uses solid fuels. Using Equation 2.5, we calculate the
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Figure 2.2: Bounds for the global temperature response due to removal of cookstove emissions
(y-axis) for a given Φ (x-axis). Lines correspond to the central, high, and low BC radiative forcing
scaling factors shown in Table 2.1, and the ranges for each line correspond to the central, high, and
low OC radiative forcing scaling factors.
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contribution of cookstove aerosol emissions in each grid cell to global surface temperature change.

These results are then aggregated by country. Figure 2.3 shows the top 15 countries in terms

of the magnitude of the cooling resulting from removal of cookstove removal aerosol emissions,

where the temperature change has been separated into species-specific direct and indirect effects.

In addition to countries with the largest cooling impact, Brazil and Mexico have been included to

show the contrast between countries with cookstove aerosol cooling effects and countries with the

largest cookstove aerosol warming effects. The error bars show the range of estimates obtained

using the different assumptions regarding radiative forcing scaling factors (shown in Table 2.1) and

assumptions for country specific values for Φ. Note that for BC, the semi and indirect effects only

contribute to the range but do not perturb the central estimate. In general, the range of estimates

in the temperature impact tends to be a function of emissions, where countries with larger emissions

mostly have larger uncertainties. Second, the centering of the range of estimates around the central

value is a function of Φ. Countries with a Φ around 0.15 (e.g., Ukraine and Kazakhstan, see

Figure A.6) will have ranges that are skewed toward a stronger cooling than countries with a Φ

greater than 0.2 (e.g., India and China) where the ranges are relatively centered. This is not purely

a function of Φ though, as each country’s mean radiative forcing sensitivity with respect to BC and

OC also plays a role in the range and centering of the ranges. Finally, this plot shows the snow

deposition albedo effect and its relative importance for each country; Nepal has an approximately

equal impact via the snow-albedo effect as the direct BC effect, while Nigeria has a near-zero

snow-albedo effect.

We next consider how individual countries rank in terms of several metrics, using the central

estimate for each country in each case. Table 2.2 shows each of the different rankings, which are

defined and explained below. We first consider each country’s contribution to overall temperature

change due to removal of cookstove aerosol emissions (see Figure 2.4(a)) in column two of Table

2.2. With the exception of China, India and Nigeria, the ranking of countries with the largest

contribution to total temperature change is not the same as the ranking of countries with the
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Figure 2.3: Each country’s contribution to global surface temperature change broken down into the
individual components. The uncertainty ranges are taken from assumptions about the radiative
effects shown in Table 2.1 and the reasonable range of Φ shown in Figure 2.2. BC semi-direct and
indirect effects perturb only the upper and lower bounds, not the central estimate. China and India
are shown on the scale on the left, and all other countries use the scale on the right.
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Table 2.2: Rankings of contribution to total temperature change and emissions metrics from the
largest annual emissions (Column 1), cooling impact from removal of annual cookstove emissions
(Column 2), or efficiency in terms of cooling effect per emission (Column 3 and 4).

Rank Carbonaceous
Aerosol

Emissions [Gg C]

Global
Temperature

Change
Contribution [mK]

Cookstove
Change

Efficiency
[mK[kg C]−1]

Fuel Switching
Efficiency

[mK[kg C]−1]

1 China China Kazakhstan Kazakhstan
2 India India Estonia Estonia
3 Ethiopia Uzbekistan Mongolia Latvia
4 Bangladesh Ukraine Latvia Lithuania
5 Congo, DRC Nigeria Uzbekistan Ukraine
6 Nigeria Kazakhstan Lithuania Mongolia
7 Kenya Kyrgyzstan Kyrgyzstan Uzbekistan
8 Indonesia Tajikistan Georgia Kyrgyzstan
9 Tanzania Azerbaijan Ukraine Georgia
10 Vietnam Pakistan Armenia Armenia

largest emissions (first column of Table 2.2); instead, the temperature change is a function of the

sensitivity of temperature with respect to emissions of BC and OC and the characterization of Φ

within that country.

We next consider the results ranked according to the countries that are most efficient in terms

of temperature change for a given reduction of emissions. Figure 2.4(b) shows countries colored by

their contribution to temperature change per total carbonaceous aerosol emission, and column three

of Table 2.2 shows the highest ranked countries according to this efficiency metric. Since many high

performance stoves offer a significant reduction in the total carbonaceous aerosol emission factors

per fuel used [44], the policy implication of this metric is to show in which countries implementing

new stove technologies will result in the largest global cooling per emission reduced. These results

also highlight countries where estimates of the total temperature impact (Figure 2.4(a)) are most

sensitive to uncertainties in cookstove emission inventories. The countries that rank high in terms

of efficiency (blue) differ from countries ranked high in Figure 2.4(a). Since the former have a larger

absorptive effect from BC than reflective effect from OC, each stove replaced will have a greater
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Figure 2.4: Country-level contributions to global temperature change using various metrics: (a)
globally averaged surface temperature change from removal of cookstove emissions including direct,
semi-direct and indirect effects (total temperature change for India = -6.2 mK and China = -33.1
mK) calculated using Equation 2.4, (b) cookstove mitigation efficiency, i.e., the total temperature
effect from removal of cookstove emissions per total cookstove emissions, (c) temperature effect
per total biofuel emissions corresponding to a 10% reduction in Φ from cookstove use. Kazakhstan
(-86.5), Estonia (-78.9), and Latvia (-62.0) are outside of the scale shown in panel (c). Countries
in grey have less than 5% total population using solid fuels for cooking.
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climate impact. Conversely, it is inefficient to implement new stoves in countries that rank very

low in this metric (red) and in some cases may even result in a net warming through removal of

reflective OC.

Another metric which gives important information beyond the total contribution to temper-

ature change is based on characterization of the fuels in a country, i.e., Φ (shown in Figure 2.4(c)

and the fourth column of Table 2.2). This metric first calculates the increased cooling effect due

to a −0.10 perturbation of Φ owing to a change of fuel type to one with a lower BC to OC ratio,

which is optimal for reducing the warming effects of emissions due to biofuel use. This temperature

change can then be turned into an efficiency metric by dividing by the total carbonaceous emissions

in a country. This metric then gives the temperature response per kilogram of fuel changed for

each country. An added benefit of this metric is that it highlights countries that are least robust

in terms of estimating temperature impacts owing to uncertainties in Φ.

2.5 Discussion and conclusions

Using the GEOS-Chem adjoint model we have estimated the temperature impacts per amount

of carbonaceous aerosol cookstove emissions on a 2◦ × 2.5◦ scale. These estimates include param-

eterizations for indirect and semi-direct aerosol radiative forcing and the contribution of regional

radiative forcing to steady-state climate response. Accounting for spatially heterogeneous radia-

tive forcing and climate sensitivities across four zonal bands in our approach is found to double

the estimated cooling owing to removal of BC emissions compared to estimates based on global

forcing and climate sensitivities. We find the total aerosol climate effect from removal of cookstove

emissions (estimated here as the emissions from solid biofuel use from populations that use solid

fuel for cooking) ranges from a potential warming of 0.16 K to a cooling of -0.28 K when evaluated

for published ranges for both the radiative forcing effects and characterization of the BC to total

carbon emission factor. We also develop and apply a new adjoint based method for attributing the

global RF of albedo feedback from deposition of BC onto snow and sea ice due to emissions from

individual countries. We find this effect is approximately the same order of magnitude as the direct
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effect for emissions from Nepal and other high altitude mountainous countries.

By examining the climate impacts of country-specific cookstove emissions, several trends are

evident that have importance for policy decisions regarding cookstove interventions and implemen-

tation. China and India by far have both the largest carbonaceous cookstove emissions as well as

the largest temperature change for national removal of these emissions, which is very likely a net

cooling given the current range of estimated forcing magnitudes and emissions factors. In contrast,

Nigeria and other countries in Africa with large cookstove emissions have cooling effects that are

less certain.

Kazakhstan, Estonia and Mongolia are the most efficient countries for impacting global tem-

peratures by implementing cookstoves, and emissions reductions in former republics of the USSR

(e.g., Uzbekistan, Kyrgyzstan, etc.) have the smallest likelihood of warming, relative to the magni-

tude of their central estimate for cooling. In general, cookstove emissions at higher latitudes have

larger climate impacts per kg BC emitted due to radiative forcing and climate sensitivities that

are both relatively large in those regions, which results in a difference between BC and OC contri-

butions to climate impact that is greater than one order of magnitude. In contrast, for countries

in Central and South America such as Dominica, Brazil, Mexico, and El Salvador, the climate re-

sponse to cookstove emission reductions is relatively inefficient and may even lead to a net warming

due to the larger impacts of OC emissions. This does not mean that cookstove interventions in such

countries are not warranted from a climate perspective, as they may have a large climate impact

based on co-emitted greenhouse gases or may be potential targets for improved thermal efficiency

or fuel switching.

Through the use of scaling factors, the results presented here consider a range of climate

impacts due to carbonaceous aerosol emissions from cookstoves owing to uncertainties in radiative

forcing and emissions properties. The models used in Myhre et al., 2013 [75] and Boucher et

al., 2013 [17] represent a range of parameterizations for various chemical and physical properties

including, but not limited to, aerosol mixing state, BC aging, aerosol-cloud interactions, and optical

properties; although several additional sources of uncertainty warrant consideration for future work.
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First, there is uncertainty in the cookstove emissions inventory itself, which may be biased for

reasons discussed in detail in Section A.2. These biases would impact our estimate of absolute

temperature impacts from removal of cookstove carbonaceous emissions, although they would not

affect our estimates of the efficiency of carbonaceous aerosols emissions reductions or fuel switching

on climate (which are linear responses). We have also not considered countries with less than 5% of

the population using solid fuel for cooking – thus some high latitude countries with large populations

(i.e., Russia and Canada) may have large temperature impacts that have not been considered here

– nor have we distinguished between cooking with modern woodstoves versus traditional open-air

cookstoves.

In using the ARTP coefficients we are using a climate model parameterization. This param-

eterization is based off the GISS-ER model, although Shindell, 2012 [96] the calculated regional

climate response is within 20% (at a 95% confidence interval) of the response calculated using a

suite of full chemistry-climate model, and the uncertainty is less than that when considering the

global climate response as a combination of regional responses.

Another source of uncertainty arises from not rigorously treating secondary organic aerosols

(SOA) in this analysis owing to the nascent state of understanding of SOA sources and formation

mechanisms. We can estimate an upper range of the impact of SOA relative to OC using speciation

of biofuel non-methane volatile organic compounds (NMVOC) from Streets et al., 2003 [108] and

NMVOC cookstove emissions factors from Grieshop et al., 2011 [34], which are approximately

2:1 relative to OC. Considering both aromatic compounds and other non-speciated compounds

to be SOA precursors we estimate the total emissions of SOA precursors to be at most 38% (17%

aromatics and 21% other) of total NMVOC emissions from cookstove use. For a 100% upper bound

on SOA yield from these emissions, the climate impact from SOA is globally at most 76% of the

OC impact. For the high northern latitude countries like Uzbekistan and Kazakhstan, OC impacts

are negligible when compared to BC impacts, meaning that the inclusion of SOA would have a

very small effect. In contrast, a net warming can not be ruled out for countries like Nigeria and

Bangladesh, while the net effect in India and China would still likely be a cooling.
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Lastly, with the exception of BC deposition albedo, we have treated aerosol indirect effects

as being spatially uniformly proportional to direct effects. While this assumption is used in many

models dealing with changes in the global mean impacts [111, 11, 17], other studies have shown that

the spatial distribution of these effects can be regionally heterogeneous [81, 10, 52]. Future work

should explore these sources of uncertainty to further understand the net impacts of cookstove use

and to provide improved information to policymakers, potentially further using adjoint sensitivity

analysis to examine spatial heterogeneity in the relationship between aerosol indirect forcing and

emissions locations [50, 71].
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Chapter 3

Transient climate and ambient health impacts due to solid fuel cookstove use1

3.1 Abstract

In addition to drastic impacts on indoor air quality, solid fuel use in residential cookstoves

contributes to degraded ambient air quality and may affect global surface temperature. However,

the potential for national-scale cookstove intervention programs to mitigate the latter issues are

not yet well known; aerosols from cookstoves are spatially and chemically heterogenous and thus

have location-dependent impacts on climate and ambient exposure, and they are co-emitted with

greenhouse gases that perturb climate on vastly different timescales. Here we employ a combination

of atmospheric modeling, remote sensing observations, and adjoint sensitivity analysis to evaluate

consequences of a linear phase out of cookstove emissions from the year 2000 - 2020 in the 101

countries with the highest population fraction using solid fuel for cooking. We quantify the global

premature deaths from ambient exposure to PM2.5 and global mean surface temperature out to the

year 2100 owing to each co-emitted species in each country. China, India, and Ethiopia contribute

to the largest global surface temperature change in 2050 (combined impact of 37 mK cooling, with

a range from 11 mK warming to 85 mK cooling), whereas interventions in Azerbaijan, Ukraine,

and Kazakhstan have the largest per cookstove climate benefits. Emissions abatement in China,

1 This chapter is a document in preparation for submission to Proceedings of the National Academy of Sciences.
Forrest Lacey1, Daven K. Henze1, Colin Lee 2, Aaron van Donkelaar2, Randall V. Martin2

1University of Colorado, Boulder, CO, USA;2Dalhousie University, Dalhousie, NS, Canada.
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India, and Bangladesh also contribute to the largest reduction of premature deaths from ambient

air pollution, with a combined prevention of 198,000 (102,000 to 204,000) of the 260,000 (137,000

to 268,000) global annual avoided deaths in 2050, while again emissions in Ukraine and Azerbaijan

have the largest per cookstove impact, along with Romania. Global cookstove emissions abatement

results in an average surface temperature cooling of 77 mK (20 mK warming to 278 mK cooling) in

2050, which increases to a cooling of 118 mK (11 mK to 335 mK cooling) by 2100 due to delayed

CO2 response. Health impacts owing to changes in ambient PM2.5 amount to approximately 22.5

million premature deaths prevented between 2000 and 2100.

3.2 Significance Statement

Widespread use of solid fuels for cooking results in a significant source of anthropogenic emis-

sions. Of foremost concern for indoor air quality, reductions to these emissions could also impact

both climate and ambient air quality. These potential co-benefits are appealing to efforts aimed

at reducing cookstove emissions on national to urban scales, but have yet to be comprehensively

evaluated at these scales. We thus estimate the per-cookstove impacts on ambient air quality and

global mean surface temperature for every individual country with significant cookstove use, con-

sidering reductions to both aerosols and long-lived greenhouse gases over the next century. This

provides new information for policy makers evaluating climate and ambient air quality co-benefits

of cookstove intervention programs worldwide.

3.3 Introduction

lGobally over three billion people presently use solid fuel for meal preparation [15]. The

extent of this activity and the associated air quality pollutant emissions have lead to numerous

cookstove intervention studies and programs, such as the Global Alliance for Clean Cookstoves work

to implement 80 million clean cookstoves by 20171 . A primary goal of these efforts is to improve

indoor air quality, estimated to cause approximately 4.3 million premature deaths annually, along

1http://cleancookstoves.org/about/news/11-20-2014-market-enabling-roadmap-phase-2-2015-2017.html
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with enhancing livelihood of woman and children in the household via repreival from fuel collection

and other solid-fuel cooking related tasks [2].

The magnitude of the emissions of aerosols, aerosol precursors, and greenhouse gases from

solid fuel use has also motivated studies of the impact of these emissions on climate and ambient air

quality. An estimated 370,000 - 500,000 global premature deaths in adults occur annually owing to

ambient exposure to fine particulate matter associated with residential cookstoves [62, 3, 21], and

there are as many as 1,002,370 global premature deaths of adults and children under that age of

5 annually from combined residential and commercial energy generation (which includes solid fuel

use for cooking) [59]. This is a significant fraction of the ∼2.9 million premature deaths owing to

degraded ambient air quality from all sources [31]. These emission’s climate impacts have also been

quantified to some extent; for example, Bailis et al. [5] estimates that 1.9 to 2.3% of the global

CO2 emissions are from woodfuel, enough to cause a radiative forcing of 25 to 47 mW m−2 [75],

while the aerosol radiative forcing ranges from -20 mW m−2 to 80 mW m−2 [112, 52]. The large

range of uncertainty in the aerosol climate impact of cookstoves stems from uncertainties regarding

characterization of fuel and the associated emissions of absorbing or reflective co-emitted species,

compounded by uncertainties in the interactions of aerosols with clouds [55, 20].

These previous studies have highlighted the potential climate and ambient air quality co-

benefits of reducing cookstove emissions globally. However, such findings are limited in terms

of their relevance for evaluating domestic-scale mitigation efforts for several reasons. First, the

impacts of aerosols on climate and ambient air quality are highly spatially variable owing to several

factors, and thus global-scale assessments may not well represent the consequences of national-

scale action plans. Unlike long-lived greenhouse gases, which are will mixed in the atmosphere

and have a constant impact per ton of emission anywhere in the world, aerosols have atmospheric

residences times on the order of a week [92]; their spatial distributions thus contain sharp gradients

that lead to order of magnitude regional variances in their health and climate impacts per ton

of emission, depending on factors such as their proximity to populated areas [58], their impact on

radiative forcing in different regions [39], and the regional climate sensitivity to forcing [98]. Second,
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integrated assessment of cookstove interventions must account for both GHG and aerosols, which is

a challenge owing to the disparate timescale of the climate impacts of aerosols (decades) compared

to that of long-lived GHGs (centuries). Lastly, modeling studies of aerosol health impacts are often

detailed yet limited to a single region, or are global yet suffer from errors in exposure estimation

at coarse model scales [84, 61].

To address these limitations, here we estimate the transient (present day to 2100) climate and

ambient health impacts of national scale co-emissions of aerosols, aerosol precursors, and greenhouse

gases resulting from a 20-year phase-out of cookstove emissions in each country with greater than

5% of the population using solid fuels for cooking (101 countries in total). Attribution of these

impacts to emissions from individual countries and species is made possible through the use of

adjoint sensitivity analysis, building on our earlier work evaluating climate impacts of carbonaceous

aerosols [55] and of source attribution of exposure to ambient PM2.5 resolved throughout the globe

using remote sensing observations [58].

3.4 Methods

Transient climate and health impacts are calculated for a scenario in which emissions of

aerosols, aerosol precursors, and GHGs from solid fuel cooking are linearly eliminated over a 20

year horizon. Details of the models and methods summarized here are provided in the Supporting

Information. Present day solid fuel cooking emissions are estimated by combining inventories for

cabonaceous aerosols [14] and SO2 [56] with the national-scale population percentage using solid

fuels [15]. Emissions of CO2 and CH4 are estimated using emissions factors for the carbonaceous

aerosol emissions [68, 34], accounting for the spatially variable fraction of non-renewable biomass

used as solid fuel [5]. The GEOS-Chem chemical transport model [7] is used to simulate aerosol

formation and fate at the 2◦ × 2.5◦ global resolution using present day (year 2000) and future

anthropogenic emissions following the Representative Concentration Pathway 4.5 (RCP) scenario

[104, 73]. All model runs use meteorological data from the Goddard Earth Observing System

(GEOS-5) for the year 2009.
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Transient climate impacts are estimated as follows. Adjoint model calculations [39] are used

to calculate the sensitivities of regional radiative forcing (RF) in four different latitude bands with

respect to grid-scale emissions of aerosols and aerosol precursors. Regional RF values are combined

with absolute regional temperature potentials [98, 96] to estimate surface temperature response.

This approach, introduced in Lacey and Henze, 2015 [55], is expanded here by including greenhouse

gases (GHGs) and transient temperature responses. GHG emissions are modeled using transient

functions for species-specific radiative impacts [48, 1], which relate the timescale of emissions to

the resulting transient RF impacts. These GHG RF impacts are then combined with the aerosol

RF to estimate the total RF as a transient function. This net RF is multiplied by the transient

global mean sensitivities and integrated for all prior years to estimate the temperature response of

an emissions perturbation as a function of time. Uncertainties in climate impacts are derived from

ranges of emissions factors based on fuel characterizations [87, 68] combined with ranges of radiative

efficiencies of short-lived climate pollutants (SLCPs) [17, 75]. The uncertainties in climate impacts

from GHGs are estimated as ±10% of their total impact and are combined with the species-specific

SLCP errors in quadrature.

We also estimate global premature mortality due to chronic exposure to ambient concentra-

tions of PM2.5. To mitigate uncertainties in exposure estimates owing to model resolution [84, 61],

satellite-derived PM2.5 concentrations [18, 115] are used to redistribute GEOS-Chem PM2.5 concen-

trations from the 2◦×2.5◦ to the 0.1◦×0.1◦ scale following Lee et al., 2015 [58]. Population-weighted

PM2.5 exposure is calculated using population estimates at the same resolution [30], which have

been rescaled to 2050 national scale population based on 2010 United Nations World Population

Prospects1 . The modeled exposure estimates are combined with disease-specific relative risk (RR)

parameters for integrated exposure responses (IER) [19] and country-level baseline mortality rates

[64] to estimate premature deaths from exposure to ambient PM2.5. The adjoint model is used to

calculate the sensitivities of global premature deaths with respect to grid-scale speciated emissions

perturbations [58]. Transient health impacts are estimated by linear interpolation of sensitivities

1https://esa.un.org/unpd/wpp/
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calculated for the present day and the year 2050 (using RCP 4.5 emissions). Uncertainties in the

health response are calculated following Lee et al., 2015 [58], in which the model was run with per-

turbed IER responses and baseline mortality rates corresponding to ±1 standard deviation for each

impact. These are combined with a comparison of results obtained using different satellite-derived

PM2.5 surfaces [18, 116] to estimate the range of annual premature deaths that can be attributed

to ambient PM2.5 exposure from solid fuel cookstove use.

3.5 Results

3.5.1 Transient Global Climate Impacts of National-Scale Emissions

Transient global climate impacts for removal of cookstove emissions, from each species, are

shown in Figure 4.2. Panel (a) shows these contributions to the net transient temperature response.

SLCP impacts dominate the response for the first half of the century, while the GHG impacts,

particularly CO2, become increasingly important by 2100, consistent with previous studies of other

types of mitigation [85, 114, 103, 89]. Cooling caused by removal of the absorptive species (BC,

CO2, and CH4) outweighs the warming from removal of reflective aerosols (OC and sulfate, the

latter from coal), with BC contributing the most to the surface temperature impact.

The use of adjoint sensitivities allows us to identify the contribution of each country’s emis-

sions to global climate change. Panel (b) shows countries with the largest contributions of national-

scale emissions to the global average surface temperature response in 2050, with the breakdown

of each species’ contribution to that impact, along with Brazil and Mexico for comparison. Note

that countries with large GHG contributions will have relatively larger overall impacts in later

decades than are shown in Fig.1(b), as GHG effects increase, consistent with global-scale trends

shown in Fig. 1(a); the tabulated transient national-scale contributions for all countries with larger

than 5% solid fuel use can be found in the Supporting Information. Considering only carbona-

ceous aerosols, Lacey and Henze et al. [55] highlighted the value of mitigating BC emissions in

high latitude countries, which incur the largest magnitude cooling response per kg of abated BC
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emission, while the removal of co-emitted OC in many countries (e.g., Central and South America,

parts of Africa) leads to a net warming. Inclusion of GHG emissions shows that in regions wherein

residential solid-fuel emissions have a large OC component, the climate impact from CO2 and CH4

counteracts the cooling impact of these reflective aerosols. This occurs in African countries that use

large amounts of non-renewable solid fuels [5], as shown by the larger percent contribution of CO2

to the net temperature impact in countries such as Ethiopia and Kenya. This panel also shows the

uncertainties in the net global surface temperature response. For several countries (i.e., Ethiopia,

Bangladesh, Kenya) the range of temperature impacts spans zero, meaning that the temperature

impact from removal of these countries’ emissions may have a net warming effect.

3.5.2 Transient Global Health Impacts of National-Scale Emissions

Fig. 3.2(a) shows each species’ contribution to cumulative and annual global premature deaths

avoided due to changes in ambient PM2.5 from the removal of cookstove emissions. The large

increase in annual avoided deaths from 2000 to 2020 is due to the phased emissions reduction.

The change in annual avoided premature death from 2020 to 2050 is due to the regional increases

in population and changes in the formation of sulfate aerosol caused by shifts in anthropogenic

emissions. While the sensitivities will continue to change between 2050 to 2100, we have not

calculated sensitivities beyond 2050 since the projections of population and baseline mortality

have increasingly large uncertainties [113]. Therefore, we have assumed that the population and

mortality post-2050 continue to increase following the same rate of change as 2020 to 2050 as a

first order estimation in order to compare health and climate on the same horizon.

The health impacts in Fig. 3.2(b) show that throughout all countries OC is the largest

contributor to ambient PM2.5 exposure from cookstove emissions. This plot also highlights the

importance of SO2 emissions in countries that use a combination of traditional wood and herbaceous

fuels along with coal. The countries with the largest contribution to global premature deaths from

exposure to ambient PM2.5 from cookstoves are not necessarily the countries with the highest solid

fuel use or number of cookstoves (i.e., Ethiopia, Nigeria, and Kenya). Large ambient health impacts
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Figure 3.1: The global transient surface temperature response to a phasing out of solid fuel cook-
stove emissions by 2020. Individual colors represent each species’ contribution to the global re-
sponse. (a) The global mean surface temperature response (net impact shown as solid black line).
(b) National contributions to global surface temperature response in 2050 for the countries with the
largest contribution, along with Brazil and Mexico for comparison. China and India’s contributions
are shown in purple on the y-axis.
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from emissions in countries such as Nepal, Pakistan, and Vietnam are due to transport of PM2.5

over populated regions. In contrast, emissions in countries such as Ukraine and Romania contribute

to a large percentage of the global health impact owing to high baseline mortality rates [58].

3.5.3 Climate and Ambient Health Co-Benefits

We next evaluate the combined impacts from national-scale solid fuel cookstove use. In order

to directly compare climate and ambient air quality impacts, we have calculated each country’s

percent contribution to global climate and health impacts, and plotted these in Fig. 3.3 on the x

and y axis, respectively. Other studies have compared health and air quality impacts by monetizing

both climate and health [76, 99]. In order to avoid confounding the transient estimated global

impacts with the changing social costs of emissions and statistical values of life, we present both

as equal objectives and recognize that either axis used here could be rescaled or monetized as seen

fit in future studies if desired. For simplicity, the impacts plotted here are calculated for 2050, but

values for each decade between 2000 and 2100 in the Supporting Information. Countries have been

color-coded by continent to highlight differences between regions in terms of the net co-impacts

that they exhibit as a response to the phased removal of cookstove emissions. In general, African

countries tend to contribute to a larger temperature response due to large amounts of cookstove

use and the cooling potential from the removal of the associated GHG emissions. In contrast, the

ambient health impacts of emissions from African countries are smaller than in other regions due

to the lower population densities. Countries in Southeast Asia tend to contribute to more balanced

climate and ambient health impacts in part due to higher population densities and transport of

primary aerosol emissions over populated areas, as well as still having significant solid fuel use

and high aerosol radiative efficiencies. The large ambient health impacts from Eastern European

emissions reductions are a function of higher baseline mortality rates as [58, 64]. Also note that

due to the magnitude of solid fuel use in China and India, their impacts lie outside the plot axes.

While the overall magnitude of the impacts is important in understanding the drivers of
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Figure 3.2: The global transient premature deaths avoided due to changes in ambient PM2.5 from
a phased removal of solid fuel cookstove emissions by 2020. Colors show the species’ contributions
to the global response. (a) The annual (solid black line) and speciated cumulative response. Points
beyond 2050 represent projections further than modeled adjoint sensitivities. (b) National contri-
butions to annual avoided premature deaths in 2050 from changes in ambient PM2.5. China and
India’s impacts are shown in purple on the y-axis.
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ture deaths from the change in ambient PM2.5 concentrations attributed to a country’s individual
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health and climate impacts for that country.
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global climate and ambient air quality, of more value with regards to policy, specifically cookstove

interventions, are the impacts on a per cookstove basis. We thus next consider (Figure 3.4) the

national-scale contributions to global climate and air quality impacts divided by the national-scale

number of cookstoves, which is estimated using the number of people using solid fuels in 2010

[15] and the household size from the Global Burden of Disease Institute for Health Metrics and

Evaluation1 . Per cookstove (i.e., marginal) impacts are largest for cookstoves in certain regions

not typically targeted for cookstove interventions [114], such as those in Central Asia and Eastern

Europe, with emissions from Azerbaijan ranking the highest in terms of climate and second highest

in terms of health.
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Figure 3.4: National scale per cookstove contributions to climate and health impacts, with inset
showing the countries at the lower end of the scale. Individual bubble sizes are colored by continent
and scaled to the combined % contribution of health and climate impacts (China and India are
scaled by 1/10 due to the overall magnitude of their impacts).

3.6 Conclusions

For the year 2050, the impacts from the phased removal of global solid fuel cookstove emissions

is a global average surface temperature cooling of 77 mK (ranging from a 20 mK warming to 278 mK

1http://cleancookstoves.org/country-profiles/
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cooling) and an avoidance of 260,000 (137,00 - 268,000) annual premature deaths due to ambient

PM2.5 exposure cumulatively avoiding 10.5 (5.55 - 10.80) million cumulative premature deaths

from 2000 to 2050. Aerosols contribute 41% to the central estimate of net global cookstove climate

impacts by 2050, and alone may be cooling or warming with large uncertainties based on fuel type

and aerosol’s climate impacts. However, the net climate impacts of cookstove emissions reductions

are very likely cooling, when considering the benefits of curbed GHG emissions, an aspect which

becomes increasingly prominent on longer time-horizons. National scale contributions of cookstove

emissions to global premature deaths due to ambient PM2.5 exposure are driven by primary organic

carbonaceous aerosol.

Emissions from cookstoves in China and India are the largest, and they contribute the most

to ambient air quality and climate impacts; however, the role of other countries does not in general

always correspond to the magnitude of their emissions. Figure 3.5 depicts how ambient air quality

and climate benefits of cookstove interventions are modulated by the role of transport of aerosols

over populated regions, the combined impacts of absorbing and reflective components of aerosols,

the ratio of GHG to aerosol emissions as a function of fuel type, and the magnitude of semi and

indirect climate affects of opposite sign. Several countries (Azerbaijan, Kyrgyzstan, Uzbekistan,

and Ukraine) rank in the top-20 in terms of their co-impacts without being ranked highly in terms of

total population using solid fuels. Despite a smaller amount of cookstove use, intervention programs

in these countries are estimated to result in the highest co-benefit per cookstove replaced owing to

increased climate impacts of black carbon due to transport to the Arctic and over snow, and the

increased number of premature deaths due to high baseline mortality rate in these regions.

While this study addresses a number of factors governing the impacts of emissions from

cookstove on climate and ambient air quality, there are several aspects that warrant consideration

in future work. First, these estimates use a single emissions dataset and do not explicitly consider

the uncertainties in the emissions for our estimate of a country’s total contribution (although

marginal impacts, to first order, are less sensitive to this type of uncertainty). While we attempt to

account for this when estimating health impacts by considering a range of satellite-derived PM2.5
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fuels for cooking (blue), contribution to the global surface temperature change from the emissions
from cookstove solid fuel emissions (green), and the contribution to to global premature deaths
from exposure to ambient PM2.5 from cookstove solid fuel emissions (red).



40

datasets [18, 116], additional assessment of cookstove emissions inventories and resulting PM2.5

concentrations would be valuable. Our work only crudely treats SOA formation as 18% of the total

OC impact, although based on formation of OC within smoke plumes and the emission factors

of non-methane organic compounds will impact this [34, 108]. New understandings in the roles

of SO2 and NOx emissions on SOA formation [38, 83, 121] may eventually be incorporated into

this type of model; neglecting the role of SO2 and NOx on SOA formation means our estimates

are likely lower bounds. The methods used here also use global estimates of aerosol semi and

indirect climate impacts following UNEP and WMO, 2011 [111]. Several studies have shown the

regional importance of aerosol and precursor emissions on global climate impacts such as [6, 72].

Future work may be able to extend the source attribution techniques used in our study for direct

radiative forcing to indirect effects [49, 90]. Lastly, we have focused on the impact of cookstove

emissions under an illustrative yet simplistic scenario. A more comprehensive integrated assessment

of life-cycle impacts using realistic cookstove replacement options is warranted.
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Chapter 4

Air pollution-related health and climate benefits of clean cookstove programs

in Mozambique: A scoping analysis

4.1 Executive Summary

Residential solid fuel use for cooking in Mozambique is widespread, imposing a substantial

burden on public health and degrading natural landscapes. Approximately 96% of the population

in Mozambique uses solid fuels for cooking, with wood typically used in rural areas and charcoal

in urban areas. The Global Burden of Disease 2013 study conducted by the Institute for Health

Metrics and Evaluation estimated that high household levels of fine particulate matter (PM2.5)

exposures were associated with 11,750 premature deaths and 501,700 disability-adjusted life years

(DALYs) in Mozambique in 2013. In many parts of the world, cookstoves are also a substantial

contributor to ambient air pollution, affecting public health on broader spatial scales beyond the

household. Cookstoves also emit short-lived climate pollutants and long-lived greenhouse gases,

which can exacerbate global and regional climate change over the near-term (decades) and long-

term (centuries).

The objective of this study is to provide a first-order estimation of potential air pollution-

related health and climate benefits of expanding the use of cleaner stoves and fuels in Mozambique.

We use state-of-the-science methods to assess the health and climate benefits of four illustrative

scenarios in which traditional cooking fires and stoves are displaced by more efficient wood-burning

stoves in rural areas and by cleaner charcoal stoves or LPG stoves in urban areas. These scenar-

ios were designed to use technologies that would be appropriate for local circumstances, including
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cooking traditions, typical fuel type used, and economic conditions. These scenarios are feasible

with current technologies on the market, though the level of stove penetration and success of pro-

gram implementation depends on multiple factors beyond the scope of this work. In the absence

of Mozambique-specific information on emission and exposure levels, estimated health and climate

benefits are based on laboratory-based emissions data and assumptions to convert emissions reduc-

tions to exposure reductions.

For rural areas, this analysis suggests that forced draft wood-burning stoves are very cost-

effective and could achieve over 2.5 times more health benefits compared to natural draft stoves

in the same households, assuming equal usage levels for both cases. Forced draft stoves burn un-

processed biomass and improve combustion efficiency by blowing air into the combustion chamber.

Reaching a level of 10% penetration across rural households in Mozambique is estimated to avoid

approximately 200 premature deaths and 14,000 DALYs for a 3-year intervention from reduced

household air pollution. Approximately 2-3% additional health benefits are likely to result from

reduced ambient air pollution. While natural draft stoves achieve fewer health benefits compared

with forced draft stoves, they are also very cost-effective. Climate impacts are more uncertain

although the central estimate shows that both natural draft and forced draft stoves are estimated

to reduce expected climate change-related temperature increases over decadal and longer-term time

periods. Concentrating the same number of intervention stoves in a smaller geographical area would

not affect the level of household air pollution health benefits but could lead to larger ambient air

quality health benefits.

For urban areas, advanced charcoal stoves would achieve approximately 80% of the health

benefits of LPG stoves and are estimated to be very cost-effective. LPG stoves are estimated to

be very cost-effective in Maputo where charcoal is relatively expensive, cost-effective in Beira, and

not cost-effective in Nampula where charcoal is relatively cheap. Switching to LPG is assumed to

have a lower usage rate of 0.6 compared with a rate of 0.7 for advanced charcoal stoves. Expanding

use of LPG stoves to 10% of households in five major cities, Maputo, Beira, Nampula, Tete, and

Pemba, would result in an estimated 160 premature deaths and 11,000 DALYs averted for a 3-
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year intervention. Approximately 4-5% additional health benefits are estimated to result from

reduced ambient air pollution. The same penetration level of modern charcoal stoves in these

five cities would result in an estimated 130 premature deaths and 9,000 DALYs averted and six

premature deaths averted annually from reduced ambient air pollution. Although climate impacts

are uncertain, the central estimate shows that both modern charcoal stoves and LPG stoves would

reduce expected climate change-related temperature increases over decadal and longer-term time

periods.

This study demonstrates that substantial health and climate co-benefits can result from

expanding the use of cleaner wood and charcoal stoves in Mozambique. Switching to cleaner fuels

such as LPG would yield even greater health benefits, but is less cost-effective than modern charcoal

stoves. Benefits may be underestimated because they exclude improvements resulting from reduced

emissions and forest degradation from fuel production (particularly important for reduced charcoal

production).

Health impact and cost-effectiveness results are very uncertain due to lack of information

about household adoption of the new technologies, exposure levels, underlying health character-

istics, and exposure-response functions specific to Mozambique. Climate impact results are also

very uncertain due to lack of information about the mix of short-lived climate forcers reduced by

the technologies and limited understanding of their influence on the climate system. The analysis

would be improved by obtaining measurements of PM2.5 exposures in rural and urban homes in

Mozambique, for both the baseline fuels and stoves as well as various improved stove models. As

such data become available, sensitivity results presented here for different combinations of baseline

and intervention exposure levels can be used to recalculate health benefits and improve program

design for potential clean cooking interventions.
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4.2 Methods and Results

4.2.1 Ambient air pollution health impacts

4.2.1.1 Model

To estimate the ambient air quality and related health benefits of clean cookstove adoption

in Mozambique, we use the GEOS-Chem model (Bey et al. 2001). GEOS-Chem is a chemical

transport model that uses input meteorology from the Goddard Earth Observing System along

with online calculations of aerosol formation, growth, and deposition at the global 2 by 2.5 degree

resolution. While the model can estimate a number of different outputs, the version used for this

study to estimate health impacts is fully explained by Lee et al. (2016), and uses disease specific

integrated exposure response (IER) functions developed by Burnett et al. (2014) to estimate the

number of annual premature deaths due to exposure to ambient concentrations of PM2.5. Since

the global model spatial resolution is too coarse to estimate exposure impacts, the model uses

observations from satellite products to redistribute the aerosol mass concentrations from the model

resolution to 0.1 by 0.1 degree resolution (van Donkelaar et al. 2016). This model is used in

conjunction with its adjoint, which allows for calculating sensitivities of the model output with

respect to all model inputs. The resulting sensitivities are an approximation of the impact of

emissions within Mozambique on the total number of global deaths, with an additional model

calculation showing impact of emissions on deaths within Mozambique. A full discussion of the

model inputs and parameterizations is presented in Annex 2 of this report.

The use of adjoint sensitivities allows for the efficient calculation of the change in annual

premature deaths from ambient PM2.5 exposure for a given emissions perturbation, as is presented

in this report. Here we estimate the impacts as a function of stove emissions reduction efficiency

and percent of clean cookstove adoption for emissions from Mozambique alone. From the perspec-

tive of premature deaths, ambient air pollution health benefits are theoretically additional to the

household air pollution-related health benefits, but since methods used to quantify the two impacts

are different, results presented here may not be additive.
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4.2.1.2 Data and assumptions

The adjoint model calculations are performed for a given atmospheric condition and disease

specific exposure parameters. For this study we have assumed 2005 meteorology and population

distribution, combined with year 2000 historical anthropogenic emissions for calculation of the

base atmosphere (Lamarque et al. 2010). Additional natural emissions are also included in the

model calculations and fully described in Annex 2. While the baseline model calculations are using

year 2000 emissions, the estimated PM2.5 concentrations are rescaled to 2010 values through the

inclusion of satellite biasing at the 2 by 2.5 degree resolution. The satellite data used for the bias

calculation is from van Donkelaar et al. (2016) and represents data that most closely matches the

in situ measurements in neighboring South Africa (http://www.rbcaa.org.za/, data accessed May

16, 2016) and is an improvement on the GBD 2013 dataset (Brauer et al., 2015) due to the use

of geographically weighted regression factors. In addition to satellite biasing, the satellite data is

also used for redistributing PM2.5 concentrations from the model resolution of 2 by 2.5 degrees to

the more appropriate 0.1 by 0.1 resolution. It is at this resolution where the modeled exposure is

combined with disease specific IER functions (Burnett et al. 2014) and country specific baseline

mortality (Lozano et al., 2012).

Estimation of the health impacts also rely on an emissions perturbation, in this case emissions

from solid fuel use in Mozambique. These solid fuel cookstove emissions are estimated by combining

the Bond et al. (2007) carbonaceous aerosol emissions inventory for biofuel use with the domestic

SO2 emissions from Lamarque et al. (2010). We then apply country specific solid fuel use from

Bonjour et al. (2013). For Mozambique, this is 96% of the total population using solid fuel for

cooking. This emissions inventory is at the model resolution so we have also applied a mask to these

emissions, which represents the percent population in the grid cell that resides in Mozambique in

order to accurately estimate emissions from Mozambique alone. The understanding of the formation

of secondary organic aerosol, especially in smoke plumes, is very nascent and therefore a simple

parameterization of 18% of the OC impacts are included as impacts from SOA. This percentage is
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assuming a 50% formation rate from the aromatic and other compounds emitted as non-methane

volatile organic compounds from the biofuel sector (Streets et al., 2003). The regional scenarios, for

which impacts are presented in this section, are fully defined in Section 4 of this report, although

specific assumptions were made regarding the population distributions for urban and rural regions.

For Mozambique we have defined the threshold for urban population density as 100 people per

square kilometer, a threshold that captures all of the cities examined in the scenarios described in

Section 4 (Figure 4.1). This mask is combined with population at the same scale to disaggregate

the urban and rural emissions from the larger model resolution emissions inventory.

Figure 13.

4.2.1.3 Normalized results ambient air pollution health impacts

By multiplying the modeled adjoint sensitivities for premature deaths from exposure to am-

bient PM2.5 by the Mozambique specific solid fuel emissions, we estimate the global annual number

of deaths from ambient PM2.5 as 278 due to the combined cookstove emissions of carbonaceous

aerosols and SO2. Approximately 38% of these global premature deaths occur within Mozambique.

This percentage is relatively low compared with the percentage of PM2.5-related premature deaths

occurring within the source country versus the rest of the world (e.g. Anenberg et al. 2014), due to

meteorological features of Mozambique and neighboring countries. Table 4.1 shows the total poten-

tial benefit for a nationwide intervention of cookstoves and Table 4.2 shows the impacts normalized

to an implementation of 5000 improved cookstoves.

4.2.2 Ambient air pollution climate impacts

4.2.2.1 Model

The GEOS-Chem adjoint model is also used to estimate the climate impacts from changes

in emissions within Mozambique. This version of the model used for this report follows Lacey et
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Figure 4.1: Breakdown of urban vs rural gird cells at the 0.1 by 0.1 degree resolution. This data is
used to define the regions impacted by rural cookstove mitigation scenarios and urban cookstove
mitigation scenarios.
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Table 4.1: Annual premature deaths averted due to reduced exposure to ambient PM2.5 difference
in percent of population using solid fuels and stove efficiency.

Table 4.2: Annual premature deaths averted per 5000 households due to reduced exposure to
ambient PM2.5 as a function of difference in percent of population using solid fuels and stove
efficiency.
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al. (2015), with the addition of sulfur dioxide and greenhouse gas impacts along with transient

impact calculations. In summary this model combines modeled aerosol mass concentration with

the LIDORT radiative transfer model (Spurr et al., 2001) to estimate the net change in radiative

flux from a baseline pre-industrial atmosphere. The adjoint of this model (Henze et al., 2007; Henze

et al., 2012) is then used in conjunction with absolute regional temperature potentials to estimate

the impact of radiative forcing within a latitude band on global surface temperature change form

aerosol and aerosol precursor emissions (Shindell and Faluvegi, 2009; Shindell, 2012).

Impacts from GHGs are calculated using the speciated transient radiative forcing efficiencies

from Joos et al. (2012) and Aamaas et al. (2012). These parameterizations estimate the change in

radiative forcing as a function of emissions taking into account atmospheric lifetimes and carbon

cycle impacts. These well-mixed species are then combined with the transient global mean sensi-

tivity derived from Boucher and Reddy (2008). More detailed explanation of the full methods is

described in Annex 2 and can be found in work that is currently in preparation by Lacey et al. to

be submitted in the near future.

4.2.2.2 Data and Assumptions

Adjoint modeling techniques are used to develop the sensitivities of regional radiative forcing

(i.e., within a latitude band) with respect to changes in global emissions. The base model used,

GEOS-Chem, is explained in the previous section and in Annex 2 and uses offline meteorological

fields with online calculations of chemical and physical processes related to aerosol formation and

fate to estimate grid scale speciated aerosol mass concentrations at the 2 by 2.5 degree resolution

(Bey et al., 2001). The model used for the climate impact calculations takes this aerosol mass

concentrations and uses offline Mie theory calculations to estimate the optical properties of these

mass concentrations which are then passed into the LIDORT radiative transfer model, which in

turn estimates the radiative forcing relative to pre-industrial 1850 radiative flux. This assumes

species-specific fixed lognormal size distributions and is a calculation of the aerosol direct radiative

forcing (DRF). In order to include aerosol indirect and semi direct effects, scaling factors of the DRF
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with respect to each other impact is used in a similar manner to prior published works (e.g., UNEP,

2011a). This is an approximation of the indirect effects, but has shown comparable estimates of

climate impacts to fully coupled microphysical models looking at similar emissions perturbations

(Kodros et al., 2015) and results here are reported on ranges and central estimates of impacts

which includes the uncertainties in aerosol radiative efficiencies (Boucher et al., 2013; Myhre et al.,

2013). This report also uses estimates of the transient radiative forcing of GHGs through use of

time dependent impulse response functions for CO2, CH4, and N2O (Joos et al., 2012; Aamaas et

al., 2012). These impulse response functions estimate the time dependent concentrations, which

can then be used to estimate the radiative forcing in a given year based on the radiative efficiency

of each species, resulting in the temporal calculation of radiative forcing from changes in GHG

emissions. In order to accurately estimate impacts of a cookstove intervention on climate from a

change in ambient aerosol and GHG concentrations, we must understand the baseline emissions

within Mozambique. The aerosol emissions inventory used for the nationwide and scenario level

emission is described in Section 3.3.2, while the GHG emissions are derived from a literature review

of published emissions factors for GHG emissions relative to aerosol emissions (Turn et al., 1997;

Roden et al., 2006; Johnson et al., 2008; Roden et al., 2009; Jetter et al., 2012). While these studies

represent a range of stove types, fuels, and test conditions, the baseline emissions inventory only

considers the results using traditional stoves and traditional fuels to create an average emissions

factor for GHG emissions as a function of aerosol emissions. The range of emissions factors is not

considered in this work due to the lack of data for Mozambique specific stoves and fuels but has

potential impacts on the central estimate and bounds of the climate estimate. Other studies have

shown that the impact of harvesting woodfuels in a renewable manner has a large impact on the net

change in CO2 emissions caused by use of woodfuels for cooking (Bailis et al., 2015). To account for

this we have used a Mozambique specific estimate of fraction of non-renewable biomass harvesting

of 39.6%, following the estimate from Bailis et al. (2015).
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Table 4.3: Central estimate of the reduction in 2050 global temperature (in µK) resulting from
solid fuel emissions reductions as a function of difference in percent of population using solid fuels
and stove efficiency.

4.2.2.3 Normalized results climate change impacts

In addition to HAP and ambient health impacts, emissions of aerosols, aerosol precursors,

and greenhouse gases from residential solid fuel use also affect global and regional climate. Here we

calculate the impacts by emission species as a transient temperature function as shown in Figure 4.2.

This plot shows that central estimate of the short term net impact is negligible due to the balance of

reflective carbonaceous aerosol and absorbing black carbon, but later in the century the warming

impacts of greenhouse gases outweigh the aerosol impacts, increasing the climate benefit from

cookstove interventions. We also see that the bounds of the estimated temperature impact span

zero, meaning that there is a potential climate disbenefit due to the removal solid fuel cookstove use

in Mozambique. These temperature bounds are dominated by the uncertainties in aerosol radiative

impacts, including, but not limited to, their impact on cloud formation and longevity (Boucher et

al., 2013). Table 4.3 and Table 4.4 show the reduction in 2050 global temperature resulting from

solid fuel emission reductions as a function of percent of the population using improved cookstoves

and the intervention emission reduction percentage.
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Figure 4.2: Transient central estimate of global temperature change for speciated emissions from
100% removal of cookstove emissions in Mozambique. Upper and lower bounds of the net temper-
ature response are also shown.

Table 4.4: Central estimate of the reduction in 2050 global temperature (in µK) per 5000 cookstoves
resulting from solid fuel emissions reductions as a function of difference in percent of population
using solid fuels and stove efficiency.
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4.3 Scenarios

We developed four illustrative scenarios of clean cookstove programs in Mozambique to

demonstrate the approximate range of health and climate co-benefits that could be achieved if

more households used cleaner stove technologies and fuels. The scenarios were designed to include

both rural and urban areas, as these types of areas differ in important aspects such as the types of

fuels and stoves used at baseline, the types of fuels and stoves that would continue to meet house-

hold energy needs, and accessibility and cost of cleaner fuels and stoves. The scenarios also include

both more ambitious, cleaner approaches and more incremental approaches that are perhaps more

feasible to implement in the short term. The scenarios are informed by cleaner cooking efforts

already underway in Mozambique. EnDev , an energy access partnership financed by several na-

tional governments (Netherlands, Germany, Norway, Australia, United Kingdom, Switzerland, and

Sweden) has sold through its partners over 15,500 CH2200 Envirofit charcoal stoves and over 5,300

Envirofit Econochar charcoal stoves in one year (personal communication, Rosario Loayza, May

6, 2016). Successful experiences have been recorded in Maputo, Inhambane, Xai-Xai, Beira, and

Pemba for charcoal stoves. EnDev is also working with woodstoves in Inhambane, Gaza, Manica,

and Sofala, with additional activities beginning in other areas. We develop scenarios that are fea-

sible today based on our understanding of these experiences in Mozambique and in other countries

in Africa.

We consider different stove types according to their feasibility for broad dissemination and

adoption in Mozambique along with their cleanliness in terms of PM2.5 emissions. As a guide for

PM2.5 emission performance, we consider stove types categorized by the International Workshop

Agreements (IWA) Tiers of Performance developed as a first step towards formal International

Organization for Standardization (ISO) standards. The IWA framework rates cookstoves on four

indicators: efficiency, indoor emissions, total emissions, and safety. Each of these indicators has

five tiers, from 0 as the lowest performing to 4 as the highest performing. Tier boundaries were

defined by quantitative values determined by laboratory testing. Individual stove models can then
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Table 4.5: IWA Tiers of Performance for indoor PM2.5 emissions.

Indoor emissions
PM2.5 (mg/min)

Tier 0 ≥40
Tier 1 ≤40
Tier 2 ≤17
Tier 3 ≤8
Tier 4 ≤2

be tested using a consistent protocol to determine its tier of performance for each of the indicators.

Sub-tiers for indoor PM2.5 emissions are shown in Table 4.5. Since exposure reductions in reality

are typically smaller compared with emission reductions taken from laboratory-measurements, we

use smaller percentage reductions for each tier for exposure levels. Each percentage reduction in

emissions is multiplied by a factor of 0.8 to convert from laboratory-based emissions studies to more

realistic changes in exposure levels in households. There were no Mozambique-specific information

on which to base this ratio. As new information becomes available as to post-intervention exposure

reductions in Mozambique, these estimates can be revised using a more realistic ratio.

The four scenarios are described below and summarized in Table 4.6. We examine two rural

scenarios and two urban scenarios. For the rural scenarios, we determined that a switch from

unprocessed biomass to a cleaner-burning fuel is unlikely to be feasible. Unprocessed biomass

is typically collected rather than purchased, and a market for cleaner burning fuels would likely

be restricted to urban and peri-urban areas where fuel for cooking is purchased. We therefore

examine two rural scenarios, both using unprocessed biomass as the fuel type. In one scenario,

a cheaper but still relatively inefficient natural draft stove is used. In the other scenario, a more

expensive and more efficient forced draft stove is used. Forced draft stoves include a mechanism

to force air into the fire, raising flame temperature and intensity, thereby enhancing combustion

efficiency. For urban areas where purchased charcoal is the main fuel type, we examine one scenario

using a modern, more efficient charcoal stove, and one scenario switching to LPG as fuel. LPG

stoves are among the cleanest in terms of health-damaging air pollutant emissions, but are more

expensive and require a shift from charcoal to LPG. For each of the four scenarios, we examine two
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different penetration levels. Penetration levels refer to the percentage of households receiving the

intervention. The fraction of households using the intervention is assumed to be 0.6 for the LPG

scenarios where fuel switching occurs, and 0.7 for the other three scenarios that do not require fuel

switching. These fractions are applied as adjustments to the penetration levels for each scenario.

For the rural scenarios, we also examine the impact of implementing the intervention across all of

rural Mozambique versus just in four specific provinces. Since the interventions likely reduce not

just indoor air pollution for the households receiving the intervention, but ambient pollution as well,

this assessment gives an indication as to the magnitude of the ambient air quality improvements and

associated health and climate benefits for different types of interventions. The household numbers

used for each penetration level are approximations to simplify the analysis and use consistent

penetration levels across each scenario. For example, we use 300,000 households for both 10%

penetration in rural households across Mozambique and 40% rural penetration in four provinces,

though the number of households differ slightly. The results are therefore approximations of 10%

and 40% penetration levels in the given geographical area.

To derive baseline exposure levels in both urban and rural areas, we conducted an informal

literature review of PM2.5 personal exposure monitoring in households in Africa. We found only

one personal exposure study in Mozambique, specifically in Maputo, finding that average exposure

levels to particles less than about 7 m in diameter were 1200, 540, or 200-380 g/m3 during cooking

events for wood, charcoal, and LPG and electricity, respectively (Ellegrd 1996). We were not able

to find any studies measuring personal exposure to PM2.5 in Mozambique specifically. Further,

no studies in Africa of PM2.5 personal exposure could be found in the World Health Organization

Global Database of Household Air Pollution Measurements, last updated in 2011. For studies in

other African countries measuring personal exposure to PM2.5, we found only one study of charcoal

use in urban areas, which reported a mean exposure level of 130 g/m3 in Ghana (Van Vliet et

al. 2013). We found no studies monitoring PM2.5 personal exposure levels in rural wood-burning

homes in Africa, though a couple studies monitor kitchen concentrations in Malawi (Fullerton et
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Table 4.6: Scenarios for clean cookstove programs in Mozambique for which health and climate
benefits are calculated (HH=households).
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al. 2009) and Kenya (Lozier et al. 2016). The Malawi study reported kitchen concentrations of 185

g/m3 in urban homes burning charcoal and 268 g/m3 in rural homes burning wood (Fullerton et al.

2009). Malawi borders Mozambique and is similar to Mozambique in that cooking is typically done

outdoors during the dry season and indoors during the wet season. Exposure levels are likely to

be lower than kitchen concentrations because during the course of the day, individuals spend time

near the stove indoors, but also outdoors where ambient concentrations are lower. For example,

one study from Laos found that the ratio of personal exposure levels to kitchen concentrations was

0.33 at baseline and 0.69 with an intervention stove (Hill et al. 2015). With little information

to go on, we select a baseline exposure level for both urban and rural areas of 150 g/m3, slightly

higher than the one urban charcoal data point from Ghana and slightly less than half the kitchen

concentration measurement in rural homes in Malawi. This pre-intervention exposure level may

also be roughly consistent with the Ellegrd (1996) PM7 personal exposure measurements during

cooking time when converting to 24 hr exposures, assuming all PM7 particles are PM2.5 or smaller

and that woodfuel household exposures in Mozambique are similar to woodfuel household exposures

in rural areas. Since ambient PM2.5 levels are considered to be relatively low across Mozambique

(values range from approximately 4 g/m3 to 17-18 g/m3 (Figure 4.3), extremely high values during

3 hours of cooking time averaged with ambient PM2.5 levels for the remainder of the day result in

substantially lower daily exposure estimates. Our pre-intervention exposure estimate are roughly

consistent with Ellegard (1996) if urban ambient PM2.5 levels are higher than those in Figure 4.3

and may be high if urban concentrations are consistent with those in Figure 4.3. Using what may

be a relatively low value for baseline exposure levels in both rural and urban areas means that our

results for estimated benefits of clean cooking interventions may be conservative. As additional

information on exposure levels in Mozambique and other countries in the same region become

available, household air pollution health impacts can be re-estimated using the normalized results

in Section 3.2.3.
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Figure 4.3: Satellite-derived PM2.5 concentrations used for ambient PM2.5 exposure, from van
Donkelaar et al. (2016).
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4.3.1 Rural natural draft (RND)

4.3.1.1 Description

The Rural Natural Draft (RND) scenario consists of expanding the use of natural draft

stoves burning unprocessed wood and other biomass in rural areas. Natural draft stoves burn more

efficiently than three-stone fires and have the advantage of being relatively cheap. They also have

no moving parts, and therefore lower risk of breaking or malfunction. Natural draft stoves are

typically classified as IWA Tier 1 stoves for indoor PM2.5 emissions, with lower emissions than

three-stone fires, but higher emissions than more advanced stoves burning unprocessed biomass

(e.g. forced draft stoves), and stoves using cleaner burning processed solid fuels (e.g. biomass

pellets) or modern fuels (e.g. LPG). An example of a natural draft stove used in Mozambique is

the Envirofit Econofire stove (Figure 4.4). We examine the implementation of this scenario in 10%

and 40% each of all rural households nationwide and in four provinces: Sofala, Manica, Inhambane,

and Gaza. As the number of households is similar between 10% of all rural households and 40%

of households in these four provinces, we are able to compare the benefits resulting from achieving

a higher percentage penetration in a smaller area versus a lower level of penetration across the

entire country. As this scenario does not include a fuel switch, we assume a relatively high rate of

adoption of the new technology (0.7).

Laboratory-based measurements have shown that Tier 1 stoves reduce indoor PM2.5 emissions

by approximately 44% (Jetter et al. 2012). We use this value to scale down ambient emissions for

our quantification of ambient air quality health impacts and climate impacts. For household air pol-

lution, we assume that exposure levels are only reduced by 80% as much, or a total of 35% exposure

reduction. To analyse cost-effectiveness according to the WHO-CHOICE framework described ear-

lier, we use a stove cost of 13(personalcommunication,RosarioLoayza,GIZ,May18, 2016).Aslightlyhighercostof17.59

was given by Envirofit upon request. We assume fuel costs are minimal as wood is collected

and not purchased. We assume there is some maintenance cost, and therefore set the annual

cost per household to 2.5.ThesevaluesareusedtoestimatetheUSD() per DALY averted, which we
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Figure 4.4: Envirofit Econofire stove (source: Envirofit).
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then compare to a GDP per capita of 586.Where/DALY averted is less than GDP per-capita,

the scenario is considered very cost-effective. Where /DALY avertedisbetween1 − 3xGDPper −

capita, thescenarioisconsideredcost−effective.Anyscenarioinwhich/DALY averted is greater than

3x GDP per-capita is considered not cost-effective.

4.3.1.2 Potential benefits/cost-effectiveness

Estimated health and climate benefits of the two rural scenarios are shown in Table 16. We

estimate that the rural natural draft stove scenario would avert 200 premature deaths and 14,000

DALYs over the 3-year project lifetime from reduced household air pollution if 10% of rural house-

holds nationwide received the cleaner stove. Benefits are four times higher if penetration reached

40% of all rural households in Mozambique. An estimated 5 and 20 annual premature deaths

globally would be averted from reduced ambient air pollution for the 10% and 40% penetration

levels, respectively. Approximately 37% of the ambient air quality health benefits occur within

Mozambique. In terms of climate change, we estimate that the introduction of clean cookstoves

would result in a net global cooling in 2050 of 16 and 63 µK respectively for the 10% and 40%

penetration level. The cooling impact increases (more climate beneficial) to 28 and 113 µK in the

year 2100 due to the increasing effects of GHGs as is shown in Figure 4.5.

For implementation of this scenario in Sofala, Manica, Inhambane, and Gaza provinces only,

10% and 40% penetration levels, respectively, are associated with 50 and 200 premature deaths

averted from reduced household air pollution over the 3-year project lifetime and 2 and 8 annual

premature deaths averted from reduced ambient air pollution. Approximately 34% of the ambient

air quality health benefits occur within Mozambique. The resulting global surface temperature

cooling in 2050 from the cookstove intervention at the 10% penetration level is 3 µK and 13 µK at

the 40% penetration level in these provinces. The magnitude of the cooling impact again increases

for this intervention, to 6 and 26 in 2100 for the 10% and 40% penetration levels, respectively.

A slight climate dis-benefit can be seen in the several years following the cookstove intervention

scenario implemented in these four provinces, due to the high sensitivity of radiative forcing in
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the model gridcells overlaying these provinces with respect to organic carbon emissions. Organic

carbon reflects solar radiation and its reduction leads to atmospheric warming, countering cooling

effects of reduced black carbon. The dis-benefit is minor and short-lived, as we estimate that the

temperature impact trend rapidly turns to cooling and reaches larger and larger cooling magnitudes

over the course of the century.

To determine whether benefits are higher for higher penetration levels in smaller geographical

areas versus lower penetration levels in larger geographical areas, we compare the 40% penetration

level in the four provinces to the 10% penetration level nationwide, which have the same number

of households. Health benefits resulting from household air pollution are identical for both cases

because the HAPIT model and the underlying inputs for exposures, baseline incidence rates, and

others do not differentiate between households located in one area versus another. Contrastingly,

the health and climate benefits of reduced ambient air pollution depend on where the emissions

are reduced. For 40% penetration in the four provinces compared to 10% penetration nationwide,

we find 60% larger ambient air pollution-related health benefits (8 deaths averted versus 5) but

20% and 10% lower climate benefits in 2050 and 2100, respectively (less cooling). Concentrating

cleaner stoves in smaller areas results in greater improvements in ambient air quality for that area,

whereas dispersing the same number of stoves across a wider area has less of an impact on ambient

air quality. Ambient air quality improvements lead to health benefits across a broader population

beyond the households receiving the cleaner stove. Climate benefits are larger for the nationwide

10% penetration case versus 40% penetration in the four provinces because OC emissions from

gridcells overlaying these four provinces are particularly influential on global radiative forcing.

Concentrating the stove intervention in these four provinces therefore results in more warming

from OC reductions counterbalancing the cooling from BC reductions, leading to less net climate

cooling. While the magnitude of the cooling is less than for nationwide distribution of the cleaner

stoves, both cases lead to cooling. In terms of cost-effectiveness, we find that the rural natural

draft scenario costs approximately 471 USD per DALY averted (HAPIT result=531 USD, divided

by 1.125 to covert from 4 people per household to 4.5), not including ambient air pollution-related
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Table 4.7: Estimated health and climate benefits of the rural scenarios. Results are rounded and
therefore may not match reported ratios of benefits between scenarios.

health benefits. This scenario is very cost-effective, as it is less than GDP per capita of 586 USD.

These cost-effectiveness results do not account for time saved collecting fuel.

4.3.2 Rural forced draft (RFD)

4.3.2.1 Description

The Rural Forced Draft (RFD) scenario mirrors the RND scenario, but uses more efficient

forced draft stoves that burn unprocessed biomass. Forced draft stoves have a mechanism such as a

fan that blows air into the combustion chamber and improves combustion efficiency. Many forced

draft stoves require electricity to operate, but some models have been developed that include the

ability to harness energy from the fire to recharge a battery and power the combustion chamber

fan. One such model is the BioLite HomeStove (Figure 16), which is being used in a randomized

controlled trial in Ghana (Jack et al. 2015). Forced draft stoves have been demonstrated to reduce

PM2.5 emissions substantially in laboratory settings, yielding approximately 80% reductions (Jetter

et al. 2012), and are typically considered Tier 3 stoves for indoor PM2.5 emissions. Emission

reductions are typically less robust in field settings. However, field studies have also found that
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Figure 4.5: Central estimate of the transient climate impact of each cookstove intervention scenario
shown as the (a) net impact on global surface temperature, and (b) the global surface temperature
response for 5000 cookstove replacements. All impacts are shown at the 40% penetration level; a
10% penetration would reduce the impact by a factor of 4.
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forced draft stoves can also achieve substantial emission reductions in the field (Kar et al. 2012,

Johnson et al. 2011). We multiply the laboratory based percentage emission reduction by a factor

of 0.8 to convert to more realistic exposure changes, for a total of 64% exposure reduction. As for

the RND scenario, this scenario does not include a fuel switch, and we assume a relatively high

rate of adoption of the new technology (0.7). As this may be high, we also report results using 0.6

adoption rate as a sensitivity. Forced draft stoves are feasible in rural areas of Mozambique because

many are designed to use unprocessed biomass and many do not require electricity to run. Unlike

natural draft stoves, forced draft stoves have moving parts, and therefore are more susceptible to

maintenance issues. We examine the implementation of this scenario in 10% and 40% each of all

rural households nationwide and in four provinces: Sofala, Manica, Inhambane, and Gaza. As for

the RND scenario, these percentages allow us to compare the benefits resulting from achieving a

higher percentage penetration in a smaller area versus a lower level of penetration across the entire

country.

Figure 16. BioLite HomeStove forced draft stove (source: Siemens-Stiftung)

Figure 4.6: BioLite HomeStove forced draft stove (source: Siemens-Stiftung).

As we are unaware of forced draft stoves being implemented in Mozambique currently, we use
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the cost of the BioLite Home Stove in Ghana of 55perstove.Costsmaybelowergiventherelativelylowcostofnaturaldraftstoves, charcoalstoves, andLPGstovesinMozambique.Usingacheaperstovecostwouldlowerthe/DALY

metric used for cost-effectiveness. In other words, our use of the more expensive 55perforceddraftstoveislikelytoyieldamoreconservativeestimateofcost−

effectiveness, andusingalowervaluewouldmeanthatthisscenarioismorecost−effective.WeusethesameassumptionsformaintenancecostasfortheRNDscenario, settingannualcostperhouseholdto2.5.

4.3.2.2 Potential benefits/cost-effectiveness

Health and climate benefits of the rural forced draft scenario are shown in Table 16. We

estimate that the rural forced draft stove scenario would avert 500 premature deaths and 38,000

DALYs over the 3-year project lifetime from reduced household air pollution if 10% of rural house-

holds nationwide received the cleaner stove. These results are over 2.5 times larger than the results

for the rural natural draft scenario. Benefits are four times higher if penetration reached 40% of

all rural households in Mozambique. Household air pollution health benefits for the RFD scenario

would be reduced by approximately 13% if a lower usage rate of 0.6 is used instead of 0.7, which may

be warranted since forced draft stoves are more of a departure from traditional stoves compared

with natural draft stoves. An estimated 10 and 40 annual premature deaths globally would also be

averted from reduced ambient air pollution for the 10% and 40% penetration levels, respectively.

Approximately 37% of the ambient air quality health benefits occur within Mozambique. The am-

bient air pollution health results are double those estimated for the rural natural draft scenario.

In terms of climate change, we estimate that the introduction of clean cookstoves would result in

a net global cooling in 2050 of 29 and 115 µK respectively for the 10% and 40% penetration level.

The cooling impact increases (larger climate benefits) to 52 and 206 µK in the year 2100 due to

the increasing effects of GHGs as is shown in Figure 14.Cooling benefits are approximately double

those estimated for the rural natural draft scenario for the same penetration level.

For implementation of this scenario in Sofala, Manica, Inhambane, and Gaza provinces only,

10% and 40% penetration levels are associated with 100 and 500 premature deaths averted from

reduced household air pollution over the 3-year project lifetime and 4 and 20 annual premature

deaths globally averted from reduced ambient air pollution. Approximately 34% of the ambient air

quality health benefits occur within Mozambique. The resulting global surface temperature cooling
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in 2050 from the cookstove intervention at the 10% penetration level is 6 and 23 µK at the 40%

penetration level in these provinces. The magnitude of the cooling impact again increases for this

intervention, to 12 and 47 µK in 2100 for the 10% and 40% penetration levels, respectively. As

for the rural natural draft stove scenario, slight climate disbenefits can be seen in the several years

following the cookstove intervention scenario implemented in these four provinces, due to the high

sensitivity of global radiative forcing to OC emissions in the gridcells overlaying these provinces.

The disbenefit is minor and short-lived, as we estimate that the temperature impact trend rapidly

turns to cooling and reaches larger and larger cooling magnitudes over the course of the century.

As for the rural natural draft scenario, concentrating the stove intervention in the four

provinces rather than dispersing the cleaner stoves nationwide leads to greater ambient air pollution-

related health benefits but less climate benefits. However, all cases lead to climate benefits in both

2050 and 2100.

In terms of cost-effectiveness, we find that the rural forced draft scenario costs approximately

497USD per DALY averted (HAPIT result=559USD, divided by 1.125 to covert from 4 people per

household to 4.5), not including the ambient air pollution-related health benefits. As for the rural

natural draft scenario, this scenario is very cost-effective, as it is less than GDP per capita of

586USD. The USD/DALY value may be overestimated because it is based on what may be a high

value for the cost per stove (USD55). These cost-effectiveness values do not account for time saved

collecting fuel.

4.3.3 Urban modern charcoal (UMC)

4.3.3.1 Description

The Urban Modern Charcoal (UMC) scenario consists of expanding the use of cleaner charcoal-

burning stoves in urban areas in Mozambique. Compared to the typical metal charcoal stove cur-

rently used in most cities in Mozambique, modern charcoal stoves burn charcoal more efficiently

and substantially reduce emissions. For example, the Envirofit Econochar stove (Figure 17) has
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been rated as a Tier 3 stove for indoor PM2.5 emissions. Approximately 5,300 Envirofit Econochar

charcoal stoves have been disemminated by EnDev in one year, with successful experiences recorded

in Maputo, Inhambane, Xai-Xai, Beira, and Pemba (personal communication, Rosario Loayza, May

6, 2016). Since modern charcoal stoves do not require a fuel switch, they may be more likely to be

adopted and displace the traditional charcoal stoves. As charcoal is cheap relative to the cleaner

fuel LPG, this option also keeps fuel expenditures low, and in fact lowers current charcoal expendi-

tures by reducing the amount of fuel needed to accomplish the same cooking tasks. We examine the

implementation of this scenario in 10% and 40% of households in five major cities in Mozambique:

Maputo, Beira, Nampula, Tete, and Pemba. As for the RND and RFD scenario, this scenario does

not include a fuel switch, and we assume a relatively high rate of adoption of the new technology

(0.7).

Figure 4.7: Envirofit Econochar stove (source: Envirofit).

As stoves rated Tier 3 for indoor PM2.5 emissions reduce emissions by approximately 80%

we use this value to scale down residential emissions in urban areas for quantifying ambient air

pollution health benefits and climate benefits. For household air pollution exposure, we scale the

80% emission reduction by a factor of 0.8 to extrapolate from laboratory-based emissions to field

exposures (64% exposure reduction). To analyze cost-effectiveness, we use a cost of 15USD per
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stove, in line with previous sale price of the Envirofit Econochar stove in Mozambique in recent

years (personal communication, Rosario Loayza, GIZ, May 18, 2016). A slightly higher cost of

19.81USD was given by Envirofit upon request. This scenario reduces the amount of charcoal fuel

used and therefore household expenditures on fuel, so we set fuel cost for the intervention to 2.5USD

to account only for maintenance, consistent with the RND and RFD scenario maintenance costs.

4.3.3.2 Potential benefits/cost-effectiveness

Health and climate benefits of the urban scenarios are shown in Table 17. We estimate that

the urban modern charcoal stove scenario would avert 100 premature deaths and 9,000 DALYs over

the 3-year project lifetime from reduced household air pollution if 10% of households in the five cities

received the cleaner stove. Benefits are four times higher if penetration reached 40% of households

(we use rounded numbers of households, approximating the percentage penetration levels, and

results are therefore slightly less than four times higher). An estimated 6 and 20 annual premature

deaths globally would also be averted from reduced ambient PM2.5 for the 10% and 40% penetration

levels. Approximately 41% of the ambient air quality health benefits occur within Mozambique.

In terms of climate change, we estimate that the introduction of clean cookstoves would result in

a net global cooling in 2050 of 9 and 36 µK respectively for the 10% and 40% penetration level.

The cooling impact increases (larger climate benefits) to 16 and 64 µK in the year 2100 due to the

increasing effects of GHGs as is shown in Figure 14. In terms of cost-effectiveness, we find that

the urban modern charcoal stove scenario costs approximately 185USD per DALY averted (HAPIT

result=208USD, divided by 1.125 to convert from 4 people per household to 4.5), not including

ambient air pollution-related health benefits. As the USD/DALY result is less than GDP per capita

(586USD), this scenario is very cost-effective. Intervention costs here do not include program and

monitoring and evaluation costs. This scenario is estimated to remain very cost-effective as long

as total intervention (stove cost plus program and monitoring and evaluation costs) are below

approximately 60USD per stove.
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Table 4.8: Estimated health and climate benefits of the urban scenarios. Results are rounded and
therefore may not match reported ratios of benefits between scenarios.
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4.3.4 Urban LPG (ULPG)

4.3.4.1 Description

The Urban LPG scenario consists of expanding the use of LPG in place of charcoal in urban

areas. Compared with solid fuels, LPG burns much more efficiently and cleanly, reducing indoor

PM2.5 emissions by approximately 95%. As for the other scenarios, we scale this percentage by a

factor of 0.8 to convert to realistic exposure reductions, for a total of a 76% exposure reduction.

LPG stoves are considered Tier 4 stoves for indoor PM2.5 emissions. An example of an LPG stove

that would be appropriate for Mozambique is the Envirofit Pureflame stove (Figure 18). Since

this scenario includes a fuel switch from charcoal to LPG, we assume a lower rate of household

adoption of the new stove (0.6) relative to the other three scenarios which do not include a fuel

switch (0.7). As for the UMC scenario, we examine the implementation of this scenario in 10% and

40% of households in five major cities in Mozambique: Maputo, Beira, Nampula, Tete, and Pemba.

Monthly LPG expenditures ranged from 159USD in Beira to 158USD in Maputo/Matola

and 165USD in Nampula. Since this scenario includes a shift from charcoal to LPG, we subtract

monthly charcoal costs from monthly LPG costs to derive a fuel cost for each city. These values are

99USD for Nampula, 22USD for Beira, and -30USD for Maputo. The negative value for Maputo

results from higher baseline annual expenditures for charcoal versus LPG. We add 5USD to these

values to account for maintenance costs, and set the negative value indicating cost savings for

Maputo to zero within HAPIT to be able to calculate USD/DALY.

4.3.4.2 Potential benefits/cost-effectiveness

Health and climate benefits of the urban scenarios are shown in Table 17. We estimate that

the urban LPG stove scenario would avert 200 premature deaths and 11,000 DALYs over the 3-year

project lifetime from reduced household air pollution if 10% of households in the five cities received

the cleaner stove. Benefits are four times higher if penetration reached 40% of all rural households

in Mozambique (we use rounded numbers of households, approximating the percentage penetration
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Figure 4.8: Envirofit Pureflame LPG stove (source: Envirofit)
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levels, and results are therefore slightly less than four times higher). These results would be 16%

higher if a usage rate of 0.7 was used, as for the other three scenarios. An estimated 6 and 20

annual premature deaths globally would also be averted from reduced ambient air pollution for the

10% and 40% penetration levels, respectively, the same as for the urban modern charcoal scenario.

Approximately 41% of the ambient air quality health benefits occur within Mozambique. In terms

of climate change, we estimate that the introduction of clean cookstoves would result in a net global

cooling in 2050 of 9 and 36 µK respectively for the 10% and 40% penetration level, slightly more

climate beneficial compared with the urban modern charcoal scenario. The cooling impact increases

(larger climate benefits) to 16 and 65 µK in the year 2100 due to the increasing effects of GHGs as is

shown in Figure 14. In terms of cost-effectiveness, we find that the urban LPG stove scenario costs

approximately 125inMaputo, 634USDinBeira, and2080 in Nampula. The difference between the

cities is due to the highly variable household expenditures on charcoal, which is offset by the switch

to LPG. In Maputo, this scenario leads to a cost savings since baseline household expenditures

are higher for charcoal versus LPG. Using the WHO-CHOICE cost-effectiveness framework, this

scenario is very cost-effective in Maputo, cost-effective in Beira, and not cost-effective in Nampula.

We have not included intervention costs (e.g. program cost and monitoring and evaluation cost)

other than stove costs. Total intervention cost per stove would need to be approximately 200USD

for Beira and 275USD for Maputo before the urban LPG scenario in these cities stops being cost

effective.

4.4 Conclusion

4.4.1 Health and climate benefits of the scenarios

We used state-of-the-science air pollution health and climate impact models to estimate the

air pollution-related health and climate benefits of four scenarios in which clean cooking programs

are implemented in rural and urban areas of Mozambique. This study demonstrates that substan-

tial health and climate co-benefits can result from expanding the use of cleaner wood and charcoal
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or LPG stoves in Mozambique. For rural areas, forced draft wood-burning stoves are estimated to

be very cost-effective and achieve over 2.5 times more health benefits compared to natural draft

stoves in the same households, assuming equal usage rates. Reaching a level of 10% penetration

across rural households in Mozambique is estimated to avoid approximately 200 premature deaths

and 14,000 DALYs for a 3-year intervention from reduced household air pollution. The same level of

penetration of 10% of households in the four Provinces Sofala, Manica, Inhambane, and Gaza, can

avoid an estimated 50 premature deaths and 3,700 DALYs from household air pollution. Approxi-

mately 2-3% additional health benefits are estimated to result from reduced ambient air pollution.

While natural draft stoves achieve fewer health benefits compared with forced draft stoves, they

are also very cost-effective. Both natural draft and forced draft stoves reduce expected climate

change-related temperature increases over short- and long-term time periods. Larger ambient air

quality health benefits can be achieved by concentrating the same number of intervention stoves

in a smaller geographical area, though the household air quality health benefits, which are the

dominant contributor to total health benefits, would be the same for both cases. For urban areas,

advanced charcoal stoves would achieve approximately 80% of the health benefits of LPG stoves

and are estimated to be very cost-effective. LPG stoves are estimated to be very cost-effective

in Maputo where charcoal is relatively expensive, cost-effective in Beira, and not cost-effective in

Nampula, where charcoal is relatively cheap. Expanding use of LPG stoves to 10% of households

in five major cities, Maputo, Beira, Nampula, Tete, and Pemba, would result in an estimated 200

premature deaths and 11,000 DALYs averted for a 3-year intervention. The same penetration level

of modern charcoal stoves in these five cities would result in an estimated 100 premature deaths

and 9,000 DALYs averted. Approximately 2-3% additional health benefits are estimated to result

from reduced ambient air pollution. Both urban scenarios would be climate beneficial in both the

short-term and long-term.

Estimated health benefits from reduced household air pollution and ambient air pollution are

based on different methods and are therefore not directly additive. The health impacts of household

air pollution are inclusive of child acute lower respiratory infections and chronic disease incidence
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for all ages, while ambient air pollution health impacts are calculated for the chronic diseases for

the population age 30 years and older only. HAPIT, the model used to quantify household air

pollution health benefits, applies an approach in which health benefits from reduced exposure are

distributed over a 20 year period, and results are calculated for each year of the project until the

end of the user-specified project lifetime, after which attenuated health benefits accrue for two

additional years. HAPIT also assumes that for the three year project lifetime assumed here, the

total number of stoves within the intervention are distributed equally over each year of the project

(i.e. 1/3 of stoves distributed in each of the three years). The ambient air pollution health benefits

assume all stoves are distributed at the start of the project, are not distributed over time, and

are calculated as an annual benefit estimate. For these reasons, the health benefits from reduced

household and ambient air pollution are not necessarily additive. However, they may be close to

comparable because HAPITs cumulative benefits of 1/3 stove deployment over three years may be

similar to 1-year benefits of 100% stove deployment at the start of the intervention, the assumption

made for the ambient health benefit calculations.

Each step of the analysis carries uncertainties, particularly given that in many cases there

is a lack of data specific to conditions in Mozambique. This section describes uncertainties in

both data inputs and methods used to translate the input information to impacts, and considers

several important limitations to the analysis. It is unknown whether these uncertainties lead our

results to be underestimates or overestimates. The models used here to estimate health and climate

impacts require input information about baseline and intervention emission and exposure levels.

Very little information exists that is specific to Mozambique, or even nearby countries in Eastern

Africa. Information about baseline and intervention emissions is important to calculate ambient air

quality and resulting health and climate impacts. This analysis drew information about emissions

from laboratory studies of various traditional and improved cooking stoves, matching the stove

models examined in the scenarios here to PM2.5 emission reductions expected for similar stoves,

as categorized by IWA stove tiers. Laboratory studies often do not indicate levels of emission

reductions that would be achieved in the field, and field measurements in Mozambique were not
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available. There was also a lack of information about potential usage rates for different technology

types and the degree to which stacking (use of the new technology alongside the old technology)

would occur. Both of these variables would influence post-intervention exposure levels.

Similarly, no field measurements in Mozambique of baseline PM2.5 exposure levels or exposure

levels in homes using cleaner and more efficient cookstoves were available. We therefore used

information from studies in other African countries to derive conservative baseline exposure levels.

For intervention exposure levels, we started with the emission reductions from laboratory-based

studies expected for each type of stove and used slightly lower percentage reductions since exposure

is typically not reduced as much as emissions. Both baseline and intervention exposure levels applied

here could be higher or lower in reality. Using the default methods built into the HAPIT tool, we

assume that all adults in the household have the same exposure levels, though exposure levels for

non-cook adults are likely to be lower than for the cook, who spends more time near the stove.

For children, HAPIT adjusts exposure levels based on mother to child ratios of carbon monoxide

exposures from a study in Guatemala. It is unlikely that these ratios would be applicable to

Mozambique given differences in household characteristics, cultural norms, and cooking practices.

As field measurements of emissions and exposure levels become available, the normalized results

presented here can be used to recalculate benefits. The impact assessment models used to translate

input information to health and climate impacts also carry with them some uncertainties. We apply

exposure-response curves that draw from studies on ambient air pollution, second-hand smoke, and

cigarette smoking in addition to household air pollution. These relationships assume that all PM2.5

mixtures have the same effects on human health, though the mixture of pollution varies significantly

between emission sectors, and within the residential sector between stove and fuel types (e.g.,

Jetter et al. 2012, Anenberg et al. 2013). We assume disease incidence rates estimated by IHME

apply, but in reality these are uncertain due to data limitations (e.g. accurate coding of cause of

death, accounting for all pneumonia cases, etc.). We also do not consider subnational variability

in disease incidence rates, number of people per household, exposure levels, or any other factor

affecting susceptibility to household air pollution health effects. We also limit the analysis only to
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PM2.5, the dominant contributor to the global health impacts of air pollution, but other pollutants

may also contribute to household air pollution health impacts, such as carbon monoxide, volatile

organic compounds, and others (e.g. Guarnieri et al. 2014, Pope et al. 2015). Climate impacts

of short-lived climate pollutants are also highly uncertain due to limited data on the ratio of

black carbon and organic carbon emitted from different stove types and fuels, the degree to which

emissions of each are reduced from the baseline for different intervention stoves, and their influence

on the climate system (e.g. Anenberg et al. 2013, Bond et al. 2013, Soneja et al. 2016, Wang et

al. 2016).

For the cost-effectiveness calculations, consistent with Pillarisetti et al. (2015), we do not

include dissemination or monitoring and evaluation costs, the household costs associated with re-

duced medical expenditures, and time spent collecting fuel. For the urban LPG scenario, we assume

that fuel costs beyond baseline expenditures on charcoal are covered by the program. Including ad-

ditional costs would lower our USD/DALY values used for cost-effectiveness determinations, while

considering time spent collecting fuel and other health, environmental, and social benefits would

make the scenarios more cost-effective.

As described in Section 3.4, several important impacts were excluded from this analysis due

to lack of data that precluded quantification. Reducing charcoal production could slow forest degra-

dation and deforestation in Mozambique, preserving ecosystems, habitats, and biodiversity. The

health impact assessment considered only five diseases (ischemic heart disease, stroke, chronic ob-

structive pulmonary disease, lung cancer, and child acute lower respiratory infection), but household

air pollution is likely to impact other health outcomes, such as premature birth, low birth weight,

ocular disorders, and burns. Not enough information about the connection between household

air pollution and these health outcomes was available to enable their inclusion in the quantified

analysis. In addition, reduced household fuel needs is likely to have economic and social benefits,

as it would lead to lower household expenses and more time available (particularly for women) to

pursue other activities such as education, income-generating activities, and leisure.
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4.5 Future analyses

This analysis is intended to be a first-order approximation of the level of health and climate

benefits that could be achieved through implementing different types of clean cooking programs in

Mozambique. To enable more specific analysis for conditions in Mozambique, more information is

needed, particularly related to emission and exposure levels. More specific scenarios for policies

and stove dissemination methods can also be developed by engaging further with the Mozambique

government and other stakeholders. This type of analysis can also be undertaken for other coun-

tries and additional scenarios. Future analyses should utilize emerging measurements of emissions

and exposure levels for the baseline and intervention scenarios examined here. Ideally, these mea-

surements would be taken in the field in Mozambique using normal cooking practices. Exposure

levels should be measured both in the wet and dry seasons, for both the baseline and intervention

scenarios, to determine different exposure levels for outdoor versus indoor cooking. Field mea-

surements taken in nearby countries may also be helpful to estimate emissions and exposure levels

in Mozambique, considering similarities and differences in cultural norms and cooking practices.

Household surveys in both rural and urban areas would also be helpful in understanding typical

cooking practices, activity patterns, and exposure from other pollution sources, such as smoking,

trash burning, and industrial plants. Such improved information specific to Mozambique would

reduce uncertainties associated with this type of analysis. As new information on exposure levels

becomes available, the normalized results presented here can be used to re-estimate benefits and

improve program design for potential clean cooking interventions. This type of analysis can also be

undertaken for other situations, in other countries or examining additional scenarios, to highlight

the air pollution-related health and climate benefits that could be achieved through cleaner cook-

ing programs. The methods used here can be applied in any country to generate screening-level

approximations of the benefits of various types of clean cookstove programs. Higher confidence in

results is possible for analysis in countries where more specific information exists on emission and

exposure levels.
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4.6 Methods: Annex 2

Detailed explanations of the methods for quantifying ambient air pollution health impacts

and climate change impacts are soon to be submitted for peer-reviewed publication. This annex

briefly summarizes key methods and data inputs. Both the ambient air quality health impacts

and the climate impacts are calculated using different versions of the GEOS-Chem adjoint model.

GEOS-Chem is a chemical transport model that runs at the global scale of 2 by 2.5 degrees (Bey

et al., 2001). This model is run using historical anthropogenic emissions (Lamarque et al., 2010)

and natural emissions including lightning NOX (Murray et al., 2012), soil emissions (Hudman et

al., 2012) and biogenic emissions (Guenther et al., 2012). The model also included aerosol chemical

processes such as; heterogeneous chemistry (Evans and Jacob, 2005) phase partitioning (Binkowski

and Roselle, 2003), formation rate feedbacks (Martin et al., 2003), hygroscopic growth (Martin et

al., 2003) among other transport and deposition processes driven by the Goddard Earth Observing

System (GEOS5) offline calculated meteorological fields.

The adjoint of the GEOS-Chem model is also used to estimate species and spatial variant

impacts of emissions on the model output (Henze et al., 2007). The adjoint model uses estimated

model sensitivities to calculate a model output perturbation, which is then propagated backward

through the model in order to calculate the partial derivative of model output with respect to all

model inputs, taking into account the various chemical and physical model processes. For small

perturbations, these partial derivatives can be estimates of the change in model output with respect

to grid-cell changes in emissions.

Ambient PM2.5 health impacts are calculated using a modified version of the base model

fully described in Lee et al. (2015). This model uses the modeled aerosol mass concentrations

at the model resolution of 2 by 2.5 degrees and uses satellite biasing and satellite downscaling to

estimate human exposure at the 0.1 by 0.1 degree resolution. In order to do this satellite data

from van Donkelaar et al (2016) is used. These sub-grid scale PM2.5 mass concentrations are

then compared to disease specific integrated exposure response (Burnett et al., 2014) curves in
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conjunction with country level baseline mortality rates (Lozano et al., 2012) in order to estimate

the premature deaths due to concentration of ambient PM2.5. The adjoint model then takes the

predicted deaths and calculates spatial and species variant sensitivities of premature deaths with

respect to aerosol and aerosol precursor emissions. This calculation is done at both the global scale

and for Mozambique alone to give the contribution of emissions to deaths within Mozambique and

globally.

The climate impacts are calculated following Lacey and Henze (2015), which uses the GEOS-

Chem adjoint model to calculate the direct radiative forcing and then uses scaling factors and

climate parameterizations to in turn estimate the global surface temperature response. The adjoint

sensitivities are calculated by combining the GEOS-Chem aerosol mass concentrations with the LI-

DORT radiative transfer model and offline Mie calculations to get speciated aerosol direct radiative

forcing sensitivities. The direct radiative forcing is then scaled to include indirect and semi-direct

effects following the methods used in the UNEP/WMO (2011) report on short-lived climate forcers

to give the net effective radiative forcing impacts. This work expands on the prior studies by also

including estimation of RF impacts from greenhouse gases in addition to aerosol RF. This is done

by using concentration impulse response functions with radiative forcing efficiencies (Aamaas et

al., 2013; Joos et al., 2013) to estimate the net radiative forcing for a given year following future

RCP 4.5 emissions (Smith and Wigley, 2006). This radiative forcing is combined with the transient

SLCF forcing and a transient global mean sensitivity calculation (Boucher and Reddy, 2008) to

estimate the radiative forcing as a function of time from the emissions perturbation. These radia-

tive forcing values are then combined with absolute regional temperature potentials (Shindell and

Faluvegi, 2009; Shindell ,2012) to estimate the surface temperature response as detailed in Lacey

and Henze (2015).



Chapter 5

Conclusions

The work presented here includes development of new methods for using adjoint sensitivities

in the GEOS-Chem model, which are then applied to a range of science questions. We have

shown that the methods developed can be used for global impacts studies (Chapter 2 and Chapter

3), where estimated impacts from a global removal of solid fuel cooking emissions results in the

avoidance of 22.5 (11.9 to 23.2) million premature deaths through the 21st century and a climate

impact of 118 mK cooling (11 mK to 335 mK cooling) by the year 2100. These estimates are

calculated as transient functions following future emissions from the Representative Concentration

Pathways (RCP) [73, 104] and future national-scale population trends. These estimates include

aerosol indirect and semi-direct climate impacts and utilize the latest available satellite PM2.5

datasets [18, 116] for human exposure estimates as an input into integrated exposure response

functions [19]. In order to provide improved information to policy makers, the use of adjoint

sensitivity analysis enables us to dis-aggregate the global impacts to national-scale contributions,

which allows for targeting specific countries with clean cookstove and fuel-switching implementation

projects. This highlights areas where there are discrepancies between the amount of solid fuel

used and the resulting impacts, as is shown in Figure 3.5. We have also shown that the approach

developed can be used to estimate impacts of a range of specific mitigation scenarios at the national

scale, in this case Mozambique (Chapter 4). The estimated impacts from solid fuel cookstove use

in Mozambique are 277 annual premature deaths and a warming of 0.69 mK (cooling of 0.48 mK

to warming of 1.76 mK) due to ambient PM2.5 concentrations.
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This work treats a more comprehensive set of climate-relevant processes than previous studies

wut hthe GEOS-Chem adjoint model [39], particularly in terms of short lived species. Since the

GEOS-Chem model, combined with LIDORT, calculates only the aerosol direct radiative forcing,

scaling factors derived from the IPCC model estimates of radiative forcing are used to treat aerosol

indirect and semi-direct effects [17, 75]. These scaling factors are important since they apply to not

only the central estimate of aerosol climate impacts, but also perturb the upper and lower bounds

of the estimated impacts, in turn leading to a range of estimates that does not preclude climate

dis-benefits from removal of carbonaceous aerosol emissions from cookstove solid fuel use in some

countries [55]. In addition to the variability in aerosol radiative efficiency, we have also treated the

fact that aerosols are short-lived and do not impact global radiative forcing in the same manner as

greenhouse gases. This is done by calculating the impacts of emissions on radiative forcing within a

latitude band and utilizing the varied impacts of regional radiative forcing on surface temperature

response following the absolute regional temperature potentials from Shindell et al., 2009 [98] and

Shindell, 2012 [96]. This method is novel since it allows for the estimation of surface temperature

response, taking into account the regional impacts of aerosol transport, formation, and radiative

efficiency, without the additional steps and computational requirements of running a fully-coupled

chemistry climate model. In order to estimate net climate impacts, including both short-lived

climate forcers and well-mixed greenhouse gases (GHG), we have combined the transient aerosol

radiative forcing with the transient GHG impacts following Joos et al., 2013 [48] and Aamaas et

al., 2013 [1] by calculating the future concentrations of GHGs from an impulse in emissions, then

estimating the difference in radiative forcing from a baseline to this perturbed state. The net

RF in a given year then uses the transient global mean climate sensitivity derived from Boucher

et al., 2013 [16] to estimate the surface temperature response from a change in emissions. The

combination of all of these effects results in a novel and efficient approach to calculating the net

bounded climate impacts as a function of time from a given change in sectoral emissions of aerosols,

aerosol precursors, and GHGs.

We have also used adjoint sensitivities to estimate the transient health impacts from a change
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in sectoral emissions. Expanding on prior work from Lee et al., 2015 [58], we have separated the

use of satellite data for downscaling to exposure relevant scales from the use of satellite data for

both downscaling and bias correction to estimate annual average concentrations. This is impor-

tant since future concentrations of PM2.5 will be different in overall magnitude and should not be

tied to present day levels. We have also used two of the most recently available satellite datasets

[18, 116] in order to further bound our estimates of premature deaths from changes in ambient

PM2.5 concentrations. Transient health estimates also take into account future population follow-

ing estimates from the 2010 United Nations World Population Prospects . This yields improved

estimates of premature deaths from ambient PM2.5, especially in regions that are projected to ex-

perience large shifts in population over the next several decades (i.e., regions of Africa that see a

projected 300% population growth). This is an important factor that must be accounted for when

proposing regional emissions mitigation strategies that take a number of years to be fully realized.

While this work takes into account a number of parameters that are not commonly included

in global climate and health models, there are additional sources of error and uncertainty that

may need to be accounted for in future work. For the estimate of impacts from solid fuel use

for cooking, we have here created an emissions inventory based on available information, but other

studies have shown that the emissions from cookstoves is both regional and uncertain with emissions

varying based on stove type, fuel use, and cooking method [44, 45, 87, 120]. Therefore, improved

emissions factors would aid in increasing the accuracy of these modeled impacts from solid fuel use.

Another source of uncertainty is the parameterization used to treat the central estimate of impacts

from secondary organic aerosol (SOA) as 18% of the total OC impact for solid fuel use. This

is based on the emissions of non-methane volatile organic compounds (VOC) and proposed 50%

formation rate of SOA from these species [108]. Recently. there have been a number of advances

in not only the characterization of VOCs from solid fuel combustion [34], but also the formation

mechanisms of SOA [37, 46, 79] that should be accounted for when estimating the SOA impacts on

climate and health. The work done here also found a large discrepancy in the estimated number

https://esa.un.org/unpd/wpp/
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of global premature deaths depending on which satellite reanalysis product is used for the satellite

downscaling and exposure estimation. According to personal communication with Michael Brauer,

there is a new satellite product being released in late-2016 that will improve on the current datasets.

This new dataset should be used for estimation of future health impact sensitivities. This work

also uses scaling factor parameterizations to estimate the indirect aerosol climate effects, which

cannot accurately capture some of the regional impacts of aerosol emissions on the formation and

lifetime of clouds shown in prior work [49, 90, 52]. Also, while the focus of this work has been on

ambient health impacts, the indoor air quality impacts far outweigh these impacts in some areas

with low population density and relatively clean ambient air, so the use of indoor health impacts

models such as HAPIT [82] would be a useful addition towards understanding the net impacts of

cookstove interventions. The inclusion of each of these different aspects in future work will serve

to improve the model estimates of both surface temperature change and premature deaths from

ambient PM2.5.

Understanding impacts of ambient aerosol concentrations on climate and health is currently a

focus of policy-makers worldwide. The latest GBD report on global death statistics [31] has shown

that the number of premature deaths from ambient concentrations is starting to outweigh the deaths

due to indoor air quality. Also, a number of studies have highlighted SLCFs as the target pathway

for reducing the global anthropogenic impacts on climate by the end of the century [27, 99, 114].

The work presented throughout this thesis show an improvement in the level of understanding

of both climate and health impacts from ambient aerosol concentrations, and more importantly

provides policy makers with information on the net impacts of a change in anthropogenic activity.

While the detailed impacts focus on the removal of solid fuel use for cooking, the scope of these

calculated adjoint sensitivities is not limited to this sector and are also being used for analysis

of other sectors and species including diesel transportation emissions. By utilizing the tools and

models developed here we can quickly provide accurate and policy-relevant information regarding

the impacts of a wide range of proposed mitigation scenarios.
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dra Nolte, Ole F Norheim, Rosana E Norman, Bo Norrving, Luke Nyakarahuka, In-Hwan
Oh, Takayoshi Ohkubo, Bolajoko O Olusanya, Saad B Omer, John Nelson Opio, Ricardo
Orozco, Rodolfo S Pagcatipunan, Amanda W Pain, Jeyaraj D Pandian, Carlo Irwin A Pan-
elo, Christina Papachristou, Eun-Kee Park, Charles D Parry, Angel J Paternina Caicedo,
Scott B Patten, Vinod K Paul, Boris I Pavlin, Neil Pearce, Lilia S Pedraza, Andrea Pe-
droza, Ljiljana Pejin Stokic, Ayfer Pekericli, David M Pereira, Rogelio Perez-Padilla, Fer-
nando Perez-Ruiz, Norberto Perico, Samuel A L Perry, Aslam Pervaiz, Konrad Pesudovs,
Carrie B Peterson, Max Petzold, Michael R Phillips, Hwee Pin Phua, Dietrich Plass, Dan
Poenaru, Guilherme V Polanczyk, Suzanne Polinder, Constance D Pond, C Arden Pope,
Daniel Pope, Svetlana Popova, Farshad Pourmalek, John Powles, Dorairaj Prabhakaran,
Noela M Prasad, Dima M Qato, Amado D Quezada, D Alex A Quistberg, Lionel Racapé,
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ping Huang, Dorothy Koch, Jean-François Lamarque, David Lee, Blanca Mendoza, Teruyuki
Nakakima, Alan Robock, Graeme Stephens, Toshihiko Takemura, and Hua Zhang. Anthro-
pogenic and natural radiative forcing. In Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, 2013.

[76] G. F. Nemet, T. Holloway, and P. Meier. Implications of incorporating air-quality co-benefits
into climate change policymaking. Environmental Research Letters, 5(1):014007, 2010.



97

[77] R.J. Park, D.J. Jacob, M. Chin, and R.V. Martin. Sources of carbonaceous aerosols over the
united states and implications for natural visibility. J. Geophys. Res, 108(12):4355, 2003.

[78] R.J. Park, D.J. Jacob, B.D. Field, R.M. Yantosca, and M. Chin. Natural and transboundary
pollution influences on sulfate-nitrate-ammonium aerosols in the united states: Implications
for policy. J. Geophys. Res, 109:15, 2004.
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Appendix A

Supporting Information: Climate impacts from country-level solid fuel

cookstove carbonaceous aerosol emissions

A.1 Forward model

The chemical transport model used in this study is GEOS-Chem. This model uses meteoro-

logical data from the Goddard Earth Observing System (GEOS) that has been regridded to the 2◦ ×

2.5◦ resolution [7]. Anthropogenic emissions for the simulations are taken from the RCP Database

[73] hosted by the International Institute for Applied System’s Analysis (http://www.iiasa.ac.at/).

For this particular analysis, historical year 2000 emissions are considered [56]. Anthropogenic emis-

sions are separated into the following sectors: energy, domestic, industry, transportation, landfill

waste, agriculture, waste burning, solvents, shipping, grassfires and forest fires. Carbonaceous

aerosol emissions from biofuel sources in the domestic sector are from Fernandes et al., 2007 [29]

and Bond et al., 2007 [14]. Natural emissions of aerosols and aerosol precursors in GEOS-Chem

include volcanoes, lightning NOx [91, 74], ocean dimethyl sulfide, soil emissions [41], and biogenic

species (isoprene, terpenes) from MEGAN v2.1 [36]. A fraction (20%) of the total biomass burning

emissions from the inventory are also considered natural emissions.

GEOS-Chem tracks the formation and transport of the following aerosol species: sulfate,

nitrate, ammonium, carbonaceous aerosol (organic and BC), sea salt and mineral dust [77, 78].

GEOS-Chem includes heterogeneous chemistry on the surface of aerosols [28], aerosol phase parti-

tioning using RPMARES [9], and aerosol effects on photolysis rates in the troposphere [69]. Aerosol

removal from the atmosphere includes both dry and wet deposition [119, 42, 63]. Aerosols are con-
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sidered to be formed or emitted with a fixed log-normal size distribution, while hygroscopic growth

is calculated offline using relative humidity retrieved from the GEOS-5 meteorology in each grid

cell [69]. This offline calculation is used when considering surface area for heterogeneous chemistry

along with aerosol optical properties. BC is emitted in a 4:1 ratio of hydrophobic to hydrophilic

particles, while OC is considered to have a 1:1 ratio of hydrophobic to hydrophilic components.

Both of these species have an e-folding time of 1.15 days for their conversion from being hydrophobic

to hydrophilic [26, 23, 25].

Optical properties for aerosols in the model use refractive indices and size distributions re-

trieved from the Global Aerosol Data Set (GADS) [54]. These optical properties are then applied

to the GEOS-Chem aerosol mass concentrations in order to calculate aerosol optical depths, single-

scattering albedos (SSA) and phase functions (φ) using Mie scattering theory [70]. For these

calculations aerosols are assumed to be an external mixture, which results in underestimating total

aerosol absorption [43]. In order to accommodate for this we increase the absorption of BC aerosol

by a factor of 1.5 following recommendations in Bond et al., 2006 [13] such that the aerosol ab-

sorption matches published values. These optical parameters are inputs for the LIDORT radiative

transfer model [107] which is used to calculate the top of atmosphere (TOA) radiative flux over

wavelengths from 315 to 1,667 nm [13, 107, 106]. Radiative flux calculations use surface albedos

from remote sensing measurements [53] and cloud fractions from the NASA Global Modeling and

Assimilation Office (GMAO).

A.2 Cookstove emissions

The Bond et al., 2007 [14] carbonaceous aerosol emissions inventory contains all biofuel

emissions, which not only includes cookstoves, but other residential emissions sources and additional

non-residential biofuel sectors [29, 14]. The total biofuel emissions within a country, c, are thus

σbiofuel,c

σbiofuel,c = σcs,c + σncs,c, (A.1)
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where σcs,c is the carbonaceous aerosol emission from cookstoves and σncs,c is the carbonaceous

aerosol emission from non-cookstove sectors. In order to isolate the amount of biofuel aerosol emis-

sions owing to cookstove use, σcs,c, we must first determine the amount of carbonaceous emissions

from other sources, σncs,c. We start by considering the percent of the year 2000 population in

country c using solid fuels (SFc) for cooking from Bonjour et al., 2013 [15]. A number of countries

have less than 5% of their population using solid fuel for cooking, or are assumed so in Bonjour

et al., 2013 [15] based on per-capita income greater than US$12,276. We can use these countries

to calculate a non-cookstove use emissions fraction (Θr) for each region (Africa, Asia, Europe, N.

America, Oceanic Pacific, S. America and Central America),

Θr =

(∑
c∈r

σbiofuel,c · (1 − u(SFc − 0.05))

)(∑
c∈r

Pc · (1 − u(SFc − 0.05))

)−1
(A.2)

where Pc is year 2000 the population within a country and u is the Heaviside step function. The

numerator therefore represents the sum of biofuel emissions for all countries in the region (r) that

have less than 5% of the population using solid fuel for cooking and the denominator represents

the sum of population across those same countries. This gives Θr in the units of kilograms of

non-cookstove biofuel carbonaceous emissions per capita. This equation assumes that σbiofuel,c is

approximately σncs,c for countries with less than 5% of the population using solid fuel for cooking.

With this regional emissions factor calculated we can now calculate σcs,c based on the following

equation,

σcs,c = σbiofuel,c − Pc [1 − SFc] Θr (A.3)

The inventory of carbonaceous aerosol emission from residential cookstove use per country calcu-

lated using this approach is shown in Figure A.5. We note that this inventory does not distinguish

between solid fuels used for cooking with modern wood-burning stoves versus more traditional

cookstoves. Non-cooking solid fuel used by the fraction of the population that also uses solid fuel

for cooking will be ascribed to σcs,c by this approach, which will thus may be biased high compared
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to the emissions from cooking alone. The inventory could also be biased low owing to exclusion of

fossil-fuel coal used for cookstoves, which is considered as a solid fuel for cooking in Bonjour et al.,

2013 [15] but not the biofuel inventory of Bond et al., 2007 [14]. Based on national-scale surveys

that have been compiled and made available by the World Health Organization (WHO) this source

contributes less than 10% of solid fuel use for cooking in most countries, although values in China

are notably higher (34%) (http://www.who.int).

Figure A.1: BC and OC emissions factors reported in various biofuel characterization studies: (1)
Turn et al., 1997 [109], (2) Sheesley et al., 2003 [93], (3) Streets et al., 2003 [108], (4) Venkataraman
et al., 2005 [117], (5) Roden et al., 2006 [88], (6) Johnson et al., 2008 [47], (7) Li et al., 2009 [60],
(8) Roden et al., 2009 [87] and the average Φ limits are calculated from the Bond et al., 2007 [14]
biofuel emissions inventory.

These cookstove emissions can be further refined in terms of BC (σBC) and OC (σOC) emis-

sions using emissions factors for different types of stoves and fuels. A summary of emissions factors

used for both OC and BC is shown in Figure A.1. These studies are based on a variety of different

fuels, stoves, and measurement techniques. Crop residue fuels tend to have a statistically significant

lower BC to total carbon ratio, Φ, compared to woody fuels. While Φ is different between woody

fuels and crop residue, the total carbonaceous emission factors are not statistically different for

different fuel types, although some studies [87] have shown that differences between different mea-

surement techniques [87] can lead to differences in characterizations of both the total carbonaceous
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emissions and Φ.

A.3 Adjoint model calculations

The GEOS-Chem adjoint model is used in combination with the analytical Jacobians com-

puted by LIDORT to evaluate the impact of grid-scale perturbations to emissions of aerosol and

aerosol precursors, σi,k, on direct radiative forcing, J(στ,i,k), where i and k are the spatial and

species indices, respectively. We consider both the annual global radiative forcing and the annual

regional radiative forcing within four different latitude bands (τ), which are: the Arctic (60N to

90N), the northern hemisphere mid-latitudes (28N to 60N), the Tropics (28S to 28N) and the south-

ern hemisphere extra tropics (90S to 28S). The adjoint sensitivities are calculated in several steps

as shown in Equation A.4 (evaluated from right to left),

λτ,i,k =

(
∂J(στ,i,k)

∂σi,k

)T
=

(
∂Bconc,i,k

∂σi,k

)T ( ∂Aopt,i

∂Bconc,i,k

)T ∂J(στ,i,k)

∂Aopt,i
. (A.4)

where λτ,i,k is the radiative forcing sensitivity for a given region, τ , with respect emissions of species,

k, within grid cell, i. Aopt is the array of optical parameters (aerosol optical depth, single-scattering

albedo and phase function) in GEOS-Chem, which is used as an input for LIDORT, and Bconc is

the array of aerosol mass concentrations within GEOS-Chem. In the first step, sensitivities of

J(στ,i,k) with respect to aerosol optical parameters are calculated using LIDORT Jacobians and

offline Mie calculations [39]. These derivatives are then used to force an adjoint calculation, which

propagates sensitivity information backwards through the model for all components of the GEOS-

Chem governing equations including aerosol thermodynamics, chemistry, deposition and transport.

In order to efficiently calculate adjoint sensitivities of annual radiative forcing, yearly values

were approximated using the average of weekly simulations of the first week of each month. All

simulations used a one year forward model spin-up using the RCP historical emissions [56].
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A.4 Radiative forcing scaling

Calculations described thus far are only for direct radiative forcing and are based on a single

model. However, as discussed in the introduction, there is a range of uncertainties related to direct

radiative forcing and other aerosol properties and mechanisms. Therefore, following UNEP and

WMO, 2011 [111], here we use total forcing estimates calculated across a suite of chemistry-climate

models to develop several scaling factors that are applied to our direct radiative forcing calculations

to account for three major effects: direct radiative forcing (SFk,DRF ), aerosol semi and indirect

effects (SFk,SI), and the forcing from snow-ice albedo changes due to BC deposition (λBC,i,ALB).

The direct radiative forcing scaling factors (SFk,DRF ) are created from a comparison of eight to

eleven (depending on species) different chemistry-climate models [75, 17] and the direct radiative

forcing from GEOS-Chem. Many of these models include the radiative forcing for sulfate and

nitrate [75], while GEOS-Chem estimates the direct radiative forcing due to emissions of SO2, NOx

and NH3, which lead to the formation of sulfate, nitrate and ammonium. Since separate RF values

for ammonium-sulfate and ammonium-nitrate are not reported for the models used in Myhre et al.,

2013 [75], here we assume that the direct radiative forcing from emissions of SO2, NOx, and NH3

combine to match the direct radiative forcing estimates of sulfate and nitrate from Myhre et al.,

2013 [75], giving a central estimate of SFk,DRF of 0.567. The values for the central estimate and

upper and lower bounds for SFk,DRF of all aerosol species are shown in Table 1. Since sulfate acts

chemically and physically similar to nitrate with respect to cloud interactions, the same SFk,SI

is used for all secondary inorganic precursors, which is based on the effective radiative forcing

aerosol-cloud interaction (ERFaci) for sulfate from Boucher et al., 2013 [17] divided by the effective

radiative forcing aerosol-radiation interaction (ERFari) for sulfate from Myhre et al., 2013 [75].

This scaling factor, SFSIA,SI , is used for all secondary inorganic aerosol precursors (SIA, Table 1).

Both BC and OC are directly emitted aerosols, therefore SFk,DRF for these species is calcu-

lated using the ratio of estimated direct radiative forcing from GEOS-Chem to the direct radiative

forcing values in Myhre et al., 2013 [75]. This direct radiaitive forcing scaling is needed to correct
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for some of the aforementioned assumptions regarding mixing state and BC aging in the GEOS-

Chem forward model. BC semi-direct effects (± 0.4 W m−2) are larger in magnitude than the BC

ERFaci; the latter are therefore assumed to be negligible. The BC semi-direct effects perturb the

upper and lower bounds of the radiative forcing but not the central estimate. Unlike BC, OC has

a large indirect component. Since the ERFaci is not reported for OC [17], we infer a value from

the difference between the modeled ERFSIA,aci and the modeled ERFaci for all species [17]. This

assumes that all of the ERFaci comes from either OC or the secondary inorganic species, since the

BC ERFaci is negligible.

Lastly, we implement λBC,i,ALB to account for the deposition of BC on snow and ice, which

leads to a large change in radiative forcing through a decrease in surface albedo. The magnitude

of this change (RFBC,global,ALB) is approximately 0.15 ± 0.1 W m−2 [111, 75, 11]. Given the

strong spatial dependency of this forcing mechanism, we spatially distribute RFBC,global,ALB using

deposition sensitivities (λBC,i,dep) of BC onto snow and sea ice calculated with the GEOS-Chem

adjoint model, where JBC,dep is the global deposition of BC onto snow and sea ice,

λBC,i,dep =
∂JBC,dep
∂σBC,i

. (A.5)

Figure A.2 shows the seasonal variation of grid cells which have snow or ice cover according to

the GMAO datasets retrieved from the NASA Langley Research Center Atmospheric Science Data

Center (https://eosweb.larc.nasa.gov/). These sensitivities are used to redistribute RFBC,global,ALB

into a spatially resolved radiative forcing sensitivity (λBC,i,ALB) by converting the sensitivity of

global deposition onto snow and ice with respect to emissions in each grid cell (λBC,i,dep) as shown

in Equation A.6,

λBC,i,ALB = λBC,i,dep
0.15 Wm−2

JBC,dep
. (A.6)

Due to the strong seasonality in λBC,i,dep, these snow-ice albedo sensitivities are calculated for

the first week of each month and averaged before being applied to Equation 1. Figure A.3 shows

the resulting yearly average for the spatially resolved radiative forcing sensitivities (λ̄BC,i,ALB) in

Wm−2 per kilogram BC emitted. This map shows not only the expected higher sensitivities near
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the poles but also the higher impacts from emissions near higher altitude mountainous regions such

as the Himalayas, Alps and Andes. The high sensitivities over central Europe, the western coast of

South America and central Asia show that the radiative forcing per emission of BC in these regions

is actually equal to or great than the direct radiative forcing sensitivities.

Figure A.2: Grid cells containing over 50 cm H2O equivalent snow depth for a weekly-average noon
GMAO estimated snow depth for different months (a) January 2009, (b) April 2009, (c) July 2009,
(d) October 2009.

A.5 Results

Table A.1: Model estimates of contribution to total tempera-

ture change and emissions metrics for all countries with model

inputs of annual emissions form solid-fuel cookstove use (Col-

umn 1) and Φ (Column 2), cooling impact from removal of

annual cookstove emissions (Column 3), or efficiency in terms

of cooling effect per emission (Column 4 and 5).
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Country Carbonaceous

Aerosol

Emissions

[kg C]

Phi [BC/TC] Temperature

Change

Contribution

[K]

Cookstove

Change

Efficiency

[K[kg C]−1]

Fuel

Switching

Efficiency

[K[kg C]−1]

Afghanistan 1.314E+07 0.155 -3.070E-04 -2.337E-11 -2.034E-11

Albania 1.419E+06 0.139 -1.551E-05 -1.093E-11 -1.583E-11

Angola 1.904E+07 0.212 -6.973E-05 -3.663E-12 -1.113E-11

Armenia 2.525E+06 0.140 -8.422E-05 -3.335E-11 -3.611E-11

Azerbaijan 3.893E+07 0.143 -1.080E-03 -2.773E-11 -3.187E-11

Bangladesh 1.348E+08 0.213 -6.274E-04 -4.656E-12 -8.743E-12

Belize 1.033E+06 0.131 9.082E-06 8.795E-12 -6.937E-12

Benin 9.661E+06 0.217 -1.264E-04 -1.308E-11 -1.603E-11

Bhutan 7.131E+06 0.214 -8.379E-05 -1.175E-11 -9.010E-12

Bolivia 3.735E+06 0.158 1.167E-05 3.124E-12 -6.796E-12

Bosnia & Herzegovina 1.363E+06 0.141 -1.589E-05 -1.165E-11 -1.907E-11

Botswana 1.871E+06 0.211 -4.735E-07 -2.530E-13 -4.589E-12

Brazil 3.430E+07 0.085 3.594E-04 1.048E-11 -3.707E-12

Bulgaria 6.993E+06 0.140 -9.483E-05 -1.356E-11 -2.128E-11

Burkina Faso 2.680E+07 0.216 -3.729E-04 -1.391E-11 -1.657E-11

Burundi 5.312E+06 0.212 -6.491E-06 -1.222E-12 -1.066E-11

Cambodia 2.292E+07 0.214 -1.530E-06 -6.674E-14 -1.038E-11

Cameroon 3.443E+07 0.197 -2.853E-04 -8.284E-12 -1.444E-11

Cape Verde 1.472E+03 0.208 5.519E-09 3.749E-12 -1.030E-11

Central African Republic 7.539E+06 0.213 -3.488E-05 -4.627E-12 -1.176E-11

Chad 1.281E+07 0.219 -1.867E-04 -1.458E-11 -1.530E-11

Chile 6.527E+05 0.193 -4.018E-07 -6.156E-13 -3.751E-12
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China 1.186E+09 0.236 -3.309E-02 -2.789E-11 -2.085E-11

Colombia 6.095E+06 0.134 1.173E-05 1.925E-12 -9.809E-12

Congo 1.078E+07 0.209 -8.091E-05 -7.509E-12 -1.404E-11

Congo, DRC 1.295E+08 0.207 -5.830E-04 -4.501E-12 -1.328E-11

Costa Rica 1.306E+06 0.140 1.274E-05 9.758E-12 -6.855E-12

Cote dIvory 2.282E+07 0.249 -3.399E-04 -1.490E-11 -1.423E-11

Croatia 7.039E+05 0.139 -9.771E-06 -1.388E-11 -2.331E-11

Cuba 6.843E+06 0.146 4.355E-05 6.363E-12 -5.895E-12

Djibouti 1.589E+06 0.219 -7.360E-06 -4.631E-12 -1.085E-11

Dominica 1.055E+02 0.031 1.433E-09 1.358E-11 -2.654E-12

Dominican Republic 1.375E+06 0.171 6.325E-06 4.602E-12 -5.489E-12

Ecuador 2.196E+05 0.195 -1.001E-06 -4.557E-12 -1.136E-11

El Salvador 7.951E+06 0.130 8.273E-05 1.040E-11 -5.663E-12

Equatorial Guinea 4.795E+05 0.202 -3.559E-06 -7.421E-12 -1.300E-11

Eritrea 1.004E+07 0.221 -6.995E-05 -6.967E-12 -1.076E-11

Estonia 6.012E+06 0.148 -5.514E-04 -9.173E-11 -7.888E-11

Ethiopia 1.839E+08 0.217 -3.794E-04 -2.064E-12 -1.034E-11

Fiji 1.669E+04 0.200 1.191E-07 7.136E-12 -6.055E-12

Gabon 3.202E+06 0.186 -1.959E-05 -6.117E-12 -1.357E-11

Georgia 1.473E+07 0.143 -5.691E-04 -3.864E-11 -3.872E-11

Ghana 2.288E+07 0.234 -3.203E-04 -1.400E-11 -1.523E-11

Guatemala 9.661E+06 0.130 9.539E-05 9.874E-12 -5.804E-12

Guinea 7.220E+06 0.236 -5.445E-05 -7.542E-12 -1.255E-11

Guinea-Bissau 1.575E+06 0.240 -1.272E-05 -8.078E-12 -1.331E-11

Guyana 4.893E+05 0.083 3.378E-06 6.905E-12 -6.611E-12

Haiti 7.541E+05 0.155 4.019E-06 5.330E-12 -5.964E-12

Honduras 1.967E+07 0.130 1.850E-04 9.408E-12 -6.230E-12
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India 9.351E+08 0.217 -6.165E-03 -6.593E-12 -1.009E-11

Indonesia 9.797E+07 0.239 -3.646E-04 -3.721E-12 -1.095E-11

Jamaica 7.688E+04 0.200 2.720E-07 3.538E-12 -6.264E-12

Kazakhstan 1.140E+07 0.138 -1.339E-03 -1.175E-10 -8.652E-11

Kenya 1.070E+08 0.219 5.230E-05 4.889E-13 -7.737E-12

Kyrgyzstan 2.706E+07 0.143 -1.289E-03 -4.763E-11 -3.827E-11

Laos 2.469E+07 0.211 -4.621E-05 -1.872E-12 -1.014E-11

Latvia 1.358E+07 0.143 -8.570E-04 -6.311E-11 -6.203E-11

Lesotho 1.317E+06 0.211 6.627E-07 5.031E-13 -1.880E-12

Liberia 7.183E+06 0.222 -4.463E-05 -6.213E-12 -1.060E-11

Lithuania 1.638E+07 0.143 -8.199E-04 -5.005E-11 -5.295E-11

Macedonia 5.234E+06 0.142 -6.201E-05 -1.185E-11 -1.701E-11

Madagascar 1.748E+07 0.231 2.184E-05 1.250E-12 -4.325E-12

Malawi 1.064E+07 0.220 -2.035E-05 -1.912E-12 -7.141E-12

Mali 1.664E+07 0.219 -3.063E-04 -1.841E-11 -1.771E-11

Mauritania 3.650E+06 0.236 -4.948E-05 -1.356E-11 -1.604E-11

Mexico 4.485E+07 0.129 2.471E-04 5.511E-12 -1.045E-11

Moldova 1.006E+07 0.142 -2.564E-04 -2.549E-11 -3.362E-11

Mongolia 3.862E+06 0.227 -2.926E-04 -7.574E-11 -4.300E-11

Morocco 4.658E+05 0.492 -2.144E-05 -4.602E-11 -2.366E-11

Mozambique 4.696E+07 0.218 -2.957E-05 -6.297E-13 -5.652E-12

Myanmar 7.519E+07 0.219 -4.367E-04 -5.808E-12 -9.858E-12

Namibia 1.653E+06 0.209 4.531E-07 2.741E-13 -6.135E-12

Nepal 5.298E+07 0.209 -6.625E-04 -1.250E-11 -9.676E-12

Nicaragua 1.083E+07 0.129 9.990E-05 9.222E-12 -7.060E-12

Niger 1.671E+07 0.207 -3.742E-04 -2.239E-11 -1.967E-11

Nigeria 1.171E+08 0.189 -1.390E-03 -1.187E-11 -1.711E-11
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North Korea 2.186E+07 0.220 -5.664E-04 -2.591E-11 -1.869E-11

Pakistan 5.767E+07 0.223 -9.109E-04 -1.580E-11 -1.246E-11

Panama 1.327E+06 0.130 1.301E-05 9.804E-12 -8.179E-12

Papua New Guinea 2.111E+06 0.202 2.862E-06 1.356E-12 -7.797E-12

Paraguay 1.323E+07 0.229 4.231E-05 3.198E-12 -3.436E-12

Peru 2.306E+06 0.324 -4.337E-05 -1.881E-11 -1.601E-11

Philippines 1.680E+07 0.214 7.272E-05 4.329E-12 -7.714E-12

Romania 3.674E+07 0.142 -6.186E-04 -1.684E-11 -2.578E-11

Rwanda 6.933E+06 0.211 -4.615E-06 -6.656E-13 -1.021E-11

Samoa 2.517E+02 0.171 1.864E-09 7.403E-12 -5.087E-12

Sao Tome & Principe 4.438E+01 0.150 1.782E-10 4.015E-12 -9.728E-12

Senegal 1.005E+07 0.245 -7.615E-05 -7.574E-12 -1.335E-11

Serbia & Montenegro 6.495E+06 0.140 -8.183E-05 -1.260E-11 -1.982E-11

Sierra Leone 3.290E+06 0.233 -1.341E-05 -4.076E-12 -1.025E-11

Slovenia 3.150E+05 0.146 -4.990E-06 -1.584E-11 -2.493E-11

Solomon Is. 3.859E+03 0.165 3.416E-08 8.852E-12 -5.620E-12

Somalia 1.423E+07 0.227 -8.898E-05 -6.252E-12 -1.150E-11

South Africa 1.125E+07 0.206 9.975E-06 8.863E-13 -2.969E-12

Sri Lanka 1.175E+07 0.200 6.486E-05 5.521E-12 -8.481E-12

Sudan 4.887E+07 0.232 -4.505E-04 -9.218E-12 -1.293E-11

Suriname 9.179E+05 0.139 5.500E-07 5.992E-13 -9.078E-12

Swaziland 1.001E+06 0.212 1.494E-06 1.493E-12 -3.280E-12

Tajikistan 4.065E+07 0.143 -1.246E-03 -3.066E-11 -2.538E-11

Tanzania 8.795E+07 0.217 -1.009E-04 -1.147E-12 -9.338E-12

Thailand 4.864E+07 0.235 -1.410E-04 -2.898E-12 -1.067E-11

Timor Leste 1.853E+05 0.211 6.347E-07 3.426E-12 -8.203E-12

Togo 5.045E+06 0.222 -6.400E-05 -1.269E-11 -1.551E-11
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Turkey 8.105E+04 0.144 -2.410E-06 -2.974E-11 -4.073E-11

Uganda 5.840E+07 0.215 9.886E-05 1.693E-12 -9.014E-12

Ukraine 3.752E+07 0.139 -1.433E-03 -3.819E-11 -4.307E-11

Uzbekistan 3.344E+07 0.141 -1.737E-03 -5.194E-11 -4.025E-11

Vanuatu 4.909E+02 0.160 4.314E-09 8.788E-12 -6.033E-12

Vietnam 8.396E+07 0.227 -3.794E-04 -4.519E-12 -1.069E-11

Yemen 9.597E+04 0.224 -7.402E-07 -7.713E-12 -1.047E-11

Zambia 2.339E+07 0.215 -3.640E-05 -1.556E-12 -8.002E-12

Zimbabwe 1.951E+07 0.216 -9.418E-06 -4.826E-13 -5.274E-12
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Figure A.3: Spatial distribution of BC radiative forcing sensitivities (λBC,i,ALB) for the albedo
change from deposition onto snow and sea ice in the units of RF per kg of BC emitted in each grid
cell.

Figure A.4: Sample model calculation showing grid-scale contributions to surface temperature
change of a 100% removal of biofuel emissions using ARTP calculations. (a) Contributions from
removal of BC emissions. (b) Contributions from removal of OC emissions.
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Figure A.5: Country-level total annual carbonaceous (BC + OC) aerosol emission due to cookstove
use (total emissions for India = 878 Gg C per year and China = 1080 Gg C per year). Countries
in grey have less than 5% total population using solid fuels.
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Figure A.6: Calculated Φ from cookstove emissions inventory [29, 14, 15] on a country-level basis.
Lower Φ denotes smaller BC to TC ratio and higher Φ denotes larger BC to TC ratio. Countries
in grey have less than 5% total population using solid fuels.



Appendix B

Supporting Information: Transient climate and ambient health impacts due to

solid fuel cookstove use

B.1 Methods

This study evaluates the transient climate and ambient health impacts of a reduction in

emissions of aerosols, aerosol precursors, and greenhouse gases (GHG) from solid fuel cooking.

Results are calculated for a linear reduction in cookstove solid fuel use from year 2000 emissions to

complete removal of emissions in 2020. These impacts are calculated using multiple GEOS-Chem

adjoint model simulations corresponding to different timescales and impacts as described below.

B.1.1 GEOS-Chem

The model used for this work is GEOS-Chem [7], a global chemical transport model, run at

the 2◦ × 2.5◦ resolution . Simulations use assimilated meteorology from the Goddard Earth Ob-

serving System (GEOS5). Base anthropogenic emissions are the historical year 2000 RCP emissions

from Lamarque et al., 2010 [56]. Natural aerosols and aerosol precursors emissions include volca-

noes, ocean dimethyl sulfide, lightning NOx [91, 74], soil emissions, and biogenic species (isoprene,

terpenes) from MEGAN v2.1 [36].

In order to effectively model the formation and transport of aerosols, GEOS-Chem include

heterogeneous chemistry [28], aerosol phase partitioning [9], and aerosol feedbacks on photolysis

rates [69]. Both wet and dry deposition are included in the model [119, 42, 63], along with offline

calculation of hygroscopic growth from the lognormal species-specific initial dry size distribution
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[69]. When considering PM2.5 aerosol is calculated at a 35% relative humidity fraction and spatially

variable ratio of organic matter to organic carbon [80].

The adjoint of the GEOS-Chem model [40] is also used for calculating cost function specific

sensitivities, in this case both regional radiative forcing (RF) [39, 55] and premature mortality due

to exposure of ambient PM2.5 [58]. Adjoint models allow for the efficient calculation of sensitivities

with respect to gird-scale emissions that would take the equivalent of 106 forward model runs. The

GEOS-Chem adjoint model has been verified compared to traditional finite difference techniques

[40] and has been used as a tool in a number of previously published works.

B.1.2 Climate Impacts

B.1.2.1 Temperature Response

In this work, the climate response for a change in emissions is calculated by combining adjoint

model estimates of regional aerosol radiative forcing, following Lacey and Henze, 2015 [55], with

greenhouse gas radiative forcing parameterizations. While the base version of the forward GEOS-

Chem model calculates aerosol mass concentration, the model used here combines these estimates

of grid-cell aerosol mass with an offline Mie theory calculation and the LIDORT radiative transfer

model [107] to estimate the change in upward radiative flux from a base pre-industrial atmosphere

[39]. The adjoint model then considers an infinitesmal perturbation in the cost function, in this

case radiative forcing, and tracks that perturbation backward in time through the model processes

to calculate the grid-scale model sensitivities,

λb,y,i,k =
∂RFb
∂Ey,i,k

≈ ∆RFb
∆Ey,i,k

, (B.1)

where RF is the regional radiative forcing for some base atmospheric condition, b, and Ey,i,k is the

species (k), year (y), and grid cell (i) specific emissions. These sensitivities take into account all of

the model processes and are used to calculate the radiative forcing for an emissions perturbation
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as:

RFb,y,k =
n∑
i=1

λb,y,i,kσy,i,k, (B.2)

where σy,i,k is an annual emissions perturbation of species k. For this work, the base atmosphere

is 1850 and the perturbed cases are both the present day case modeled around the year 2000

historical emissions [56] and a future case for the year 2050 anthropogenic emissions following the

Representative Concentration Pathway (RCP) 4.5 [104, 73]. This paper also takes into account the

latitudinal effects of radiative forcing following Lacey and Henze, 2015 [55], therefore calculating a

weighted RF based on four different latitude bands through the use absolute regional temperature

potentials (ARTP) [98, 96].

In order to include the impacts of GHGs, radiative forcing is calculated by first estimating

the concentration response using impulse response functions (IRF ), which calculate the response

to an emissions pulse. The form of the impulse response function for CO2 is:

IRFb,y,CO2 = a0 +

3∑
s=1

asexp

(
−(y − b)

τs,CO2

)
, (B.3)

where b is the base year, y is the year of interest, and τs and as are constants derived from model

calculations in Joos et al., 2013 [48] and shown in Table B.1. Similarly, for non-CO2 greenhouse

gases species, specific impulse response functions from Aamaas et al., 2013 [1] are:

IRFb,y,k = exp

(
−(y − b)

τk

)
, (B.4)

where τk is the species’ atmospheric lifetime [75] shown in Table B.2. These impulse response

function are then used to estimate the concentration response to a perturbation in annual emissions

(σk,t), yielding:

[C]b,y,k = βk

y∑
t=b

σk,tIRFb,y,k + [C]b,k, (B.5)
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where y is response year, t is the year of the emissions perturbation, and [C]b,k is a base year

concentration of each species. βk is the unit conversion from global annual emissions (in Gt) to

ppm for CO2 and ppb for CH4 and N2O.

Table B.1: CO2 impulse response function coefficients from Joos et al., 2013 [48].

0 1 2 3

a 0.2173 0.2240 0.2824 0.2763

τ n/a 394.4 36.54 4.304

Table B.2: Species specific lifetimes from Myhre et al., 2013 [75].

τ

CH4 8.4

N2O 114

The radiative impacts of this change in concentration are calculated following Aamaas et al.,

2013 [1] to give the change in RF between two scenarios for a given year. For CO2, this is purely a

function of CO2 concentrations (Equation B.6) while the CH4 impacts are a function of both base

and present year CH4 and N2O concentrations. The full equations are shown in Equation B.7 and

Equation B.8 for each species, respectively.

RFb,y,CO2 = 5.35 ln

(
[C]b,y,CO2

[C]b,CO2

)
(B.6)

RFb,y,CH4 = 0.036
(
([C]b,y,CH4)0.5 − ([C]b,CH4)0.5

)
− 0.47 ln(1 + 2.01 × 10−5([C]b,y,CH4 [C]b,N2O)0.75

− 5.31 × 10−15[C]b,y,CH4([C]b,y,CH4 [C]b,N2O)1.52) + 0.47 ln(1 + 2.01 × 10−5([C]b,CH4 [C]b,N2O)0.75

+ 5.31 × 10−15[C]b,CH4([C]b,CH4 [C]b,N2O)1.52), (B.7)
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RFb,y,N2O = 0.036
(
([C]b,y,N2O)0.5 − ([C]b,N2O)0.5

)
− 0.47 ln(1 + 2.01 × 10−5([C]b,y,N2O[C]b,CH4)0.75

− 5.31 × 10−15[C]b,CH4([C]b,y,N2O[C]b,CH4)1.52) + 0.47 ln(1 + 2.01 × 10−5([C]b,N2O[C]b,CH4)0.75

+ 5.31 × 10−15[C]b,CH4([C]b,N2O[C]b,CH4)1.52). (B.8)

Given the transient RFs calculated in year y from the equations above, the transient climate

response in subsequent years (y) are calculated as:

∆Tb,y,k = RFb,y,kγy′ . (B.9)

gammay′ is the transient global mean climate sensitivity for temperature change in year y′ calcu-

lated as (Boucher and Reddy, 2008):

γy = γss −
(

0.631

exp(y/8.4)
+

0.429

exp(y/409.5)

)
(B.10)

where γss is the equilibrium global mean sensitivity, here estimated as 1.06 K (W m−2)−1. The

first exponential corresponds to the response of the surface and shallow seas while the second

exponential represents the thermal inertia of the deep ocean.

B.1.3 Health Impacts

This work also considers the health impacts due to changes in the ambient concentrations

of PM2.5 caused by anthropogenic emissions from solid fuel cooking. As explained in Lee et al.,

2015 [58], the GEOS-Chem adjoint model uses estimated aerosol mass concentrations, satellite-

derived PM2.5 concentrations, and integrated exposure response functions to calculate sensitivities

of premature deaths due to ambient PM2.5 exposure with respect to grid-cell emissions. The model

has been updated to include spatially variable organic matter to organic carbon ratios from Phillip

et al., 2014 [80] instead of the constant value of 1.8 used in Lee et al., 2015 [58]. The model estimates

population-weighted PM2.5 using satellite-derived global estimates of surface PM2.5 concentrations
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for 2010 at the 0.1◦ × 0.1◦ resolution [18, 116]. These datasets are used in two ways. First,

they are used to redistribute aerosol mass concentrations within a modeled grid cell (model grid,

2◦ × 2.5◦) to scales more appropriate for population based metrics (subgrid, 0.1◦ × 0.1◦) as shown

in Equation B.11,

[C]SAT,i =
1

ni

∑
m

[C]GC,i
satm
SATi

, (B.11)

where [C]GC,i is the model estimated PM2.5 concentrations, n is the number of non-zero subgrid

cells within the modeled grid cell i, satm is the satellite-derived PM2.5 in subgrid cell m, and

SATi is the model grid average satellite derived PM2.5 concentrations. Second, for present-day

calculations, the satellite data is also used to correct for model bias by rescaling the modeled grid

cell aerosol mass concentrations to the satellite-derived values at the 2◦ × 2.5◦ scale, as shown in

Equation B.12,

[Ĉ]GC,i = [C]GC,i
SATi

[C]GC,i
. (B.12)

The satellite-corrected PM2.5 concentrations are then used in the model integrated exposure

response (IER) functions of Burnett et al., 2014 [19] to calculate the premature deaths (Jb) from

exposure to ambient population-weighted PM2.5 as,

Jb =

n∑
i=1

m∑
k=1

Pi,b

l∑
h=1

Mi,hAFi,h,k. (B.13)

where M is the mortality rate for different diseases (k), AF is the disease-specific relative risk

parameters for a change in PM2.5 exposure, and Pi,b is grid-cell (i) population in the model year

(b). The factors for M are derived in Lozano et al., 2012 [64], and are functions of a region’s mor-

tality rate which make them difficult to predict for future cases since the uncertainties in health

resource allocation and demographics are large. Pi,b has been estimated for future cases by scal-

ing the present day population citeInternational-Earth-Science-Information-Network—CIESIN—

Columbia-University:2005aa to 2050 national scale population based on 2010 United Nations World
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Population Prospects1 . Finally, AF is derived from Burnett et al., 2014 [19] and represents the

health impact due to different diseases from a change in exposure to population weighted PM2.5.

The adjoint model is then used to estimate sensitivities for Jb with respect to all model inputs

as:

δb,i,k =
∂Jb
∂σb,i,k

≈ ∆Jb
∆σb,i,k

, (B.14)

where σb,i,k is the model resolution specieated emissions [58]. These sensitivities are calculated

around the atmospheric conditions, emissions and population used in the model year (b). This

change in global premature deaths for a given change in grid-cell emissions is then calculated as:

∆Jb ≈ δb,i,kσ̂b,i,k, (B.15)

where σ̂b,i,k is a gridded change in emissions of a species for a given change in anthropogenic activity

under that model year. This first order approximation of the response of Jb to emissions pertur-

bations for individual species in individual grid cells has been validated in Lee et al. (2015) using

finite difference calculations of the actual response to 10% perturbations, which have a regression

slope of 0.8, 0.95, 0.93 and 1.01 for NOX , SO2, NH3 and BC, respectively.

In order to account for the difference between satellite reanalysis methods in the bounds of

our health impacts we have compared the model results using Brauer et al., 2016 [18] as the central

estimate while using the dataset from van Donkelaar et al., 2016 [116] as a bound for the health

impacts. The upper and lower bounds are calculated by running the full model with each dataset

independently, then using the maximum and minimum exposure estimates for each grid cell, along

with the corresponding adjoint sensitivities to calculate the bounds of premature deaths from a

given change in emissions. In general, the results using the dataset from van Donkelaar et al.,

2016 [116] tend to estimate lower population-weighted PM2.5 due to the differences in the sub-grid

spatial distributions of surface PM2.5, but in regions that this is not the case, these results are used

as the upper bound instead.

1https://esa.un.org/unpd/wpp/


	University of Colorado, Boulder
	CU Scholar
	Spring 1-1-2016

	Constraining Climate and Health Impacts of Atmospheric Aerosols Using Adjoint Modeling
	Forrest Gerhart Lacey
	Recommended Citation


	Introduction
	Climate impacts from country-level solid fuel cookstove carbonaceous aerosol emissions1
	Abstract
	Introduction
	Methods
	GEOS-Chem forward and adjoint modeling
	Direct, indirect and semi-direct radiative forcing estimates
	Temperature response estimates

	Results
	Regional versus global climate response
	Temperature response from cookstove emissions

	Discussion and conclusions
	Acknowledgement

	Transient climate and ambient health impacts due to solid fuel cookstove use1
	Abstract
	Significance Statement
	Introduction
	Methods
	Results
	Transient Global Climate Impacts of National-Scale Emissions
	Transient Global Health Impacts of National-Scale Emissions
	Climate and Ambient Health Co-Benefits

	Conclusions
	Acknowledgements

	Air pollution-related health and climate benefits of clean cookstove programs in Mozambique: A scoping analysis
	Executive Summary
	Methods and Results
	Ambient air pollution health impacts
	Ambient air pollution climate impacts

	Scenarios
	Rural natural draft (RND)
	Rural forced draft (RFD)
	Urban modern charcoal (UMC)
	Urban LPG (ULPG)

	Conclusion
	Health and climate benefits of the scenarios

	Future analyses
	Methods: Annex 2

	Conclusions
	 Bibliography
	Supporting Information: Climate impacts from country-level solid fuel cookstove carbonaceous aerosol emissions
	Forward model
	Cookstove emissions
	Adjoint model calculations
	Radiative forcing scaling
	Results

	Supporting Information: Transient climate and ambient health impacts due to solid fuel cookstove use
	Methods
	GEOS-Chem
	Climate Impacts
	Health Impacts






