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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 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 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 alower 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.

1. Introduction et al 2013). Exposure to indoor and ambient fine

particulate matter (PM 2 5) is responsible for approxi-

Cookstoves and residential sources account for
approximately 20% of current black carbonaceous
(BC) aerosol emissions (Bond et al 2007, Lamarque
et al 2010). Policies targeting reductions to BC aerosol
from cookstoves have garnered attention owing to
their potential impacts on both climate and human
health (e.g., Venkataraman et al 2010, Grieshop
et al 2011, Department of State 2012, Anenberg

mately 4.3 and 3.2-3.7 million premature deaths per
year, respectively (Anenberg et al 2010, Lim et al 2012),
with solid fuel use contributing to approximately 0.5
million of the latter (Anenberg et al 2013). 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 0.17-2.1 Wm 2, which is
similar in magnitude to the RF of prominent

©2015IOP Publishing Ltd
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greenhouse gases (Ramanathan and Carmichael 2008,
Bond et al 2013, Myhre et al 2013). 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 (RF) (Henze et al 2012).

Several uncertainties surrounding the net climate
impacts of carbonaceous cookstove emissions compli-
cate how mitigation efforts should be accounted for in
environmental assessments (Grieshop et al 2009,
Simon et al 2012, Lee et al 2013). Evaluating the cli-
mate impacts of actual BC cookstove emission reduc-
tion strategies 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 (Bond
et al 2013, Myhre et al 2013). Previous studies have
estimated a range of impacts from carbonaceous aero-
sol cookstove emissions (MacCarty et al 2008, Grie-
shop et al 2011, Freeman and Zerriffi 2014) based on
the effects of co-emitted aerosol and gaseous pre-
cursor 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 tradi-
tional stoves and cooking methods (e.g., Bonjour
et al 2013). A key consideration is the ratio of BC to
total carbon emissions, referred to here as ®. Varia-
tions in ® can also be caused by differences in fuels,
stove types, cooking methods and habitation, all of
which vary regionally (Bond et al 2007, Jetter and Kar-
iher 2009, Jetter et al 2012). In addition to carbonac-
eous aerosol emissions, other species co-emitted from
residential cookstove use include trace amounts of
aerosol precursors SO, and NO, along with green-
house gases CO, CH,, CO,, and, to a lesser extent,
N,O (Smith et al 2000, Bhattacharya et al 2002, Roden
etal 20006, Jetter etal 2012).

In addition to uncertainties related to both the
total emissions and characterization of emissions 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 aero-
sols than for long lived, well-mixed greenhouse gases
(Shindell and Faluvegi 2009, Henze et al 2012). BC
emitted into regions with a low surface albedo have a
smaller direct RF than BC emitted into regions with a
high surface albedo (e.g., Ramanathan and Carmi-
chael 2008, Henze et al 2012). 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
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properties and local meteorology (Cooke et al 1999,
Liu et al., 2001, Henze et al 2012, Shen et al 2014).
There are also uncertainties in the absorption of BC
particles owing to uncertainties in physical properties
and aerosol mixing states (e.g., Jacobson 2001, Bond
etal 2004, Luetal 2015).

Recent work has explored the global impact of
these types of uncertainties (emissions, aerosol prop-
erties, etc) and found the net global temperature
impacts of aerosols from all biofuels to be rather
ambiguous (Kodros et al 2015). Past studies have
quantified the RF and climate impact of individual
anthropogenic sectors through modeling studies
which perturb the emissions from a specific species or
sector, either globally or from a specific region (Fugle-
stvedt et al 2008, Unger et al 2010, Bauer and
Menon 2012, Lund et al 2014). Other studies have pro-
vided more detailed analysis of RF specifically from
global sources of carbonaceous aerosols (Koch and Del
Genio 2010, Chung et al 2012). While all of these stu-
dies take into account aerosol indirect effects in some
form, estimates of aerosol indirect RF for cookstoves,
or carbonaceous aerosol in general, are highly variable
(Pierce etal 2007, Chen et al 2010, Spracklen et al 2011,
Kodros et al 2015). Further, strategies for mitigating
cookstove emissions typically depend on local govern-
ment 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 evaluat-
ing 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 hetero-
geneity of direct RF, and the range of temperature
responses likely owing to indirect forcing mechan-
isms. 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 simulta-
neously for all countries. Following Henze et al (2012),
the GEOS-Chem adjoint model is used to estimate
changes in direct RF 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 Bou-
cher et al (2013) and Myhre et al (2013). Aerosol RF
has strong spatial heterogeneity, and climate sensitiv-
ities 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 poten-
tials (ARTP) for regional surface temperature over
land parameterized from a chemistry-climate model
(Shindell and Faluvegi 2009, Shindell 2012). This
allows us to estimate temperature responses to RF
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 @ for each country.
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Table 1. Scaling factors for direct radiative forcing (SFy, prr)
and various secondary radiative effects (SFg;) for BC, OC and
secondary inorganic aerosol (SIA).

Type Species Lower Central Upper
SFx,pRE BC 1.840 2.761 3.681
SFEi. prE oC 0.695 1.595 2.394
SFi,pRE SIA 0.256 0.567 1.001
SEi.s1 BC —0.143 1.000 1.471
SFs1 oC 1.019 1.560 1.740
SEi a1 SIA 1.446 2.214 2.470
2.Methods

2.1. 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° x 2.5° GEOS-Chem
chemical transport model and its adjoint based on year
2000 historical emissions from Lamarque et al (2010).
Grid-scale adjoint sensitivities were then multiplied by
a grid-scale cookstove emissions inventory con-
structed from the biofuel emissions inventory from
Bond et al (2007) and the country-level percent solid
fuel use from Bonjour et al (2013), 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 RF due to solid fuel
cookstove use that would have otherwise required
~10° forward model simulations.

2.2. Direct, indirect and semi-direct RF 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
(UNEP and WMO 2011, Boucher et al 2013, Myhre
et al 2013, Bond et al 2013). To account for this range,
following an approach used in the UNEP Integrated
Assessment Report, we rescale the calculated direct RF
to match the species-specific estimated RF from
Myhre et al (2013), shown in table 1. We also apply
additional scaling factors to account for indirect and
semi-direct effects, assuming that their magnitudes
scale proportionally with direct RF (Boucher
et al 2013). 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 scaling factors applied here
(e.g., Shindell et al 2013). In addition, we use the
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adjoint model to calculate the contribution of emis-
sions 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 0.15Wm™> (UNEP and WMO 2011, Bond
etal 2013) on an emission per grid-cell basis, as shown
in figure S.3.

These scaling factors and BC snow ice albedo sen-
sitivities are combined for each grid cell, 7, and species,
k, for a given forcing region, 7 (Arctic, NH mid-lati-
tudes, Tropics and SH Extratropics), in equation (1),

Arik = ArikSFepreSFst + Apciars - 6 (k — BO),
(D

where j\mk is the rescaled complete RF sensitivity,
Arik is the RF sensitivity calculated by the GEOS-
Chem adjoint model and Agc;arp is the yearly
averaged RF sensitivity from the BC snow/ice albedo
change.

2.3. Temperature response estimates

Temperature responses are estimated from the appli-
cation of ARTP coefficients to regional RF sensitivities
in four different latitude bands calculated with the
adjoint model. These ARTP coefficients are developed
following the approach of Shine et al (2005) for global
temperature potentials, extended in Shindell and
Faluvegi (2010) and Shindell (2012) to regional
potentials. These are based on regional climate sensi-
tivities derived from the transient chemistry-climate-
ocean GISS model simulations of Shindell and Falu-
vegi (2009) 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™* (corresponding to 3.9 C response
for a doubling of CO,). Temperature responses
estimated using the ARTP coefficients have been
shown (Shindell 2012) to estimate regional climate
responses within 20% (at 66-95% confidence inter-
vals) of the response calculated using three indepen-
dent 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 7 and
multiply it by the global mean sensitivity (GMS) as
shown in equation (2),

ATgebak = GMS Z[S\global,i,ko'i,k]) 2

where 0; ;. is the emissions perturbation and j\gk,bal,,», X
is the rescaled global RF sensitivity calculated using the
adjoint model as shown in equation (1). The second
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Figure 1. Comparison between contributions of 2° x 2.5° grid-cell removal of biofuel emissions to the global mean surface
temperature using the ARTP method (x-axis) and the Global Method (y-axis) for (a) BC and (b) OC. Colors represent the location of
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method is to calculate the temperature response in a
region, -, using absolute regional temperature poten-
tial coefficients (ARTP) (Shindell and Faluvegi 2009,
Shindell 2012). This method estimates the steady state
temperature response from changes in regional RF
(forcing regions 7 defined in section A.3) based on the
following equation:

AT, ;= GMS Z[ARTPW Z[XT,i,ka,-,k]]. 3)
T i

AT,y 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

A
ATyobalk = Zl = ATy,k:|- 4)

5 A global

The contribution of an emission in an individual grid
cell to the overall temperature change is thus

A, N
AT = GMS ZZ[ : ARTR/,T/\T,i,km,k]- (5)
Y

T global

3. Results

3.1.Regional versus global climate response

We first evaluate the consequences of using regional
rather than global temperature response coefficients.
For species where the RF 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 tempera-
ture response due to removal of biofuel OC emissions
everywhere is 0.10K wusing the global method
(equation (2)) and 0.11 K using the ARTP method
(equation (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 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 (7). The
magnitudes are similar for most points in the Tropics,
as the climate response in the Tropics follows the
global surface temperature response (Shindell and
Faluvegi 2009). 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 tempera-
ture response in the Southern Hemisphere combined
with differences in the calculations of /A\T,,',k for
different regions compared to /A\global,i,k. This means
that in most regions the ARTP method predicts a
larger contribution to the global temperature pertur-
bation than the globally averaged temperature pertur-
bation owing to the higher climate sensitivities as well
as higher RF 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 RF sensitivities.
Therefore, the rest of this paper will present tempera-
ture changes using the ARTP method (equation (4)).

3.2. Temperature response from cookstove
emissions
This section explores how uncertainties in emissions,
emission characterizations, and RF mechanisms con-
tribute to temperature change estimates from cook-
stove emissions reductions. By using the emissions
from cookstoves as calculated with equation (S.1), the
central estimate for the total temperature change due
to removal of all carbonaceous aerosol emissions from
residential 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 S.1 creates a range of ® of 0.24 +/— 0.09

4



10P Publishing

Environ. Res. Lett. 10 (2015) 114003

FLacey and D Henze

0.2K
f:¥]
® 01K
s
5
|+
2 00K pmeccecaaa
Il
5
&
g 01K
8
&
5
B 02K
%
s ~+-Low BC SF
o
E 03K & Central BC SF
5
2 - High BC SF
=]

04K

0.10 0.15 0.20

to the central, high, and low OC radiative forcing scaling factors.

BC to TC Emissions Ratio

Figure 2. Bounds for the global temperature response due to removal of cookstove emissions (y-axis) for a given ® (x-axis). Lines
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corresponding to the mean and standard deviation of
all emissions factors. We combine this with the upper
and lower estimates for RF scaling factors (table 1) to
estimate bounds for the global surface temperature
change due to cookstove emissions. Figure 2 plots the
ranges in surface temperature response to removal of
cookstove emissions for a range of uncertainties in the
RF from carbonaceous aerosols (table 1) and the value
of ® for cookstove emissions.

Figure 2 shows a large range of uncertainty in the
overall temperature impacts due to remove of cook-
stove emissions based on the effective RF 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 ®, 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 RF. The
opposite is true for high ®, 0.33, for which BC dom-
inates the temperature impacts and the potential tem-
perature 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 cook-
stove use, the assumptions regarding solid fuel use are
further explored below by considering individual
national-scale contributions to the overall tempera-
ture 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 (5), we calculate the contribution of cook-
stove aerosol emissions in each grid cell to global sur-
face temperature change. These results are then
aggregated by country. Figure 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 differ-
ent assumptions regarding RF scaling factors (shown
in table 1) and assumptions for country specific values
for ®. 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 emis-
sions, where countries with larger emissions mostly
have larger uncertainties. Second, the centering of the
range of estimates around the central value is a func-
tion of ®. Countries with a ® around 0.15 (e.g.,
Ukraine and Kazakhstan, see figure S.6) will have ran-
ges that are skewed toward a stronger cooling than
countries with a ® greater than 0.2 (e.g., India and
China) where the ranges are relatively centered. This is
not purely a function of ® though, as each country’s
mean RF 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 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 cook-
stove aerosol emissions (see figure 4(a)) in column two
of table 2. With the exception of China, India and
Nigeria, the ranking of countries with the largest con-
tribution to total temperature change is not the same
as the ranking of countries with the largest emissions
(first column of table 2); instead, the temperature
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Figure 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 1 and the reasonable range of  shown in
figure 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.

Table 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 (columns 3 and 4).

Carbonaceous aerosol Global temperature change

Rank  emissions (GgC) contribution (mK)

Cookstove change efficiency
(mK(kgC)™)

Fuel switching efficiency
(mK(kgC)™)

1 China China

2 India India

3 Ethiopia Uzbekistan
4 Bangladesh Ukraine

5 Congo, DRC Nigeria

6 Nigeria Kazakhstan
7 Kenya Kyrgyzstan
8 Indonesia Tajikistan
9 Tanzania Azerbaijan
10 Vietnam Pakistan

Kazakhstan Kazakhstan
Estonia Estonia
Mongolia Latvia
Latvia Lithuania
Uzbekistan Ukraine
Lithuania Mongolia
Kyrgyzstan Uzbekistan
Georgia Kyrgyzstan
Ukraine Georgia
Armenia Armenia

change is a function of the sensitivity of temperature
with respect to emissions of BC and OC and the char-
acterization of ® within that country.

We next consider the results ranked according to
the countries that are most efficient in terms of tem-
perature change for a given reduction of emissions.
Figure 4(b) shows countries colored by their contribu-
tion to temperature change per total carbonaceous
aerosol emission, and column three of table 2 shows
the highest ranked countries according to this effi-
ciency metric. Since many high performance stoves
offer a significant reduction in the total carbonaceous
aerosol emission factors per fuel used (Jetter
et al 2012), 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 coun-
tries where estimates of the total temperature impact
(figure 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 4(a). Since the former

have a larger absorptive effect from BC than reflective
effect from OC, each stove replaced will have a greater
climate impact. Conversely, it is inefficient to imple-
ment 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 temperature change is
based on characterization of the fuels in a country, i.e.,
® (shown in figure 4(c) and the fourth column of
table 2). This metric first calculates the increased cool-
ing effect due to a —0.10 perturbation of ¢ 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 kilo-
gram of fuel changed for each country. An added bene-
fit of this metric is that it highlights countries that are
least robust in terms of estimating temperature impacts
owing to uncertainties in .
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Figure 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 (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  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.

-27 -9 0

4. Discussion and conclusions

Using the GEOS-Chem adjoint model we have esti-
mated the temperature impacts per amount of carbo-
naceous aerosol cookstove emissions on a 2° x 2.5°
scale. These estimates include parameterizations for
indirect and semi-direct aerosol RF and the contribu-
tion of regional RF to steady-state climate response.
Accounting for spatially heterogeneous RF 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 RF 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

7
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the direct effect for emissions from Nepal and other
high altitude mountainous countries.

By examining the climate impacts of country-spe-
cific cookstove emissions, several trends are evident
that have importance for policy decisions regarding
cookstove interventions and implementation. 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 temperatures
by implementing cookstoves, and emissions reduc-
tions in former republics of the USSR (e.g., Uzbeki-
stan, Kyrgyzstan, etc) have the smallest likelihood of
warming, relative to the magnitude of their central
estimate for cooling. In general, cookstove emissions
at higher latitudes have larger climate impacts per kg
BC emitted due to RF and climate sensitivities that are
both relatively large in those regions, which results in a
difference between BC and OC contributions to cli-
mate impact that is greater than one order of magni-
tude. In contrast, for countries in Central and South
America such as Dominica, Brazil, Mexico, and El Sal-
vador, the climate response to cookstove emission
reductions is relatively inefficient and may even lead to
a net warming due to the larger impacts of OC emis-
sions. This does not mean that cookstove interven-
tions 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 pre-
sented here consider a range of climate impacts due to
carbonaceous aerosol emissions from cookstoves
owing to uncertainties in RF and emissions properties.
The models used in Myhre et al (2013) and Boucher
et al (2013) 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. 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 reduc-
tions 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
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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 cli-
mate model parameterization. This parameterization
is based off the GISS-ER model, although Shindell
(2012) the calculated regional climate response is
within 20% (at a 95% confidence interval) of the
response calculated using a suite of full chemistry-cli-
mate models and the uncertainty is less than that when
considering the global climate response as a combina-
tion of regional responses.

Another source of uncertainty arises from not rig-
orously treating secondary organic aerosols (SOAs) in
this analysis owing to the nascent state of under-
standing 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 (2003) and NMVOC cookstove emissions fac-
tors from Grieshop et al (2011), which are approxi-
mately 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 com-
pared 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.

Lastly, with the exception of BC deposition albedo,
we have treated aerosol indirect effects as being spa-
tially uniformly proportional to direct effects. While
this assumption is used in many models dealing with
changes in the global mean impacts (UNEP and
WMO 2011, Bond et al 2013, Boucher et al 2013),
other studies have shown that the spatial distribution
of these effects can be regionally heterogeneous (Pierce
et al 2007, Bollasina et al 2011, Kodros et al 2015).
Future work should explore these sources of uncer-
tainty to further understand the net impacts of cook-
stove use and to provide improved information to
policymakers, potentially further using adjoint sensi-
tivity analysis to examine spatial heterogeneity in the
relationship between aerosol indirect forcing and
emissions locations (e.g., Karydis et al 2012, Moore
etal2013).




10P Publishing

Environ. Res. Lett. 10 (2015) 114003

Acknowledgments

The research described in the article has been funded
wholly or in part by the US Environmental Protection
Agency’s STAR program through grant 83521101,
although it has not been subjected to any EPA review
and therefore does not necessarily reflect the views of
the Agency, and no official endorsement should be
inferred. In addition this work is possible through
NASA AQAST (NNH09ZDA001N) and support from
the NASA HEC computing facilities.

References

Anenberg S C, Balakrishnan K, Jetter J, Masera O, Mehta S,
Moss J and Ramanathan V 2013 Cleaner cooking solutions to
achieve health, climate, and economic cobenefits Environ. Sci.
Technol. 47 3944-52

Anenberg S C, Horowitz LW, Tong D Q and West ] ] 2010 An
estimate of the global burden of anthropogenic ozone and
fine particulate matter on premature human mortality using
atmospheric modeling Environ. Health Perspect. 118 1189-95

Bauer S E and Menon S 2012 Aerosol direct, indirect, semidirect,
and surface albedo effects from sector contributions based on
the IPCC AR5 emissions for preindustrial and present-day
conditions J. Geophys. Res.: Atmos. 117 D01206

BeyI, Jacob D], Yantosca R M, Logan J A, Field B D, Fiore AM, LiQ,
Liu HY, Mickley L] and Schultz M G 2001 Global modeling
of tropospheric chemistry with assimilated meteorology:
Model description and evaluation J. Geophys. Res. 106 23—095

Bhattacharya S C, Albina D O and Abdul Salam P 2002 Emission
factors of wood and charcoal-fired cookstoves Biomass
Bioenergy 23 453—69

Binkowski F S 2003 Models-3 community multiscale air quality
(CMAQ) model aerosol component: I. Model description
J. Geophys. Res. 108 4183

Bollasina M A, Ming Y and Ramaswamy V 2011 Anthropogenic
aerosols and the weakening of the South Asian summer
monsoon Science 334 5025

Bond T C and Bergstrom R W 2006 Light absorption by
carbonaceous particles: an investigative review Aerosol Sci.
Technol. 40 27-67

Bond T C, Bhardwaj E, Dong R, Jogani R, Jung S, Roden C,
Streets D G and Trautmann N M 2007 Historical emissions of
black and organic carbon aerosol from energy-related
combustion, 18502000 Global Biogeochemical Cycles 21
GB2018

Bond T, Venkataraman C and Masera O 2004 Global atmospheric
impacts of residential fuels Energy Sustainable Dev. 8 20-32

Bond T C et al 2013 Bounding the role of 540 black carbon in the
climate system: a scientific assessment: black carbon in the
climate system J. Geophys. Res.: Atmos. 118 5380552

Bonjour S, Adair-Rohani H, Wolf]J, Bruce N G, Mehta S,
Priiss-Ustiin A, Lahiff M, Rehfuess E A, Mishra V and
Smith KR 2013 Solid fuel use for household cooking:
Country and regional estimates for 1980-2010 Environ.
Health Perspect. 121 784-90

Boucher O et al 2013 Clouds and aerosols Climate Change 2013: The
Physical Science Basis. Contribution of Working Group I to the
5th Assessment Report of the Intergovernmental Panel on
Climate Change (Cambridge: Cambridge University Press)

Chen W-T, Lee Y H, Adams P J, Nenes A and Seinfeld J H 2010 Will
black carbon mitigation dampen aerosol indirect forcing?
Geophys. Res. Lett. 37 L09801

Chin M, Ginoux P, Kinne S, Torres O, Holden B, Duncan BN,
Martin R, Logan J A, Higurashi A and Nakajima T 2002
Tropospheric aerosol optical thickness from the GOCART
model and comparisons with satellite and Sun photometer
measurements J. Atmos. Sci. 59 461-83

FLacey and D Henze

Chung CE, Ramanathan V and Decremer D 2012 Observationally
constrained estimates of carbonaceous aerosol radiative
forcing Proc. Natl Acad. Sci. USA 109 11624-9

Chung S H 2002 Global distribution and climate forcing of
carbonaceous aerosols J. Geophys. Res. 107 11624-9

Cooke W, Jiousse C, Cachier H and Feichter ] 1999 Construction of
a1° x 1° fossil fuel emission data set for carbonaceous aerosol
and implementation and radiative impact in the ECHAM-4
model J. Geophys. Res. 10422137

Department of State 2012 The Climate and Clean Air Coalition to
Reduce Short-Lived Climate Pollutants

Evans M ] and Jacob D J 2005 Impact of new laboratory studies of
N205 hydrolysis on global model budgets of tropospheric
nitrogen oxides, ozone, and OH Geophys. Res. Lett. 32 1.09813

Fernandes S D, Trautmann N M, Streets D G, Roden C A and
Bond T C 2007 Global biofuel use, 1850-2000 Global
Biogeochem. Cycles 21 GB2019

Freeman O E and Zerriffi H 2014 How you count carbon matters:
implications of differing cookstove carbon credit
methodologies for climate and development cobenefits
Environ. Sci. Technol. 48 14112-20

Fuglestvedt], Berntsen T, Myhre G, Rypdal K and Skeie R B 2008
Climate forcing from the transport sectors Proc. Natl Acad.
Sci. 105 454

Grieshop A P, Marshall ] D and Kandlikar M 2011 Health and
climate benefits of cookstove replacement options Energy
Policy 39 753042

Grieshop A P, Reynolds C C, Kandlikar M and Dowlatabadi H 2009
A black-carbon mitigation wedge Nat. Geosci. 2 533—4

Guenther A B, Jiang X, Heald CL, Sakulyanontvittaya T, Duhl T,
Emmons L Kand Wang X 2012 The model of emissions of
gases and aerosols from nature version 2.1 (MEGAN2.1): an
extended and updated framework for modeling biogenic
emissions Geoscientific Model Dev. 5 1471-92

Henze DK, Shindell D T, Akhtar F, Spurr R] D, Pinder RW,
Loughlin D, Kopacz M, Singh K and Shim C 2012 Spatially
refined aerosol direct radiative forcing efficiencies Environ.
Sci. Technol. 46 95118

Hudman R C, Moore N E, Mebust A K, Martin RV, Russell AR,
Valin L Cand Cohen R C 2012 Steps towards a mechanistic
model of global soil nitric oxide emissions: implementation
and space based-constraints Atmos. Chem. Phys. 127779-95

Jacob D], Lui H, Mari C and Yantosca R 2000 Harvard wet
deposition scheme for GMI Technical Report

Jacobson M Z 2001 Strong radiative heating due to the mixing
state of black carbon in atmospheric aerosols Nature 409
6957

Jetter J, Zhao Y, Smith K R, Khan B, Yelverton T, DeCarlo P and
Hays M D 2012 Pollutant emissions and energy efficiency
under controlled conditions for household biomass
cookstoves and implications for metrics useful in setting
international test standards Environ. Sci. Technol. 46
10827-34

Jetter J J and Kariher P 2009 Solid-fuel household cook stoves:
Characterization of performance and emissions Biomass
Bioenergy 33 294-305

Johnson M, Edwards R, Frenk C A and Masera O 2008 In-field
greenhouse gas emissions from cookstoves in rural mexican
households Atmos. Environ. 42 120622

Karydis V A, Capps S L, Russell A G and Nenes A 2012 Adjoint
sensitivity of global cloud droplet number to aerosol and
dynamical parameters Atmos. Chem. Phys. 12 9041-55

Koch D and Del Genio A D 2010 Black carbon semi-direct effects on
cloud cover: review and synthesis Atmos. Chem. Phys. 10
7685-96

KodrosJ K, Scott CE, Farina S C, Lee Y H, L’Orange C,

Volckens J and Pierce J R 2015 Uncertainties in global
aerosols and climate effects due to biofuel emissions Atrmos.
Chem. Phys. Discuss. 15 10199-256

Koelemeijer RB A 2003 A database of spectral surface reflectivity in
the range 335-772 nm derived from 5.5 years of GOME
observations J. Geophys. Res. 108 4070



http://dx.doi.org/10.1021/es304942e
http://dx.doi.org/10.1021/es304942e
http://dx.doi.org/10.1021/es304942e
http://dx.doi.org/10.1289/ehp.0901220
http://dx.doi.org/10.1289/ehp.0901220
http://dx.doi.org/10.1289/ehp.0901220
http://dx.doi.org/10.1029/2011JD016816
http://dx.doi.org/10.1029/2001JD000807
http://dx.doi.org/10.1029/2001JD000807
http://dx.doi.org/10.1029/2001JD000807
http://dx.doi.org/10.1016/S0961-9534(02)00072-7
http://dx.doi.org/10.1016/S0961-9534(02)00072-7
http://dx.doi.org/10.1016/S0961-9534(02)00072-7
http://dx.doi.org/10.1029/2001JD001409
http://dx.doi.org/10.1126/science.1204994
http://dx.doi.org/10.1126/science.1204994
http://dx.doi.org/10.1126/science.1204994
http://dx.doi.org/10.1080/02786820500421521
http://dx.doi.org/10.1080/02786820500421521
http://dx.doi.org/10.1080/02786820500421521
http://dx.doi.org/10.1029/2006GB002840
http://dx.doi.org/10.1029/2006GB002840
http://dx.doi.org/10.1016/S0973-0826(08)60464-0
http://dx.doi.org/10.1016/S0973-0826(08)60464-0
http://dx.doi.org/10.1016/S0973-0826(08)60464-0
http://dx.doi.org/10.1002/jgrd.50171
http://dx.doi.org/10.1002/jgrd.50171
http://dx.doi.org/10.1002/jgrd.50171
http://dx.doi.org/10.1289/ehp.1205987
http://dx.doi.org/10.1289/ehp.1205987
http://dx.doi.org/10.1289/ehp.1205987
http://dx.doi.org/10.1029/2010GL042886
http://dx.doi.org/10.1175/1520-0469(2002)059<0461:TAOTFT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2002)059<0461:TAOTFT>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2002)059<0461:TAOTFT>2.0.CO;2
http://dx.doi.org/10.1073/pnas.1203707109
http://dx.doi.org/10.1073/pnas.1203707109
http://dx.doi.org/10.1073/pnas.1203707109
http://dx.doi.org/10.1029/2001JD001397
http://dx.doi.org/10.1029/2001JD001397
http://dx.doi.org/10.1029/2001JD001397
http://dx.doi.org/10.1029/1999JD900187
http://dx.doi.org/10.1029/2005gl022469
http://dx.doi.org/10.1029/2006GB002836
http://dx.doi.org/10.1021/es503941u
http://dx.doi.org/10.1021/es503941u
http://dx.doi.org/10.1021/es503941u
http://dx.doi.org/10.1073/pnas.0702958104
http://dx.doi.org/10.1016/j.enpol.2011.03.024
http://dx.doi.org/10.1016/j.enpol.2011.03.024
http://dx.doi.org/10.1016/j.enpol.2011.03.024
http://dx.doi.org/10.1038/ngeo595
http://dx.doi.org/10.1038/ngeo595
http://dx.doi.org/10.1038/ngeo595
http://dx.doi.org/10.5194/gmd-5-1471-2012
http://dx.doi.org/10.5194/gmd-5-1471-2012
http://dx.doi.org/10.5194/gmd-5-1471-2012
http://dx.doi.org/10.1021/es301993s
http://dx.doi.org/10.1021/es301993s
http://dx.doi.org/10.1021/es301993s
http://dx.doi.org/10.5194/acp-12-7779-2012
http://dx.doi.org/10.5194/acp-12-7779-2012
http://dx.doi.org/10.5194/acp-12-7779-2012
http://dx.doi.org/10.1038/35055518
http://dx.doi.org/10.1038/35055518
http://dx.doi.org/10.1038/35055518
http://dx.doi.org/10.1038/35055518
http://dx.doi.org/10.1021/es301693f
http://dx.doi.org/10.1021/es301693f
http://dx.doi.org/10.1021/es301693f
http://dx.doi.org/10.1021/es301693f
http://dx.doi.org/10.1016/j.biombioe.2008.05.014
http://dx.doi.org/10.1016/j.biombioe.2008.05.014
http://dx.doi.org/10.1016/j.biombioe.2008.05.014
http://dx.doi.org/10.1016/j.atmosenv.2007.10.034
http://dx.doi.org/10.1016/j.atmosenv.2007.10.034
http://dx.doi.org/10.1016/j.atmosenv.2007.10.034
http://dx.doi.org/10.5194/acp-12-9041-2012
http://dx.doi.org/10.5194/acp-12-9041-2012
http://dx.doi.org/10.5194/acp-12-9041-2012
http://dx.doi.org/10.5194/acp-10-7685-2010
http://dx.doi.org/10.5194/acp-10-7685-2010
http://dx.doi.org/10.5194/acp-10-7685-2010
http://dx.doi.org/10.5194/acp-10-7685-2010
http://dx.doi.org/10.5194/acpd-15-10199-2015
http://dx.doi.org/10.5194/acpd-15-10199-2015
http://dx.doi.org/10.5194/acpd-15-10199-2015
http://dx.doi.org/10.1029/2002JD002429

10P Publishing

Environ. Res. Lett. 10 (2015) 114003

Koepke P, Hess M, Schult I and Schettle E 1997 Global aerosol data
set Technical Report 243 Planck-Institut fur Meteorologie,
Hamburg

Lamarque J-F et al 2010 Historical (1850-2000) gridded
anthropogenic and biomass burning emissions of reactive
gases and aerosols: methodology and application Atrmos.
Chem. Phys. 10 7017-39

Lee CM, Chandler C, Lazarus M and Johnson F X 2013 Assessing the
Climate Impacts of Cookstove Projects: Issues in Emissions
Accounting Stockholm: Stockholm Environment
Institute (SEI)

Li X, Wang S, Duan L, Hao J and Nie Y 2009 Carbonaceous aerosol
emissions from household biofuel combustion in China
Environ. Sci. Technol. 43 6076-81

Lim S S et al 2012 A comparative risk assessment of burden of
disease and injury attributable to 67 risk factors and risk
factor clusters in 21 regions, 1990-2010: a systematic analysis
for the global burden of disease study 2010 Lancet 380
2224-60

LiuHY, Jacob D, Bey I and Yantosca R M 2001 Constraints from
210Pb and 7Be on wet deposition and transport in a global
three-dimensional chemical tracer model driven by
assimilated meteorological fields J. Geophys. Res. 106 12109

LuZetal2015 Light absorption properties and radiative effects of
primary organic aerosol emissions Environ. Sci. Technol. 49
4868-77

Lund M T, Berntsen T K, Heyes C, Klimont Z and Samset BH 2014
Global and regional climate impacts of black carbon and co-
emitted species from the on-road diesel sector Atrmos.
Environ. 98 50-8

MacCarty N, Ogle D, Still D, Bond T and Roden C 2008 A laboratory
comparison of the global warming impact of five major types
of biomass cooking stoves 12 5665

Martin R V 2003 Global and regional decreases in tropospheric
oxidants from photochemical effects of aerosols J. Geophys.
Res. 108 4097

Martin S T, Hung H-M, Park R ], Jacob D J, Spurr R] D,

Chance KV and Chin M 2004 Effects of the physical state of
tropospheric ammonium-sulfate-nitrate particles on global
aerosol direct radiative forcing Atmos. Chem. Phys. 4 183-214

Moore RH, Karydis V A, Capps SL, Lathem T L and Nenes A 2013
Droplet number uncertainties associated with CCN: an
assessment using observations and a global model adjoint
Atmos. Chem. Phys. 13 4235-51

Moss R H et al 2010 The next generation of scenarios for climate
change research and assessment Nature 463 747-56

Murray LT, Jacob DJ, Logan ] A, Hudman R C and Koshak W]
2012 Optimized regional and interannual variability of
lightning in a global chemical transport model constrained by
LIS/OTD satellite data J. Geophys. Res.: Atmos. 117 D20307

Myhre G et al 2013 Anthropogenic and natural radiative forcing
Climate Change 2013: The Physical Science Basis. Contribution
of Working Group I to the 5th Assessment Report of the
Intergovernmental Panel on Climate Change (Cambridge:
Cambridge University Press)

Park R, Jacob D, Chin M and Martin R 2003 Sources of
carbonaceous aerosols over the united states and implications
for natural visibility J. Geophys. Res. 108 4355

Park R, Jacob D, Field B, Yantosca R and Chin M 2004 Natural and
transboundary pollution influences on sulfate-nitrate-
ammonium aerosols in the united states: Implications for
policy J. Geophys. Res. 109 15

Pierce J R, Chen Kand Adams P J 2007 Contribution of primary
carbonaceous aerosol to cloud condensation nuclei:
processes and uncertainties evaluated with a global aerosol
microphysics model Atmos. Chem. Phys. 7 5447-66

Ramanathan V and Carmichael G 2008 Global and regional climate
changes due to black carbon Nat. Geosci. 12217

Roden CA, Bond T C, Conway S, Osorto Pinel A B, MacCarty N and
Still D 2009 Laboratory and field investigations of particulate
and carbon monoxide emissions from traditional and
improved cookstoves Atrmos. Environ. 43 1170-81

FLacey and D Henze

Roden CA, Bond T C, Conway S and Pinel A B O 2006 Emission
factors and real-time optical properties of particles emitted
from traditional wood burning cookstoves Environ. Sci.
Technol. 40 6750-7

Sauvage B, Martin RV, Donkelaar A v, Liu X, Chance K, Jaeglé L,
Palmer P I, Wu S and Fu T-M 2007 Remote sensed and in situ
constraints on processes affecting tropical tropospheric
ozone Atmos. Chem. Phys. 7 815-38

Sheesley R ] 2003 Characterization of organic aerosols emitted from
the combustion of biomass indigenous to south asia
J. Geophys. Res. 108 4285

Shen Z, LiuJ, Horowitz L W, Henze DK, Fan S, Levy H1I,
Mauzerall DL, Lin J-T and Tao S 2014 Analysis of transpacific
transport of black carbon during HIPPO-3: implications for
black carbon aging Atmos. Chem. Phys. Discuss. 14 505-40

Shindell D and Faluvegi G 2009 Climate response to regional
radiative forcing during the twentieth century Nat. Geosci. 2
294-300

Shindell D and Faluvegi G 2010 The net climate impact of coal-fired
power plant emissions Atmos. Chem. Phys. 10 3247-60

Shindell D T 2012 Evaluation of the absolute regional temperature
potential Atmos. Chem. Phys. 12 7955-60

Shindell D T et al 2013 Radiative forcing in the ACCMIP historical
and future climate simulations Atmos. Chem. Phys. 13
2939-74

Shine K P, Fuglestvedt J S, Hailemariam K and Stuber N 2005
Alternatives to the global warming potential for comparing
climate impacts of emissions of greenhouse gases Clir.
Change 68 281-302

Simon G L, Bumpus A G and Mann P 2012 Win—win scenarios at
the climate-development interface: challenges and
opportunities for stove replacement programs through
carbon finance Global Environ. Change 22 275-87

Smith KR, UmaR, Kishore VV N, ZhangJ, Joshi V and
Khalil M A K 2000 Greenhouse implications of household
stoves: an analysis for India Annu. Rev. Energy Environ. 25
741-63

Spracklen D'V, Carslaw K S, Pschl U, Rap A and Forster PM 2011
Global cloud condensation nuclei influenced by
carbonaceous combustion aerosol Atmos. Chem. Phys. 11
9067-87

Spurr RJ D 2001 Simultaneous derivation of intensities and
weighting functionsvin a general pseudo-spherical discrete
ordinate radiative transfer treatment J. Quant. Spectrosc.
Radiat. Transfer 68 129-75

Spurr RJ D, Kurosu T P and Chance KV 2001 A linearized discrete
ordinate radiative transfer model for atmospheric remote-
sensing retrieval J. Quant. Spectrosc. Radiat. Transfer 68
689-735

Streets D G 2003 An inventory of gaseous and primary aerosol
emissions in asia in the year 2000 J. Geophys. Res. 108 8809

Turn S Q, Jenkins B M, Chow ] C, Pritchett L C, Campbell D,
Cahill T and Whalen S A 1997 Elemental characterization of
particulate matter emitted from biomass burning: wind
tunnel derived source profiles for herbaceous and wood fuels
J. Geophys. Res.: Atmos. 102 3683-99

UNEP and WMO 2011 Integrated assessment of black carbon and
tropospheric ozone Technical Report United Nations
Environment Programme

Unger N, Bond T C, Wang]J S, Koch DM, Menon S,

Shindell D T and Bauer S 2010 Attribution of climate forcing
to economic sectors Proc. Natl Acad. Sci. 107 33827

Venkataraman C 2005 Residential biofuels in South Asia:
carbonaceous aerosol emissions and climate impacts Science
307 1454-6

Venkataraman C, Sagar A D, Habib G, Lam N and Smith KR 2010
The indian national initiative for advanced biomass
cookstoves: the benefits of clean combustion Energy
Sustainable Dev. 14 6372

Wesely M L 1998 Parameterization of surface resistances to gaseous
dry deposition in regional-scale numerical models Atrmos.
Environ. 23 1293-304

10


http://dx.doi.org/10.5194/acp-10-7017-2010
http://dx.doi.org/10.5194/acp-10-7017-2010
http://dx.doi.org/10.5194/acp-10-7017-2010
http://dx.doi.org/10.1021/es803330j
http://dx.doi.org/10.1021/es803330j
http://dx.doi.org/10.1021/es803330j
http://dx.doi.org/10.1016/S0140-6736(12)61766-8
http://dx.doi.org/10.1016/S0140-6736(12)61766-8
http://dx.doi.org/10.1016/S0140-6736(12)61766-8
http://dx.doi.org/10.1016/S0140-6736(12)61766-8
http://dx.doi.org/10.1029/2000JD900839
http://dx.doi.org/10.1021/acs.est.5b00211
http://dx.doi.org/10.1021/acs.est.5b00211
http://dx.doi.org/10.1021/acs.est.5b00211
http://dx.doi.org/10.1021/acs.est.5b00211
http://dx.doi.org/10.1016/j.atmosenv.2014.08.033
http://dx.doi.org/10.1016/j.atmosenv.2014.08.033
http://dx.doi.org/10.1016/j.atmosenv.2014.08.033
http://dx.doi.org/10.1016/S0973-0826(08)60429-9
http://dx.doi.org/10.1016/S0973-0826(08)60429-9
http://dx.doi.org/10.1016/S0973-0826(08)60429-9
http://dx.doi.org/10.1029/2002JD002622
http://dx.doi.org/10.5194/acp-4-183-2004
http://dx.doi.org/10.5194/acp-4-183-2004
http://dx.doi.org/10.5194/acp-4-183-2004
http://dx.doi.org/10.5194/acp-13-4235-2013
http://dx.doi.org/10.5194/acp-13-4235-2013
http://dx.doi.org/10.5194/acp-13-4235-2013
http://dx.doi.org/10.1038/nature08823
http://dx.doi.org/10.1038/nature08823
http://dx.doi.org/10.1038/nature08823
http://dx.doi.org/10.1029/2012JD017934
http://dx.doi.org/10.1029/2002JD003190
http://dx.doi.org/10.1029/2003JD004473
http://dx.doi.org/10.5194/acp-7-5447-2007
http://dx.doi.org/10.5194/acp-7-5447-2007
http://dx.doi.org/10.5194/acp-7-5447-2007
http://dx.doi.org/10.1038/ngeo156
http://dx.doi.org/10.1038/ngeo156
http://dx.doi.org/10.1038/ngeo156
http://dx.doi.org/10.1016/j.atmosenv.2008.05.041
http://dx.doi.org/10.1016/j.atmosenv.2008.05.041
http://dx.doi.org/10.1016/j.atmosenv.2008.05.041
http://dx.doi.org/10.1021/es052080i
http://dx.doi.org/10.1021/es052080i
http://dx.doi.org/10.1021/es052080i
http://dx.doi.org/10.5194/acp-7-815-2007
http://dx.doi.org/10.5194/acp-7-815-2007
http://dx.doi.org/10.5194/acp-7-815-2007
http://dx.doi.org/10.1029/2002JD002981
http://dx.doi.org/10.5194/acpd-14-505-2014
http://dx.doi.org/10.5194/acpd-14-505-2014
http://dx.doi.org/10.5194/acpd-14-505-2014
http://dx.doi.org/10.1038/ngeo473
http://dx.doi.org/10.1038/ngeo473
http://dx.doi.org/10.1038/ngeo473
http://dx.doi.org/10.1038/ngeo473
http://dx.doi.org/10.5194/acp-10-3247-2010
http://dx.doi.org/10.5194/acp-10-3247-2010
http://dx.doi.org/10.5194/acp-10-3247-2010
http://dx.doi.org/10.5194/acp-12-7955-2012
http://dx.doi.org/10.5194/acp-12-7955-2012
http://dx.doi.org/10.5194/acp-12-7955-2012
http://dx.doi.org/10.5194/acp-13-2939-2013
http://dx.doi.org/10.5194/acp-13-2939-2013
http://dx.doi.org/10.5194/acp-13-2939-2013
http://dx.doi.org/10.5194/acp-13-2939-2013
http://dx.doi.org/10.1007/s10584-005-1146-9
http://dx.doi.org/10.1007/s10584-005-1146-9
http://dx.doi.org/10.1007/s10584-005-1146-9
http://dx.doi.org/10.1016/j.gloenvcha.2011.08.007
http://dx.doi.org/10.1016/j.gloenvcha.2011.08.007
http://dx.doi.org/10.1016/j.gloenvcha.2011.08.007
http://dx.doi.org/10.1146/annurev.energy.25.1.741
http://dx.doi.org/10.1146/annurev.energy.25.1.741
http://dx.doi.org/10.1146/annurev.energy.25.1.741
http://dx.doi.org/10.1146/annurev.energy.25.1.741
http://dx.doi.org/10.5194/acp-11-9067-2011
http://dx.doi.org/10.5194/acp-11-9067-2011
http://dx.doi.org/10.5194/acp-11-9067-2011
http://dx.doi.org/10.5194/acp-11-9067-2011
http://dx.doi.org/10.1016/S0022-4073(00)00055-8
http://dx.doi.org/10.1016/S0022-4073(00)00055-8
http://dx.doi.org/10.1016/S0022-4073(00)00055-8
http://dx.doi.org/10.1016/S0022-4073(00)00055-8
http://dx.doi.org/10.1029/2002JD003093
http://dx.doi.org/10.1029/96JD02979
http://dx.doi.org/10.1029/96JD02979
http://dx.doi.org/10.1029/96JD02979
http://dx.doi.org/10.1073/pnas.0906548107
http://dx.doi.org/10.1073/pnas.0906548107
http://dx.doi.org/10.1073/pnas.0906548107
http://dx.doi.org/10.1126/science.1104359
http://dx.doi.org/10.1126/science.1104359
http://dx.doi.org/10.1126/science.1104359
http://dx.doi.org/10.1016/j.esd.2010.04.005
http://dx.doi.org/10.1016/j.esd.2010.04.005
http://dx.doi.org/10.1016/j.esd.2010.04.005
http://dx.doi.org/10.1016/0004-6981(89)90153-4
http://dx.doi.org/10.1016/0004-6981(89)90153-4
http://dx.doi.org/10.1016/0004-6981(89)90153-4

	1. Introduction
	2. Methods
	2.1. GEOS-Chem forward and adjoint modeling
	2.2. Direct, indirect and semi-direct RF estimates
	2.3. Temperature response estimates

	3. Results
	3.1. Regional versus global climate response
	3.2. Temperature response from cookstove emissions

	4. Discussion and conclusions
	Acknowledgments
	References



