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Abstract Three Earth System models are used to derive surface temperature responses to removal of U.S.
anthropogenic SO2 emissions. Using multicentury perturbation runs with and without U.S. anthropogenic
SO2 emissions, the local and remote surface temperature changes are estimated. In spite of a temperature
drift in the control and large internal variability, 200 year simulations yield statistically significant regional
surface temperature responses to the removal of U.S. SO2 emissions. Both local and remote surface
temperature changes occur in all models, and the patterns of changes are similar between models for
northern hemisphere land regions. We find a global average temperature sensitivity to U.S. SO2 emissions of
0.0055 K per Tg(SO2) per year with a range of (0.0036, 0.0078). We examine global and regional responses in
SO4 burdens, aerosol optical depths (AODs), and effective radiative forcing (ERF). While changes in AOD
and ERF are concentrated near the source region (United States), the temperature response is spread over the
northern hemisphere with amplification of the temperature increase toward the Arctic. In all models, we find
a significant response of dust concentrations, which affects the AOD but has no obvious effect on surface
temperature. Temperature sensitivity to the ERF of U.S. SO2 emissions is found to differ from the models’
sensitivity to radiative forcing of doubled CO2.

Plain Language Summary We find that U.S. sulfur dioxide emissions influence temperatures in
both the United States and in remote regions of the world. Three diverse climate models, all of which
include the interaction of chemistry with the Earth system, produce similar northern hemisphere
temperature responses. This is important because, while the emissions, atmospheric composition, and
radiative forcing are most clearly expressed in the United States, the temperature changes are present over
most of the northern hemisphere and strongest in the Arctic.

1. Introduction

Since the beginnings of the industrial revolution when scientists such as Angus Smith started documenting
the local effects of industrial pollution on the British midlands (Smith, 1872), anthropogenic emissions have
increased dramatically. Scientific studies have advanced our understanding of not only the atmospheric
chemistry but also the global, local, and remote effects of anthropogenic emissions such as SO2 (e.g.,
Boucher et al., 2013). Due to concerns with ozone, particulate matter, acid rain, health, and visibility, actions
such as the Clean Air Act of 1970 in the United States have led to comprehensive federal and state regulations
to limit emissions from both stationary (industrial) sources and mobile sources. In particular, such regulations
led to a significant decrease in SO2 emissions from the United States and Europe in the latter part of the twen-
tieth century (Hoesly et al., 2017; Lamarque et al., 2010; Smith et al., 2011). More specifically, SO2 emissions in
those regions have fallen as a result of improved energy efficiency, shifts in fuel mixes, and the application of
end-of-pipe desulfurization in the power sector. During the last few decades, other regions such as China
have seen commensurate increases in their SO2 emissions. Understanding the global, local, and remote
impacts of regional emission changes could assist in mitigation of and adaptation to impacts and inform
the attribution of recent climate trends (Bollasina et al., 2011; Booth et al., 2012).

As reported by Myhre et al. (2013), the radiative forcing of well-mixed greenhouse gases in 2011 relative to
1750 is in the range (2.22 to 3.78) W m�2. Over the same period, the total radiative forcing of aerosols
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(including aerosol-cloud interactions) is in the range (�1.9 to �0.1) W m�2. The aerosol radiative forcing
contributes the greatest portion of the total forcing uncertainty, and most of the uncertainty within aerosol
forcing is in the interaction of clouds with aerosols (e. g., Myhre et al., 2013).

In this paper we examine local and remote forcings, aerosol burdens, and surface temperature responses
to reductions in U.S. SO2 emissions. Leibensperger et al. (2012) evaluated remote impacts of U.S. anthro-
pogenic aerosols in a model using a slab ocean model with fixed ocean heat fluxes and prognosed sea
surface temperatures (SSTs) as well as prescribed aerosol concentrations and cloud number concentra-
tions, which does not allow for climate feedback on aerosol concentrations. The remote climate impact
of regional aerosol emissions was highlighted by Shindell and Faluvegi (2009). In that study, the remote
climate responses to forcing were found to depend on the latitude of the forcing, with even the sign of
the response depending on the region of forcing. Our study is a natural extension of those studies,
intended to identify the full geographical temperature response resulting from regional (instead of latitu-
dinal bands) emission reductions. Kasoar et al. (2016) perform a similar study for SO2 emissions from
China. They find that aerosol optical depth (AOD) response to SO2 emissions in China in the Hadley
Centre Global. Environment Model 3-Global Atmosphere 4.0 (HadGEM3-GA4), Community Earth System
Model version 1 (CESM1), and Goddard Institute for Space Studies ModelE2 (GISS ModelE2) models vary
by a factor of 6 with the HadGEM3-GA4 having the strongest response and GISS having the weakest
response. We study not only the remote temperature responses but also responses in dust and other aero-
sol burdens as well.

To evaluate the impacts of U.S. SO2 emissions, we evaluate the climate responses from pairs (perturbation
and control) of 200 year (or more) present-day simulations, which are identical except for the removal of
anthropogenic U.S. emission of SO2 in the perturbation simulation. We analyze results from the CESM1-
Community Atmosphere Model version 5 (CAM5), Geophysical Fluid Dynamics Laboratory Climate Model
version 3 (GFDL-CM3), and GISS-E2 Earth System Models (ESMs), each of which couple chemistry and climate
and were recently used in the Coupled Model Intercomparison Project Phase 5 (CMIP5). We say a result is
robust if the responses in all three models are similar (i.e., their confidence ranges somewhat overlap). We
focus our analysis on responses in annual-mean SO4 burden, effective radiative forcing (ERF), AOD, dust
burden, and surface temperature. In an earlier paper, Westervelt et al. (2017) discussed precipitation
responses in these same simulations.

An additional approach to elucidating the effects of anthropogenic aerosols on remote climate has been
explored by imposing a specified aerosol across models (Voigt et al., 2017). That approach removes the com-
plexities associated with differing aerosol formation due to transport, chemistry, photolysis, and aerosol
representation, but does allow for the interaction of the heating with dynamics nor the interaction with cloud
droplet formation or wet removal.

Our study, in contrast, includes the effects of differing aerosol representations, as well as varying chemistry
and transport. While the magnitude of local effects on heating varies among the models, there is a gen-
erally similar pattern of forcing, leading to some confidence in the ability to compare temperature
responses between models even with these additional complexities. We are also able to see some indica-
tions of feedback and responses in other aerosols with this study. We are also interested in aspects of wet
and dry removal and the indirect effects in clouds, although those aspects are not extensively evaluated in
this paper.

This paper is organized as follows: in section 2, we describe the three models used to perform the
simulations, along with the specific experiments. In particular, we use a combination of fully coupled
(atmosphere/land/ocean/sea-ice [SIC]/chemistry) simulations to evaluate the climate response to U.S.
SO2 emissions. We also use specified SST and SIC distributions (following the standard Atmospheric Model
Intercomparison Project configuration; Eyring et al., 2016) in simulations to compute the ERF (see Myhre
et al., 2013, for a complete definition) of U.S. SO2 anthropogenic emissions. Section 3 describes the sulfate
aerosol response associated with the removal of the U.S. SO2 emissions; for convenience, in the rest of the
paper, we will use SO4 to refer to sulfate aerosols. Section 4 describes the AOD response. Section 5 focuses
on the analysis of ERF, and Section 6 focuses on surface temperature response to such removal.
Conclusions are drawn in Section 7.
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2. Model and Experiment Descriptions

We use three coupled atmosphere-ocean-land-SIC Earth system models, including interactive chemistry:
CESM1, GFDL-CM3, and Goddard Institute for Space Studies ModelE2 (GISS-E2-R) (see Table 1). All of these
models couple aerosol and precursor emissions to climate forcing and climate response interactively, in con-
trast to other climate models that specify aerosol distributions as a climatology. Each of these models parti-
cipated in the CMIP5, which contributed to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC) (Flato et al., 2013). The versions of each of the models used here are essentially the
CMIP5 versions. A brief description of model features as well as experimental setup follows.

2.1. CESM1

CESM version 1 includes the CAM5 atmospheric component. It uses a finite-volume dynamical core on a
Cartesian grid at 1.875° latitude by 2.5° longitude and 30 vertical layers extending up to 2 hPa. Emissions
of SO2, black carbon (BC), and organic matter (OM) are based on Representative Concentration Pathway
6.0 for the year 2005 (Masui et al., 2011). Greenhouse gas surface concentrations are specified following
Meinshausen et al. (2011). Natural emissions of volcanic SO2 and dimethyl sulfide (DMS) are prescribed
from the AEROCOM project (Dentener et al., 2006). Sulfur dioxide (SO2) is oxidized by the hydroxyl radical
(OH), hydrogen peroxide (H2O2), and ozone (O3) to form sulfate (SO4), and DMS is oxidized by both OH and
the nitrate radical (NO3) to form SO2. Aerosol size distributions and composition are prognosed using the
Modal Aerosol Model (MAM-3). The MAM-3 model includes three lognormal modes: Aitken, accumulation,
and coarse (Liu et al., 2012). SO4 mass is prognosed as a component in each of the three aerosol modes,
soil dust is predicted in the accumulation and coarse aerosol modes, while BC and OM are predicted in
the accumulation mode. Nitrate does not contribute to aerosols. Most of the SO4 mass (~90%) is in the
accumulation mode (Ghan et al., 2012). Each mode prognoses effective size, particle number, and
speciated mass concentrations. This aerosol model includes microphysical processes such as new particle
formation, coagulation, and condensation. Activation of aerosols into cloud droplets is based on the
scheme of Abdul-Razzak and Ghan (2000). Aerosols affect deep convection only through direct radiative
effect and not through cloud microphysics. The stratiform cloud microphysics are parameterized using a
two-moment size distribution described in Morrison and Gettelman (2008) and include aerosol activation
of cloud droplets based on subgrid vertical velocity. Additional details on aspects of CESM1 and CAM5
can be found in Neale et al. (2012). This is the version of CESM1 that was used in the Last Millenium
Ensemble (Otto-Bliesner et al., 2016). A more complete description of the interactive chemistry can be
found in Tilmes et al. (2015).

2.2. GFDL-CM3

The GFDL-CM3model uses a finite-volume cubed-sphere horizontal grid consisting of six faces of 48 grid cells
along each edge (C48), resulting in roughly a 200 km by 200 km spatial resolution. The vertical grid has 48
levels from the surface to about 0.01 hPa. Anthropogenic and biomass burning emissions of sulfur dioxide
(SO2), BC, and primary OM for 2000 are taken from Lamarque et al. (2010). Natural emissions of soil NOx, light-
ning NOx, dust, and marine emissions (organic aerosol, DMS, and sea salt) are described by Naik et al. (2013);
isoprene emissions are described by Rasmussen et al. (2012). Lightning NOx, dust, isoprene, and marine

Table 1
Model Simulations and U.S. Anthropogenic SO2 Emissions Perturbations

Model
Spin up

length (years)

Number of
climate-perturbation
comparison years

Emission
year Emission perturbation

NCAR-CESM1 107 270 2005 14.0 Tg SO2 year
�1

GFDL-CM3 109 240 2000 14.8 Tg SO2 year
�1

GISS-E2-R 100 200 2000 14.4 Tg SO2 year
�1 plus 0.6 Tg SO4 year

�1

direct emissions of SO4

Note. For each model, both the control and perturbation simulations are initialized to the end of the spin-up run.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027411

CONLEY ET AL. 2775



emissions respond to meteorology. Photolysis rates are calculated with the Fast-JX v7.1 as implemented
by Li et al. (2016) Concentrations of long-lived greenhouse gases are based on Meinshausen et al.
(2011). Tropospheric chemistry for aerosols and gas-phase species follows the work of Horowitz et al.
(2003) and Horowitz (2006). SO4 is formed via oxidation of SO2 by the hydroxyl radical (OH) in the gas
phase, and ozone (O3) and hydrogen peroxide (H2O2) in clouds. DMS is oxidized to SO2 by reaction with
OH and nitrate radical (NO3). Fixed lognormal size distributions are assumed for each of the externally
mixed OM, BC, and SO4 aerosols. The shortwave and longwave radiation algorithms follow Freidenreich
and Ramaswamy (1999) and Schwarzkopf and Ramaswamy (1999), respectively, with updates as described
in Anderson et al. (2004). Sulfate (assumed to be present as ammonium sulfate) and hydrophilic BC
aerosols are internally mixed for radiation. The AOD of the internal mixture is attributed to species by
mass fraction. Aerosol activation into cloud droplets is parameterized according to Ming et al. (2006),
which relates the aerosol size distribution, chemical composition, and updraft velocity to cloud droplet
number concentrations. Aerosols in GFDL-CM3 do not exert a microphysical effect on deep convective
clouds; however, they can alter deep convection and associated precipitation through the direct effect.
Aerosols influence cloud droplet formation and number density in shallow cumulus clouds, which
are parameterized according to Bretherton et al. (2004). Additional details on the standard model
configuration and performance can be found in Donner et al. (2011) and Naik et al. (2013).

2.3. GISS-E2-R

The version employed here, GISS-E2-R (“Russell ocean”), uses a Cartesian grid at 2° by 2.5° latitude by
longitude. The dynamical core uses the linear upstream, modified “C grid” scheme based on Russell
et al. (1995). The vertical grid consists of 40 layers extending up to 0.1 hPa. Emissions of SO2, NH3, NOx,
BC, and OM are based on Lamarque et al. (2010) for the year 2000, as in GFDL-CM3. Well-mixed greenhouse
gases are prescribed as in Miller et al. (2014). Both OH and H2O2 oxidize sulfur dioxide and DMS in the
model. The chemical mechanism is described by Shindell, Pechony, et al. (2013). In GISS-E2-R, aerosols
include nitrate, SO4, BC, and OM (primary and secondary) and are interactive with the radiation and cloud
activation schemes. The aerosol size distribution is prescribed as a lognormal distribution for each of the
externally mixed species, similar to GFDL-CM3. Prognostic treatment of aerosol number and mass size dis-
tributions are available in GISS-E2-R but were not used for the present study. The prognostic cloud droplet
number concentration calculation follows the scheme presented in Morrison and Gettelman (2008), with
aerosol activation discussed in detail in Menon et al. (2010). As in the other two models, aerosols affect
deep convection only through the direct effect and not through cloud microphysics. Cloud processes are
as described in Schmidt et al. (2006) and Schmidt et al. (2014). Unlike both National Center for
Atmospheric Research (NCAR)-CESM1 and GFDL-CM3, GISS-E2 did not include a parameterized aerosol-
cloud lifetime effect in these simulations (cf. Malavelle et al., 2017). The model version used here includes
an improved treatment of nitrate aerosol that appears to correct a high bias in the previous version (Shindell,
Pechony, et al., 2013).

2.4. Coupled Climate Simulations and Perturbations

Table 2 lists details of the simulation length and emissions perturbation for each of the models. NCAR-CESM1
simulation uses year 2005 emissions, whereas the GFDL-CM3 and GISS-E2 simulations use year 2000 emis-
sions (due to a miscommunication in experimental design). CESM, as a result, has a 0.8 Tg SO2 year

�1 smaller
emissions of U.S. SO2 in the control simulations compared to the GFDL and GISSmodels, which is small (about
5%) compared to the total U.S. SO2 emissions of about 14 Tg SO2 year

�1. For all models, the initial condition

Table 2
Model Aerosol Characteristics

Model
Aerosol size
distribution SO4 aerosol mixing (optics)

Aerosol
indirect effects Model reference

NCAR-CESM1 Prognostic Internal in all three modes First, second Neale et al. (2012)
GFDL-CM3 Prescribed Internal (sulfate with hydrophilic black carbon, for radiation only) First, second Donner et al. (2011); Naik et al. (2013)
GISS-E2-R Prescribed External First Schmidt et al. (2014)

Note. First indirect effect is the aerosol effect on cloud albedo. Second indirect effect is the aerosol effect on cloud lifetime.
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for both the control and perturbation runs is obtained after approximately 100 years of spin up with the refer-
ence year (2000 or 2005) emissions. The control and perturbed simulations in each model use identical initial
conditions, boundary conditions, and emissions, except that the perturbed simulation removes anthropo-
genic U.S. SO2 emissions. Control and perturbed simulations branch from the identical spun-up state.

2.5. Statistical Analysis

Control simulations show a drift in global-average surface temperatures of comparable size to the variance in
themodels as can be seen in the supporting information Figure S2. As a result, a simple Student’s t test shows
limited power in measuring statistical significance of differences (perturbation distribution versus control dis-
tribution) as it includes the drift as part of the variance. We instead use a paired-sample test where the pairs
are cotemporal samples of the perturbation and control; that is, we perform statistical analysis on the time
series of cotemporal differences (perturbation minus control). We exclude the first 20 years of data to allow
for some rapid adjustments in the perturbation case due to the U.S. SO2 forcing.

Statistical analysis of time series requires careful consideration of the number of independent samples as dis-
cussed in the supporting information section S3 (Crawford & Howell, 1998; Jones, 1975; Zwiers & von Storch,
1995). For each time series (cotemporal differences of global, regional, and model-grid-point time series), we
compute an effective sample size to account for autocorrelation. In the case of CESM (simulations with the
strongest autocorrelation), the 240 years of data yields only 120 independent samples over some tropical
ocean regions (Figure S5); however, the number of effective samples is dependent on the variable of interest,
the region of interest, and the model. Confidence intervals discussed below are computed using the effective
sample size.

All results in this paper are shown as the mean difference between perturbation and control plus or minus 1
standard error. Significance in maps is shown when the mean value of the change is larger than 2 standard
errors (i.e., a z-score indicating 95% confidence). The bar and whisker plots show the mean, 1 standard error,
and 2 standard error confidence intervals.

In the supporting information section S3, we review the use of standard error and the connection between
standard error and significance testing. We review our use of z-scores and how we compute the effective
sample size for a time series. We also review our use of more complex statistical models in section S4
and the reason we choose a one-step autoregressive model for this work (Akaike, 1974). We also briefly
review in section S5 how model diversity provides increased confidence in multimodel averages (Knutti
et al., 2017; Tebaldi & Knutti, 2007). In section S6 we describe an unsuccessful attempt to use empirical ortho-
gonal functions to increase confidence in estimated means and standard errors (Bretherton et al., 1992;
Preisendorfer & Mobley, 1988). In section S7, we use regression to evaluate the contributions of burden
change to AOD change in two of the three models. And lastly, in section S8 we attempt to discover the causes
of increased sulfate burdens in remote regions of one of the models.

2.6. Regional Definitions

Since variance for individual model grid points is expected to be larger than for regional averages, we
might expect to obtain more statistical significance in our analysis of regional-average data. We analyze
specific results in local regions: South Australia, North Australia, Central America, Western North America,
Central North America, Eastern North America, Alaska, the Mediterranean Basin, Northern Europe,
Southern Asia, Central Asia, Northern Asia, the Sahel, the Arctic region north of 60°N, and the Nino3.4
regions, following Stott et al. (2010) and Christidis et al. (2012). These regions are delineated in the support-
ing information section S1. We will refer to the Western North America, Central North America, and Eastern
North America regions as being local to the emission change and all other regions as being remote from
the emission change.

2.7. Radiative Forcing Simulations

As discussed in Myhre et al. (2013) and references therein, ERF is defined as the change in net top-of-
atmosphere net (SW + LW) flux between the control and perturbed simulations, using specified SSTs.
ERF is a better measure of the long-term climate forcing than either instantaneous radiative forcing or
stratospheric-adjusted radiative forcing since rapid responses of the atmosphere and land are taken into
account in the calculation.
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The method used in this study is the fixed-SST method in which ERF is computed from simulations with SO2

emissions identical to the control and test simulations described above, but only use the atmosphere
and land components of the ESMs instead of being coupled to their respective ocean/SIC models. This is
done by specifying SST and SIC distributions, following the standard Atmospheric Model Intercomparison
Project configuration (Eyring et al., 2016), with the exception that we use climatological rather than historical
SSTs. We use identical initial conditions for control and perturbed simulations. We do not correct the com-
puted ERF to adjust for the land surface temperature change.

We further clarify that we do not use the regression-basedmethod (Gregory et al., 2004), since themagnitude
of the top-of-atmosphere flux changes and surface temperature changes are small compared to the variance
of these quantities in the fully coupled system.

In short, we use a standard definition of ERF applied to changes in emissions, rather than changes in burdens,
in order to include fully the atmospheric and land responses and feedback from the change in SO2 emissions.

The CESM ERF is computed using 50 years of simulated data, GFDL simulated 41 years, and GISS simulated
163 years. The first five years of each run are excluded from the analysis to allow for rapid adjustments in
the land and atmosphere. As will be seen later, for this small forcing, there is considerable noise in these
results. Additional simulation years in the GISS model allow detection of the small forcing and regional
dependence in that model.

3. Sulfate Impact From the Removal of U.S. SO2 Emissions

The three models, CESM, GFDL, and GISS, have global SO4 burdens of 1.34, 1.67, and 0.99 Tg SO4, respectively
(Table 3). The reported GISS model burden excludes the SO4 coatings on dust, so its full burden is slightly lar-
ger than that listed. The global burdens correspond to SO4 lifetimes of 6.1, 7.9, and 3.3 days in each model,
respectively. The removal of U.S. SO2 emissions in the perturbed experiment of each model leads to a global
burden decrease of 0.090, 0.057, and 0.052 Tg SO4, respectively. However, examination of the global SO4 bur-
den change masks important regional variations. As seen in Figure 1, the SO4 burden change is largest in all
three models over the eastern United States and Atlantic Ocean, but the magnitude of that change, as well as
the global distribution of changes, varies between models.

In this experiment, the SO4 column burden change (Figure 2) over Western North America ranges from about
0.5 to 1.0 mg m�2 across the models. Over Central and Eastern North America these models have burden
changes of 2.0 to 4.5 mgm�2. For comparison, the HTAP2multimodel study using chemical-transport models
(Stjern et al., 2016) found that the total SO4 burden over the North American region was 3.55 ± 1.28 mg m�2.

Table 3
Global-average Values From Earth System Model Simulations

Average values CESM GFDL GISS

Burden (Tg SO4) 1.34 1.67 0.987
Lifetime SO4 (Days) 6.1 7.9 3.3
Responses
Δ Burden (Tg SO4) �0.090 ± 0.001 �0.057 ± 0.003 �0.052 ± 0.001
% Burden change �6.7 �3.4 �5.2
Δ AOD (10�3) �1.5 ± 0.2 �3.8 ± 0.3 �3.4 ± 0.4
Δ AOD_Dust (10�3) �0.5 ± 0.2 �0.12 ± 0.07 �0.05 ± 0.02
Δ Τ (K) 0.071 ± 0.023 0.116 ± 0.017 0.052 ± 0.015
Sensitivities
Δ SO4/Δ Emission (Tg SO4 [Tg SO2 year

�1]�1) 0.0064 ± 0.0001 0.0039 ± 0.0002 0.0036 ± 0.0001
Δ AOD/Δ SO4 (Tg SO4)

�1 0.016 ± 0.002 0.067 ± 0.006 0.065 ± 0.007
Δ Τ/Δ Burden (K (Tg SO4)

�1) �0.79 ± 0.26 �2.03 ± .32 �1.0 ± .3
Δ Τ/Δ AOD (K AOD�1) �47. ± 24. �31. ± 5. �15. ± 7.
Δ Τ/Δ Emission(K (Tg SO2 year

�1)�1) �0.0051 ± 0.0017 �0.0078 ± 0.0011 �0.0036 ± 0.0010

Note. Global averages, responses, and sensitivities to setting U.S. SO2 emissions to zero. In the GISS model, the column
burden of SO4 does not include SO4 that is condensed on dust.
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Figure 1. SO4 burden change in mg m�2. Note the logarithmic scale. The SO4 burden changes most strongly over and
downstream of the region of SO2 emission changes. The global average value is in the upper right of each plot.
Hatching indicates that no significant change is detected at the 2-sigma confidence level.
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For the CESM model the burden change is 2.31 ± 0.16 mg m�2. Assuming that the total burden of U.S. SO4 is
due to U.S. SO2 emissions, these results are comparable. Precise comparison is difficult, since there are other
sources of SO4 such as DMS oxidation and transport from other regions.

Of the three models, the SO4 burden decreases most in the GFDL model over all North American regions
(Figure 2), consistent with the long lifetime in this model, which results in part from the weak removal of aero-
sols by convective precipitation (Fang et al., 2011; Paulot et al., 2016). In contrast to the other two models, the
SO4 burden in the GFDL model increases over the Sahel, Arabian Peninsula, and South East Asia (Figure 1).

Figure 2. SO4 burden change in mg m�2. American regions are on a different scale. The center of each box is the mean change. The bar indicates confidence inter-
vals of 1 standard error. Regions are defined in Table S1. Burden changes plotted for GISS exclude SO4 on dust.
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Figure 3. Aerosol optical depth change due to zeroing out U.S. SO2 emissions. Global average value is in the upper right of
each plot. Hatching indicates no detection of significant change at the 95% confidence level.
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This opposite-signed response in remote regions versus the source region mutes the global average burden
change in the GFDL model relative to the CESM model. In the section S8 we examine the effects of wet and
dry removal on SO4 lifetime in relation to this small remote increase in SO4 burden. The lifetime over Northern
Africa is 10 times longer than over the United States; however, the change in lifetime is large only near the
source region. The precise cause of this small remote increase of SO4 has not been diagnosed.

The largest global average SO4 burden change occurs in CESM even though the burden change is slightly
smaller than the GFDL model over the North American regions. The changes in the CESM and GISS SO4 bur-
den stretch further east, reaching across Europe, North Africa, and Central Asia. The SO4 burden change in the
GISS model is smallest (by a factor of 2–4) over the North American regions, consistent with the short SO4

lifetime; the decrease north of 60°N is considerably stronger than the other models. There is almost no SO4

burden change over Africa, South East Asia, or the Southern Hemisphere in the GISS model.

In summary, all three models show significant decreases in SO4 over North America and downwind, to vary-
ing degrees, from that region of peak emission change. Model responses in remote regions differ, but those
remote responses are small compared to the source-region responses, as can be expected from a short-lived
climate forcer.

4. Aerosol Optical Depth Response and Impacts

SO4 is a major contributor to AOD. Validation of the AOD against observations is difficult, due to the coarse
resolution of thesemodels, as can be seen in the supporting information of Westervelt et al. (2017), and in any
case does not necessarily reveal the realism of the sulfate aerosol distribution. However, as mentioned above,
these models have all been evaluated as part of CMIP5.

When U.S. anthropogenic SO2 emissions are reduced, we find that global AOD decreases by 0.0015 to 0.0038
across the three models (Table 3). The optical depths are not precisely comparable, due to differences in
physical parameterizations (e.g., internally mixed and externally mixed), diagnosis at slightly different wave-
lengths, or different assumptions for the indices of refraction for the materials in the aerosols; however, there
may be some value in comparing patterns of change in optical depths. For all three models, the peak of the
AOD response is over Eastern North America near the region of peak SO4 burden response (Figure 3). All three
models show a decreased AOD in the downwind region from the east coast of North America toward Europe,
and those regions roughly correspond to the decreased SO4 burden (Figure 1). Remote regions show rela-
tively small changes in AOD (Figure 4).

The GFDL and GISS models show AOD changes as large as 0.1 in the Central and Eastern North America
regions. The GFDL model shows small increases in AOD over regions where the SO4 burden increased, such
as the Sahel, North Asia, and South Asia.

In contrast to the other two models, the CESM model shows a strong local SO4 burden change but the
weakest AOD change (by a factor of 3 to 5) both in global average and in the North American regions.
The MAM-3 aerosol model in CESM prognoses size distributions across three aerosol modes, all of which
contain sulfate. This complex model leads to a more complex relationship between AOD and sulfate bur-
den than in the GFDL and GISS models. Diagnosing how the sulfate contributes to optical properties of the
aerosols is beyond the scope of this paper; however, these three models are distinct in their treatments of
aerosol microphysics and it is not surprising that they have a diversity of AOD responses to SO4 perturba-
tions. In section S7 we construct effective cross sections by regressing change in optical depth against
change in mass (Table S1). We see that the effective cross section of sulfate in the GFDL model is about
3 times the size of the CESM model, indicating a significant difference in optical properties. In addition,
as seen in Figure S11, the residual optical depth indicates an inconsistency between sulfate mass and sul-
fate optical depth for the GFDL model, consistent with relative humidity across the U.S. leading to the
expectation that the stronger optical depth response in the GFDL model could be due to a larger hygro-
scopic response in that model compared to the CESM model. A complete understanding of this difference
would require additional diagnostic computations.

Beyond the AOD responses due to sulfate, there is also a significant global dust AOD response in all three
models (Table 3). Both the GFDL and CESM models show decreased dust optical depth over the Sahel and
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downwind to Central America (Figure 5). Additionally, the GFDL model shows (Figure 6) significant decreases
over South Asia and Central Asia and increases over Eastern North America, Northern Europe, Northern Asia,
and North of 60°N. Dust response in the GISS model is much smaller and significant at a few grid points; how-
ever, the reliability of these few significant points is questionable, given that about 5% of grid points would
be found to be significant, given random draws from identical distributions. The CESMmodel only shows sig-
nificant response in the Sahel and Central America regions; however, the patterns of dust response (Figure 5)
are somewhat similar between the CESM and GFDL models. The increased dust optical depth in the CESM

Figure 4. Aerosol optical depth response to zeroing out U.S. SO2. Note the large scales in the North American regions. Units are 10�3 OD.
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Figure 5. Change in dust optical depth due to zeroing out U.S. SO2 emissions. Global average value is in the upper right of
each plot. Hatching indicates that significant change is not detected at the 95% level.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027411

CONLEY ET AL. 2784



model (compared to the GFDL model) is due to an increased mass response (cf. Figures S8 and S10) rather
than differences in optics (Table S1).

For both the CESM and GFDL models, the dust optical depth west of Africa increases north of 20°N and
decreases south of 20°N over the Atlantic from the west coast of Africa through the southern Caribbean.
The decreased dust optical depth would be consistent with the increased Sahel precipitation seen in these
simulations as documented in Westervelt et al. (2017); however, in the GFDL model, the dust emissions are

Figure 6. Change in dust optical depth in each region due to zeroing out US SO2 emissions. Units are (10�3 OD). The Sahel and Central Asia regions are plotted on
much larger scales. Note that scale is specific to each region.
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independent of soil moisture and precipitation. We speculate that wet removal may be playing a part in the
decreased dust optical depth.

In summary, AOD responses are strongest in the North American regions near to and downwind from the
region of decreased SO2 emissions. The two models with strong forcing over the eastern U.S. (see below) also
show similar and significant patterns of dust response over (and west of) Africa. Quantitative comparisons of
both AOD sensitivities to SO4 as well as comparisons of AOD response in remote regions are limited due to
the nonrobust signals across models (Figure 6).

5. Effective Radiative Forcing and Aerosol Feedback

The ERF due to decreased U.S. SO2 emissions includes full adjustment of the atmosphere and land models,
including dust aerosol responses from changes in emissions, transport, and deposition. As mentioned in
section 2.7, the ERF calculations use the same climate models, but forced with specified SST and SIC distribu-
tions. Note that each modeling group uses their own specification, but they critically use the same distribu-
tion in the control and perturbation calculations. We have found (in CESM) very little sensitivity to the choice
of specified SST/SIC distributions whether from observations or model simulations for the same period.

All three models include both aerosol-radiation and aerosol-cloud interactions, albeit to differing degrees of
complexity. The models include distinct characterizations of aerosol optics (affecting AOD), aerosol micro-
physics (affecting size distributions and optics), and indirect effects (affecting clouds). In particular, in this
GISS model version, aerosols do not affect the cloud lifetime.

The CESM and GFDLmodels have similar global ERF of about 0.16Wm�2, while the GISS model is a factor of 3
smaller (Table 4). In comparison, the Atmospheric Chemistry and Climate Model Intercomparison Project
(ACCMIP) studies show a similar ratio of 2.5 between the GFDL and GISS model for total global SO4 forcing
(Table 5) (Shindell, Lamarque, et al., 2013). Gettelman et al. (2015) similarly show a factor of about 2 between
CESM and GISS for total aerosol radiative effect between 2000 and 1850 with indirect effects being nearly
twice as strong in CESM as in GISS; which could be associated with the lack of a cloud lifetime effect in GISS.

Table 4
Effective Radiative Forcing Simulation Results

Effective radiative forcing simulations CESM GFDL GISS

ERF (W m�2) 0.16 ± 0.04 0.17 ± 0.04 0.053 ± 0.017
Δ AOD (10�3) �2.3 ± 0.5 �5.3 ± 0.5 �3.4 ± 0.3
Δ AOD_Dust (10�3) �0.9 ± 0.3 �0.49 ± 0.02 �0.15 ± 0.05
Forcing Sensitivities
ERF/Δ Emissions [W m�2 (Tg SO2 year

�1)�1] �0.011 ± 0.003 �0.011 ± 0.003 �0.004 ± 0.001
ERF/Δ AOD (W m�2 AOD�1) �68. ± 22. �32. ± 8. �16. ± 5.
Coupled-model temperature response to forcing
Δ Τ/ERF (K (W m�2)�1) 0.44 ± 0.18 0.68 ± 0.19 0.98 ± 0.42

Note. Also, the global-average temperature change from coupled simulations per global-average forcing from ERF
computations.

Table 5
Effective Radiative Forcing Simulation Results From Other Studies

Effective radiative forcing simulations CESM GFDL GISS

Global total SO4 aerosol ERF (ACCMIP 2000–1850) (Shindell, Lamarque, et al., 2013) �1.64 �0.61
Temperature response to forcing
CO2: Δ Τ/ERF (K [W m�2]�1) 1.1a 1.32b 0.56b

aCO2 temperature response of 4.1 K due to a forcing of 3.7 W m�2 in CESM1 (Meehl et al., 2013). bGFDL temperature
response of 3.97 K for a forcing of 2.99 W m�2 and GISS temperature response of 2.11 K for a forcing of 3.78 (Forster
et al., 2013).
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Figure 7. Effective radiative forcing in W m�2 due to zeroing out U.S. SO2 emissions. Global average value is in the upper
right of each plot. Hatching indicates that no significant change was detected.
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Qualitatively in all three models, the region of peak forcing corresponds closely with the region of peak AOD
and SO4 change. However, the forcing per unit change in AOD varies by a factor of 4 between these models.
Similarly, the forcing per change in AOD in the ACCMIP studies (Shindell, Lamarque, et al., 2013) showed a
median value of �30 W m�2 AOD�1 with a 95% confidence range of �660 to �15. In our case, CESM tends
to display a relatively strong forcing per change in AOD, while the GISS model shows a relatively weak forcing
per change in AOD.

In all three models, the global-average dust optical depth is about a factor of 3 stronger in these forcing com-
putations compared to the climate simulations. There are numerous aerosol species that are adjusting along

Figure 8. Effective radiative forcing in W m�2 due to zeroing out U.S. SO2 emissions. Note the scale change for the Global, American, and Australian regions.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027411

CONLEY ET AL. 2788



with the rest of the atmosphere and land. It appears that the use of spe-
cified SST and SIC leads to distinct meteorological responses, that in turn
creates dust responses, which are larger than those in the coupled
ocean simulations, highlighting the challenge of accurately diagnosing
ERF that includes rapid responses. In spite of this feedback (up to 30%
of the total AOD response in the case of CESM), there is no clear
indication of an associated local radiative perturbation due to this dust
response (Figure 7), and hence, in this case the ERF values appear
suitable for comparison with the climate response. Indeed, dust forcing
efficiency can be muted due to the fact that the top of atmosphere
radiative effect of shortwave scattering is of opposite sign to the short-
wave and longwave absorption of dust.

As can be expected from the geographical distribution of ERF (Figure 7),
the radiative forcing in remote regions is smaller by at least a factor of 5
relative to the North American regions in all three models (Figure 8). In
these remote regions, the forcing is rarely statistically significant and
tends to be inconsistent between models. Additional years of forcing
computation would be required to compare remote forcing estimates
as can be seen by the decreased noise in the remote regions of the
GISS estimates seen in Figure 7. The GISS model simulated approxi-
mately 3 times as many years (160 compared to 50 years), leading to
decreased noise and narrower confidence ranges (Figure 8) in remote
regions. In contrast, latter sections of this paper will show significant
and robust temperature changes in some remote regions in spite of
the lack of top-of-atmosphere forcing in remote regions.

To summarize, quantitative changes in forcing per change in AOD are some of the least robust sensitivities
between models; however, qualitatively, the peak change in AOD is in the regions where both SO4 burden
change and ERF peak. Many aspects contribute to this lack of connection between ERF and AOD; namely,
indirect effects of aerosols, the fact that AOD is computed at a single frequency (band) of light, AOD does
not distinguish between scattering and absorption and is independent of whether it is above clouds, beneath
clouds, and AOD does not distinguish between bright and dark surfaces. In ERF computations, responses in
other aerosols can also confound the connection between ERF and AOD. While AOD is may be an observable
quantity, it is not a great indicator of forcing. The ERF per change in SO2 emission is more consistent across
the models but still varies by a factor of 3 with a global average value of �0.009 W m�2 per (Tg SO2 year

�1).
Forcing in remote regions is much smaller and often insignificant.

6. Surface Temperature Response

In all threemodels the global surface temperature increases in response to the SO4 decrease (Table 3), but the
magnitude of this varies by a factor of 2 across models with the GFDL model having the largest response and
GISS the smallest. Within the available 200 years of simulations, the confidence interval of the global average
surface temperature response in the CESM model overlaps both the GFDL and GISS models; the only signifi-
cant difference in global temperature response is between the GFDL and GISS models.

Regionally, all three models show the largest temperature increase in the Arctic (Figure 9) as well as warming
overmost of the northern hemisphere (Figure 10), although the CESMmodel shows less response (or possibly
cooling) in a narrow band south of the Sahel, through the Arabian Peninsula, North of the Himalaya, and
across the Gobi Desert. However, these patterns in the CESM model are insignificant at the 2-sigma level.
In addition, CESM generates a negative PDO-like pattern (Pacific Decadal Oscillation; Mantua & Hare, 2002)
in response to U.S. SO2 removal. This pattern is also not significant, but it contributes to a reduction in the
diagnosed global-average surface warming. In the Southern Hemisphere the threemodels indicate that there
may be warming, but the responses are small and rarely significant (Figures 10 and 11). The simulated range
of temperature responses is not surprising given the range of SO4 burden changes, AOD changes, differences
inmicrophysical parameterizations, and climate sensitivities. As previously discussed, the ERF per unit change

Figure 9. Zonal-average surface temperature response in K due to zeroing
out U.S. SO2 emissions. The shaded regions show the temporal standard
error in the annual time series of zonal averages. The global average value is
listed for each model in the legend.
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in emissions varies by a factor of 3 across models, and the ERF per change in AOD ranges by a factor of 4. In
spite of the spread of intermediate responses, the temperature responses across models show a remarkable
similarity of zonal pattern (Figure 9), especially given the small size of the forcing, suggesting that our
experimental design and statistical methods were successful at providing a robust estimate of the forced
response in the models.

While the temperature response shows similar patterns between models, global surface temperature sensi-
tivity per unit forcing varies between these models not only in this study of SO2 emissions but also in studies
of CO2 concentration changes. CESM, GFDL, and GISS have temperature sensitivities per forcing of 1.1, 1.32,
and 0.56 K per (W m�2), respectively, in doubled CO2 experiments (Table 5). It should be noted that the com-
putations of CO2 forcing are based on Gregory et al. (2004) regression. In contrast, the global temperature
sensitivities to SO2 forcing (Table 4) are 0.44 ± 0.18, 0.68 ± 0.19, and 0.98 ± 0.42 K per (W m�2), respectively.
Not only are the sensitivities betweenmodels different, but the sensitivity to forcing seems to also depend on
the type of forcer (CO2 versus SO2) or perhaps the magnitude of the forcing. However, it is difficult to com-
pare sensitivities between models or even to obtain the same sensitivities in a single model; for example, the
equilibrium climate sensitivity due to doubled CO2 for the same GFDL model version has been estimated at
4.6 K (Winton et al., 2013) and 3.97 K (Forster et al., 2013). The fact that the temperature response to forcing
appears to be so different between CO2 and the SO2 emissions studied here indicates the need to consider
other effects such as dynamical responses, removal and emission processes for other aerosols, and land
(with a rapid response) versus ocean responses when evaluating forcing. We also note that these
average responses include responses from early years after branching (20 years); thus, a comparison with

Figure 10. Surface temperature response in K due to zeroing out US SO2 emissions. Hatching indicates that no significant change was detected at the 95% level. The
multimodel average is an unweighted average of the three models. The multimodel average plot shows no shading for significance. The global average change is
indicated in the upper right of each plot.
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equilibrium response is not consistent. Finally, the varying efficacy of various forcings has been previously
studied by Hansen et al. (2005) and Shindell et al. (2015).

Ocean state has been shown to be important in estimates of ocean heat uptake due to CO2 forcing, leading to
inconsistent estimates of transient climate sensitivities (He et al., 2017) having a particularly strong connec-
tion to formation of dense sinking water in the North Atlantic. The forcing near the North Atlantic could be

Figure 11. Surface temperature response in K due to zeroing out U.S. SO2 emissions. For each model, the error bars indicate 68% confidence intervals and the whis-
kers indicate 95% confidence intervals of the mean response (i.e., 1 and 2 standard errors respectively). “Avg” indicates the average of the three model-mean
responses, with 1 and 2 standard deviations of those responses indicated by the error bars and whiskers, respectively, using no weighting for skill or for confidence in
each model.
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possibly driving changes in deep water formation in the coupled system, affecting the ocean heat uptake
differently between our models.

7. Discussion and Conclusion

We have used three Earth System models to analyze the simulated surface temperature change due to the
removal of U.S. anthropogenic SO2 emissions in constant-forcing multicentury perturbation experiments.
These three models cover a range of parameterizations such as aerosol microphysics, cloud microphysics,
dynamics, transport, and radiative transfer. Detecting the surface temperature responses with 68% confi-
dence requires roughly 200 years for most of these models. Since z-score (and t-score for large sample size)
is directly related to the square root of the number of independent samples, 800 years would be required to
shrink the confidence intervals by a factor of 2.

While many aspects of the models are diverse, the model simulations show robust patterns of temperature
responses over land. The temperature responses are strongest toward the Arctic but are positive for most
of the northern hemisphere land regions. The more zonal pattern of temperature response as well as the
greater response over land areas is consistent with prior analyses (Myhre et al., 2013; Rotstayn et al., 2014;
Shindell, 2012; Shindell et al., 2015) (and rather distinct from the much more localized response found in
the single-model study of Leibensperger et al., 2012).

All three models show a significant dust optical depth feedback. The simulations to diagnose ERF show a
stronger dust optical depth decrease compared to the climate simulations. This feedback should be exam-
ined in subsequent studies in which there are sufficient diagnostics to identify the mechanisms underlying
the dust responses.

The models differ in some other facets of the overall responses to decreasing U.S. SO2 emissions. In the North
American regions, CESM shows an AOD change per SO4 burden change that is about one fourth the size of
the other models and it shows a particularly large SO4 burden change. The GISS model shows a smaller SO4

burden change compared to the other models near the source region; this small burden change is consistent
with its shorter SO4 lifetime. The GFDLmodel shows an increase in SO4 burden over the northern hemisphere
portions of Africa and Asia; as a consequence, the global SO4 burden change is not as strong as the burden
changes in North America would imply.

AOD changes are difficult to interpret as they show some of the least robust responses and least robust sen-
sitivities. Kasoar et al. (2016) also see a factor of 6 difference in AOD responses between the models they
examined which included versions of the GISS and CESM models used here; furthermore, in that study the
CESM AOD response was stronger than GISS in the source change region (China). We find here a stronger
AOD response in GISS than in the CESM models in the source change region (United States). It is unclear
why these studies would reverse rankings of AOD sensitivities although the response of AOD to emissions
could be sensitive to factors such as background oxidation capacity and the abundance of other aerosols.

While the peak AOD change is near the region of SO2 emission changes in all three models, the magnitude of
AOD change varies greatly between models. SO4 response per SO2 emission reduction varies by 50%, AOD
response per SO4 response is not robust, forcing per AOD response is not robust, and temperature response
per forcing is not robust. For instance, the global annual forcing per change in AOD varies by a factor of 4
between models. Temperature sensitivity per AOD change varies by a factor of 3 with CESM at the strongest
and GISS at the weakest. AOD is a diagnostic quantity that could be compared with observations; however,
given the range of parameterizations of aerosol and cloud microphysical specifications and processes, there
is little reason to expect this observable diagnostic to imply a strong connection to forcing, to changes to
cloud properties, or to SO4 burden changes.

The radiative forcing in these models peaks near (and a little downwind from) the region of peak AOD
changes. The radiative forcing is robustly stronger over North America than in remote regions. Global forcing
per change in emission varies by a factor of 3 between models. The average global forcing per SO2 emission
change is �0.009 W m�2 per (Tg SO2 year

�1) for the removal of anthropogenic U.S. SO2 emissions.

Comparing fully coupled simulations with fixed sea surface (forcing) simulations, we see a dust optical depth
response, which is 2 to 4 times as large in the forcing simulations as in the climate simulations in all three
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models. This feedback is a significant part of the total AOD feedback in the CESM and GFDL models. The dust
feedback is a robust response, even if the magnitude varies between models. Shindell (2014) finds that tran-
sient climate sensitivity triggers more rapid land response and stronger feedback. The temperature response
over Africa in the forcing simulations (where SSTs are held fixed to diagnose ERF) differs from the climate
simulations (with full coupling between the atmosphere, ocean, and sea ice), indicating some distinct
meteorological responses; however, a complete evaluation of the mechanism of this feedback will require
additional simulations and diagnostics.

The temperature response is much more consistent between models. The magnitude of global average sur-
face temperature response is within a factor of 2 between models. All three models show warming over most
of the northern hemisphere land surface, with an amplified response in the Arctic (cf., Shindell, 2007).
Southern Hemisphere temperature responses are not robust, large, or significant in this study, with the
exception of the GFDL model, which shows some significant warming in some regions. While one might
expect the largest temperature changes in central North America (near the region of peak forcing), the tem-
perature responses in remote regions, such as Asia, are comparable.

The sensitivity of temperature to forcing is strongest in the GISS model and weakest in the CESMmodel; how-
ever, the ranges statistically overlap. This sensitivity is distinctly different from the CO2 forcing sensitivity in
which GISS is the weakest and GFDL and CESM are about a factor of 2 larger. The way in which the climate
responds to a short-lived climate forcing seems to be different from a well-mixed climate forcer such as
CO2; however, CO2 forcing is much larger and could trigger stronger feedback and the CO2 forcings were
computed with different methods from the sulfate ERFs used here.

Global temperature sensitivities per SO4 burden change are different by a factor of 3 with GFDL at the stron-
gest extreme and GISS at the weakest extreme. The models in average yield a temperature sensitivity per SO2

emission change of�0.0055 ± 0.0021 K per (Tg SO2 year
�1). The pattern of surface temperature responses is

relatively similar between models over the northern hemisphere land surfaces. For comparison, Kasoar et al.
(2016) find sensitivities to China emissions of 0.0068, �0.0016, and 0.0067 K per (Tg SO2 year�1) in the
HadGEM3-GA4, GISS-E2, and CESM models, respectively (with large standard error estimates on the GISS-
E2 results).

The surface temperature responses over Western, Central, and Eastern North America land surfaces are
roughly 0.12, 0.24, and 0.19 K, respectively. For comparison, the transient combined anthropogenic and
natural North American transient temperature change seen since 1970 in the CMIP5 ensemble average
is roughly 1 K (Boucher et al., 2013; Jones et al., 2013). While a comparison of equilibrium and transient
responses is not rigorous, the fact that the global-average surface temperature responses to U.S. SO2

emissions are approximately 10–25%, the size of the transient response to combined anthropogenic
emissions indicates the significance of the U.S. SO2 emissions. Similarly, we see an average temperature
response in our simulations of about 0.2 K over Northern Asia and in observations of more than 1.7 K (cf.,
Figure 1 in IPCC (2013)). The contribution from U.S. SO2 emissions seems to be a smaller portion of the
surface temperature change seen in the Northern Asia region when compared to the response in the
North American regions.

There is a robust surface temperature response to removal of U.S. SO2 emissions in remote northern hemi-
sphere regions. Land surfaces at similar latitudes experience similar responses. The amplification of warming
over the Arctic, in spite of a relatively small forcing there, also indicates a strong remote temperature
response to short-lived climate forcers from non-Arctic regions (e.g., Shindell, 2007), as has also been well
established to occur for well-mixed greenhouse gases (Bony et al., 2006; Holland & Bitz, 2003; Masson-
Delmotte et al., 2006; Moritz et al., 2002).

In a following paper, we will be expanding this analysis to a broader range of forcing agents and forcing
regions, with the ultimate goal of generating source-response functions, within the limits of the identified
statistical significance.
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