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1 Introduction

Aerosol particles have significant direct cooling effects by 
scattering sunlight. Aerosols also have significant ‘indi-
rect’ effects on the planetary energy balance by modifying 
cloud properties and distributions, termed aerosol cloud 
interactions (ACI). These effects were recently reviewed 
by Boucher et al. (2013). The net effect of ACI due to 
anthropogenic aerosols is a cooling due to the brightening 
of clouds resulting from higher cloud drop number con-
centrations induced by higher cloud condensation nuclei 
(CCN) concentrations (Twomey 1977) and from clouds 
with smaller drops precipitating less and having a longer 
lifetime and increased cloud liquid water content (Albrecht 
1989). Aerosol indirect radiative effects are uncertain, and 
estimated to be −0.9 (−0.1 to −1.9) Wm−2 (cooling) with 
the present day (year 2000) emissions of anthropogenic 
aerosols (Boucher et al. 2013).

But anthropogenic aerosol emissions have changed 
over the last few decades. Global emissions peaked in the 
1970s (Lamarque et al. 2010) before air pollution regula-
tions were enacted in developed countries, mostly in N. 
America and W. Europe. Now global aerosol emissions are 
rising once again due to increases in developing economies 
(Klimont et al. 2013). The growth has been particularly 
rapid in the last 10–15 years, especially with the growth 
of emissions in China. Recent changes in SO2 (the anthro-
pogenic emission with the largest effects on liquid clouds) 
beyond 2000 have been estimated by Klimont et al. (2013). 
Increases in global emissions are estimated between 2000 
and 2005, with decreases from 2005 to 2010. The decrease 
is consistent with air pollution controls instituted in China 
in 2006 (Lu et al. 2010). There are large decreases in N. 
America and Europe over the first decade of the twentyfirst 
century.
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Coincident with the increasing aerosol emissions, 
global average temperature has not risen much over the 
last 15 years (Hartmann et al. 2013). This ‘hiatus’ period 
comes in the midst of a century-long global average 
warming trend (Hartmann et al. 2013). Figure 1 illus-
trates clearly that this is just a small blip on an much 
longer record. Three different analyses of the surface 
temperature record are presented: (1) HadCRUT3 data 
(black line in Fig. 1) from the Hadley Centre and Climatic 
Research Unit (Brohan et al. 2006), (2) HadCRUT4 data 
from Cowtan and Way (2014) (red line in Fig. 1) and (3) 

NASA Goddard Institute for Space Studies (GISS) data 
(green line in Fig. 1) described by Hansen et al. (2010). 
The choice of data source does not change the qualitative 
message: the planet has not warmed much globally since 
1998 (largely due to a large El Nino event that year). A 
look by hemisphere indicates that this is mostly a feature 
of the N. Hemisphere, which has actually slightly cooled 
over the period since 2005, while the S. Hemisphere trends 
are more monotonic. Similar results are presented by Hart-
mann et al. (2013). Note that Cowtan and Way (2014) data 
correct for an Arctic sampling bias and this does reduce 
the apparent hiatus, which is not apparent in global mean 
temperature if the bias is removed.

Many authors have looked at what might cause a 
15 year ‘pause’ in the long term warming trend. As there 
are many possible explanations, the problem is ‘overde-
termined’. Possible causes of a ‘hiatus’ in global mean 
surface temperature include: unforced variability in the 
system Kaufmann et al. (2011) due to increases in ocean 
heat uptake (Trenberth et al. 2014; Chen and Tung 2014), 
changes in stratospheric water vapor (Solomon et al. 
2010), changes in the solar cycle (Lean and Rind 2009), 
ocean variability in the tropical Pacific (Kosaka and Xie 
2013) or changes in aerosol forcing. The latter can be bro-
ken down into changes due to an increase in stratospheric 
reflective sulfur aerosols due to volcanic activity (Solomon 
et al. 2011) or changes to the direct and indirect effect of 
anthropogenic aerosols in the troposphere (Booth et al. 
2012; Schmidt et al. 2014a).

The magnitude of these effects can also be estimated 
and was recently assessed by Schmidt et al. (2014a). The 
total radiative forcing from well mixed anthropogenic 
greenhouse gases has changed by about +0.35 Wm−2 
between 2000 and 2010, estimated from concentration 
changes observed by the the NOAA Global Monitoring 
Division flask sampling network. The estimated change 
in ocean heat uptake is about −0.21 Wm−2 over the 
last decade (Trenberth et al. 2014). Stratospheric water 
vapor changes might account for −0.1 Wm−2 (Solomon 
et al. 2010), and forcing due to recent volcanic activity 
for another −0.1 Wm−2 (Solomon et al. 2011). Aerosol 
effects (ACI) were estimated by Schmidt et al. (2014a) 
to be an additional −0.1 Wm−2, but they assumed ACI 
followed NO2 (not SO2) emissions, without direct 
simulations.

In this work we explore the hypothesis that the direct and 
indirect effects of recent increases in aerosols, mostly from 
anthropogenic SO2, are a detectable part of the anthropo-
genic radiative forcing and temperature trends over the last 
10–15 years. The hypothesis comes from the observation 
that aerosol emissions have increased over the last 15 years 
in some regions of the planet, mostly in the N. Hemisphere, 
and that the temperature trends (Fig. 1) ascribe most of the 

(A)

(B)

(C)

Fig. 1  a Global, b N. Hemisphere and c S. Hemisphere annual 
temperature anomalies from the 1900 to 2012 average. HadCRUT3 
(black), HadCRUT4 from Cowtan and Way (2014) (red) and GISS 
(green) lines
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hiatus to the N. Hemisphere. The hypothesis is tested using 
adjusted aerosol emissions data sets, and two state of the 
art Earth System Models that can simulate ACI, the result-
ing radiative forcing, and its effect on surface temperature. 
We conclude with a simple but equivocal result: the global 
magnitude of the aerosol effect between 2000 and 2010 is 
not significantly different from zero because of a change 
of sign of global SO2 emission trends over the period. But 
there are significant regional changes to simulated forc-
ing and temperature response patterns that are similar to 
observed changes.

Section 2 describes the methodology. Results are in 
Sect. 3 and conclusions are in Sect. 4.

2  Methodology

2.1  Model descriptions

We use two global earth system models for this study. One 
is the Community Earth System Model (CESM), (Hur-
rell et al. 2013). The version we use contains version 5 of 
the Community Atmosphere Model [CAM5, Neale et al. 
(2010)]. CAM5 contains a detailed treatment of cloud 
microphysics and aerosol effects by linking a 2-mode bulk 
microphysics scheme (Morrison and Gettelman 2008) to 
a 3-mode modal aerosol model (MAM3) (Liu 2012) with 
detailed descriptions of droplet activation and ice nuclea-
tion of cloud drops on aerosols (Gettelman et al. 2010). 
MAM3 simulates internal mixtures of dust, sea-salt, sulfate, 
organics and black carbon. The model simulates both direct 
and indirect effects of aerosols, the latter now referred to as 
ACI. This model is the equivalent to the CESM1–CAM5 
configuration used in the Coupled Model Intercomparison 
Project (CMIP) phase 5 (Taylor et al. 2012).

The other model is the NASA GISS ModelE2-R (here-
after ModelE2) (Schmidt et al. 2014b). ModelE2 contains 
a mass-based aerosol model under which sulfate, carbona-
ceous and nitrate aerosols are considered externally mixed 
and have prescribed properties and sizes (Koch et al. 2007). 
Natural sea-salt and mineral dust aerosols have two and four 
size bins, respectively. The version of the model used here 
is a coupled ocean-atmosphere model as used in the GISS 
ModelE2-R physics version 3 simulations for CMIP5. For 
aerosol-cloud interactions, only the so-called cloud albedo 
(first indirect) effect is included using a prognostic treat-
ment of CDNC from Morrison and Gettelman (2008) as a 
function of sources, including newly nucleated CDNC and 
losses from autoconversion, contact nucleation, and via 
immersion freezing (Menon et al. 2010). Aerosol effects do 
not feed back on autoconversion and cloud lifetime in this 
version of ModelE2. The microphysics do not see variable 
drop numbers. See Schmidt et al. (2014b) for details.

2.2  Simulations

Two types of radiative flux perturbation experiments are 
performed with CESM. These experiments are designed to 
isolate the effect of relatively small perturbations of aerosol 
emissions on climate. First, we use atmosphere only simu-
lations with fixed greenhouse gases (GHGs), sea surface 
temperatures (SSTs) and fixed meteorology (Lamarque 
et al. 2012) to derive the radiative forcing from anthropo-
genic aerosol emissions. Note that in all CESM simula-
tions, GHGs are fixed at year 2000 levels and are not an 
additional forcing. Fixed meteorology, or specified dynam-
ics (SD) simulations are performed by taking winds and 
temperatures from a previous run with 2006 SST, GHG and 
aerosol forcing and specifying these fields as input to the 
dynamical core. The use of specified dynamics constrains 
winds and temperatures, but allows the model to prognose 
and advect aerosols, humidity and clouds. The interac-
tions are treated consistently, but meteorological noise and 
variability is eliminated. This increases the signal to noise 
ratio for small forcing perturbations. SD simulations are 
run for 12 years, with the last 10 years analyzed (repeating 
the same conditions each year). We compare SD runs with 
2006 SSTs with a free running model run for 50 years with 
climatological SSTs representing 1980–2000 averages, just 
to illustrate that results are not sensitive to the SD method 
of estimating forcing.

Second, we use CESM configured with a slab (or mixed 
layer) ocean model to explore the effect of the radiative per-
turbations on sea surface temperatures. Instead of specified 
boundary conditions, the surface conditions are determined 
by assuming the ocean is a single layer under each column 
of spatially variable depth, with a specified heat flux to or 
from the deep ocean (Bitz et al. 2012). These simulations 
do not have specified dynamics. Slab ocean experiments 
have the advantage over a coupled ocean in that they can 
easily be run to equilibrium. Simulations take about 20 
years for surface temperatures to adjust, and then they are 
run for 60 more years to average out internal variability. 
CESM Slab ocean simulations are 80 years, with the last 50 
years analyzed. All CESM simulations are at 1.9° latitude 
by 2.5° longitude resolution with 30 levels from the surface 
to 2 hPa. CESM simulations use a constant annual cycle 
of emissions in each simulation (emissions vary between 
simulations).

ModelE2 simulations are set up slightly differently. 
Simulations to diagnose the radiative forcing due to aero-
sol emissions were run using fixed-SSTs, as in the CESM 
case, but with internally generated meteorology, simi-
lar to the free running CESM case. Fixed-SSTs are from 
ensemble mean averages of the decade 2000–2010 from 
ModelE2 CMIP5 simulations. Given the larger inherent 
variability, these simulations were extended for 100 years, 
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with the analysis presented here covering the last 90 years 
of the simulations. As in CESM, a constant annual cycle of 
emissions is used in each simulation. In these simulations, 
temperature can respond to aerosols, so these simulations 
(and the slab ocean CESM simulations) include the ‘semi-
direct’ effect of aerosol absorption, which the SD simula-
tions do not. Surface temperature responses to aerosol forc-
ing are taken from simulations run with the coupled-ocean 
atmosphere version ModelE2-R following GISS histori-
cal CMIP5 simulations (Miller et al. 2014) in all respects 
except being driven by tropospheric (i.e. excluding large 
volcanic eruptions) aerosol forcing alone. Decadal time 
periods (11 years centered on the nominal analysis year) 
are analyzed drawing output from five ensemble members 
to provide 55 years of model output except for the 2010 
time period that includes 2008–2012 (the end of the his-
torical simulations) and hence contains only 25 years. All 
ModelE2 simulations were at 2° latitude by 2.5° longitude 
with 40 vertical layers from the surface to 0.1 hPa.

The goal of coupled simulations is to compare simu-
lated ‘equilibrium’ responses to aerosol forcing alone with 
the observed temperature record. Model responses give us 
hypotheses of the effect of aerosol changes, and we can 
test the response (temperature change) against the observed 
temperature change. The real system includes transients 
(internal variability) and multiple forcings that complicate 
’fingerprinting’ the cause of the response. We will compare 
the observed temperature response to the simulated ’equi-
librium’ single forcing response to see if there is a signifi-
cant correlation.

We are using two different coupling methods to try to 
dis-entangle the effect of a small forcing observed in the 
coupled system. One is the slab (mixed layer) ocean con-
figuration in CESM. The other is a small ensemble of sin-
gle forcing coupled simulations from ModelE2 with a full 
ocean model. We are seeking an ’equilibrium’ response to 
the perturbed aerosol forcing. An ensemble of coupled sim-
ulations is one option. The slab ocean is another method. 
The difficulty of transient simulations is that for a small 
forcing perturbation on the order of 0.1 Wm−2, variability 
in the coupled system, particularly the ocean heat uptake 
will swamp the forcing, even for long simulations. A slab 
ocean reduces this degree of freedom by fixing the deep 
ocean heat flux. The CESM slab ocean model is described 
by Bitz et al. (2012) and was found to reproduce the impact 
of forcing in the fully coupled CESM simulation. In a more 
detailed investigation of slab ocean models, Shell (2013) 
found that feedbacks are similar between slab ocean and 
coupled simulations, with slightly lower water vapor and 
lapse rate feedbacks in slab ocean simulations, as a result 
of coupling with deep ocean heat transport. But for small 
perturbations discussed here, that should not be an issue. 
Nevertheless, part of the motivation of the multi-model 

study was to look at the available coupled and slab simula-
tions in different ways, and we show below that the basic 
conclusions can be seen in different models with different 
coupling strategies.

2.3  Emissions

Baseline aerosol emissions are from Lamarque et al. (2010) 
for the historical period up to 2005. The CMIP5 simulations 
were performed with Representative Concentration Pathways 
(RCPs) for aerosol and greenhouse gas emissions after 2005. 
Klimont et al. (2013) have estimated updates in SO2 emis-
sions since 2005. SO2 rapidly becomes a CCN and is a signif-
icant contributor to ACI (e.g. Boucher et al. 2013, FAQ 7.2). 
This is also true specifically in CESM1–CAM5 (Gettelman 
et al. 2010), so we focus on perturbations to SO2 emissions.

In order to be consistent with emissions used in 
Lamarque et al. (2010), and therefore CMIP5 simula-
tions, we take the difference in annual gridded emissions 
at each point between 2000 and 2010 estimated by Klimont 
et al. (2013) and apply it to each emissions sector in 2000. 
This provides a consistent treatment with the Lamarque 
et al. (2010) emissions used in CESM and Model E2. For 
points over the ocean, the only active emissions sector is 
ship emissions. Klimont et al. (2013) report only an annual 
global total increase from 9.8 to 13.6 TgSO2 (Klimont et al. 
(2013), Table S-1), so we uniformly scale international 
shipping emissions of SO2 by this ratio (+39 %). Emis-
sions are regridded from 0.5° to model input resolution. 
The same emissions are used in both CESM and ModelE2.

Figure 2 illustrates the different emissions of SO2 as 
percent changes. Klimont et al. (2013) report increases in 
emissions in Asia and Africa between 2000 and 2005, while 
there are decreases in the Americas and Europe (Fig. 2a). 
Between 2000 and 2010, there are large increases in E and 
S. E. Asia, and parts of sub-Saharan Africa, with decreases 
in N. America, Europe and Russia (Fig. 2b). Note that many 
of these areas (like Tibet, or Zambia) have low emissions to 
begin with, so the large percent changes do not matter glob-
ally. The corresponding change in RCP emissions used in 
the CMIP5 experiments (Fig. 2c) is different, with smaller 
changes in N. America, Europe and Russia, and larger 
changes in Africa, along with slightly different baseline ship 
emissions. RCP emissions projected decreases in ship emis-
sions of 2–4 % between 2000 and 2010. The 2010 scaled 
RCP emissions (scaled using the differences in percent in 
Fig. 2b) are in Fig. 2d, they are regridded, but otherwise very 
similar. We have also explored several different methods of 
scaling emissions: (1) uniform scaling by total emissions as 
stated above as the base case, (2) by sector termed ‘A’, and 
(3) with limits on the ratios of 2010–2000 emissions, ‘A2’. 
Results are quantitatively similar with all different methods: 
the results are not very sensitive to the choice of method.
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3  Results

3.1  Radiative forcing

For forcing, we examine focused experiments with aero-
sol emissions for 1850, 1980 and 2010 relative to the year 
2000.

Specified dynamics (SD) runs are used to determine 
radiative forcing with CESM. Figure 3 illustrates an exam-
ple, using SD simulations with 2000 aerosol emissions, 
and 1850 (pre-industrial) emissions. There are significant 
increases in visible aerosol optical depth (AOD or AEROD: 
Fig. 3a) thoroughout the N. Hemisphere, with largest 
changes in E. Asia. Note that these emissions are more 
than just increases in SO2 but also represent changes in 
organic and inorganic carbon, interactive dust and second-
ary organic aerosols. The resulting change in top of atmos-
phere (TOA) radiative flux is illustrated in Fig. 3b. Nega-
tive forcing (cooling) occurs in the Pacific sector. There is 
less change in aerosols and TOA forcing over N. America 
and Europe. The direct effects of aerosol scattering and 
absorption can be estimated by a diagnostic call to the radi-
ation code with no aerosols, and a difference between these 
fluxes (Fig. 3c). The net direct effects are small. The major-
ity of the TOA changes are due to ACI or indirect effects 

of aerosols altering cloud radiative effects (CRE) illustrated 
as the sum of long wave and short wave effects in Fig. 3d. 
The ACI can also be estimated as the residual of the total 
TOA change and the direct effect. This value is very similar 
to the CRE change. Note that for SD simulations, the two 
standard deviation (2σ, 95 % significance) level for annual 
mean TOA fluxes at any point using a 10 year simulation 
is about 0.4–0.5 Wm−2 (lower at the poles, higher at the 
equator), so these differences are all highly significant.

Figure 4 illustrates the change in forcing between 2000 
and 1850 from ModelE2. The patterns of change are simi-
lar to CESM (Fig. 3), but note that the contour intervals are 
different: AOD changes are larger in ModelE2, but the peak 
forcing changes are smaller by a factor of two than CESM 
(Fig. 3). The regions are more extensive though, and the 
global total forcing is comparable.

The quantitative global values for CESM SD simula-
tions, ModelE2 free running simulations and a free run-
ning CESM simulation are illustrated in Table 1. For Fig. 3, 
CESM 2000–1850, the total change in TOA flux (dF) is 
−1.42 Wm−2, with ACI representing −1.21 Wm−2 (∆CRE). 
The corresponding direct effects are −0.07 Wm−2 using a 
dual call to the radiation code with and without aerosols. 
Ghan (2013) has recently proposed a slightly different 
framework for these calculations, removing the impact of 

(A) (B)

(C) (D)

Fig. 2  Differences in annual surface SO2 emissions (in percent). a 
2005–2000 from Klimont et al. (2013) estimates. b 2010–2000 from 
Klimont et al. (2013). c 2010–2000 from RCP4.5. d Take 2000 IPCC 

emissions and scale based on 2010–2000 Klimont, by sectors, with 
increased shipping emissions
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clear sky aerosols, but results are similar. We have per-
formed a 50 year free running simulation of the model 
(internally calculated meteorology with the same bound-
ary conditions), and get nearly identical values (Table 1). 
ModelE2 has similar global forcing (−1.1 Wm−2), but with 

a different separation between direct (−0.49 Wm−2) and 
indirect (−0.60 Wm−2) effects. ModelE2 estimates ACI 
as a residual of dF−dFdir. Direct effects much larger than 
in CESM, and concentrated in Europe and E. N. America 
(Fig. 4c). Indirect effects in ModelE2 are about half that 
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Fig. 3  Radiative forcing from CESM specified dynamics simulations 
based on 2000–1850 emissions. a Change in aerosol optical depth 
(AEROD), b change in top of atmosphere (TOA) radiation, c direct 

effect of aerosols, d change in cloud radiative effect (CRE) or indirect 
effect of aerosols
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Fig. 4  Radiative forcing from ModelE2 simulations based on 2000–
1850 emissions. Note difference scales from Fig. 3. a Change in aer-
osol optical depth (AEROD), b change in top of atmosphere (TOA) 

radiation, c direct effect of aerosols, d change in cloud radiative effect 
(CRE) or indirect effect of aerosols
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in CESM, for a similar global net total. The reason for the 
differences for direct effects are likely due to aerosol treat-
ments (such as Nitrate) and are consistent with the analysis 
of Shindell (2014). The indirect effect treatments are also 
different, in that ModelE2 includes only the effect on drop 
number, and not potential lifetime effects. Thus it would 
seem these lifetime and feedback effects in CESM would 
be significant.

Table 1 also shows a series of CESM SD runs showing 
the differences between 2000 and 1980, 2005 and 2000. 
Since emission changes get smaller with shorter time inter-
vals, the radiative forcing drops significantly, from a total 
TOA change of −1.4 (from 1850) to −0.26 (from 1980), 
to −0.03 (between 2005 and 2000). ACI drop accordingly.

Finally, Table 1 illustrates changes between 2010 and 
2000. Three different approaches to defining the sulfate 
emissions have been explored as discussed in Sect. 2.3. The 
standard case scales uniformly, the ‘A’ case scales with a 
threshold ratio to control regions with small changes and 
‘A2’ cases scale by sectors and a threshold. Each simula-
tion has similar global average dF change from 2000 to 
2010, in the range of 0.03–0.06. These values are actually 
slightly positive: so in the opposite sense of a ‘hiatus’ in 
warming. Note that there was net radiative cooling (nega-
tive forcing) between 2000 and 2005, with subsequent net 
radiative warming to 2010.

ModelE2 also has very small changes, with a similar 
positive change in the direct effects, but a negative change 
(cooling) in the indirect effects. The opposite sign is pos-
sible due to the changing nature of emissions locations in 
the recent period, and the fact that indirect effects are more 
sensitive in low emission (clean) regions than in high emis-
sion (polluted) regions. If emissions increase in regions 
with lower emissions (Asia), the initial change in indi-
rect forcing is large, but not direct forcing. While if emis-
sions decrease in regions of large emissions (N. America, 
Europe), there may be few reductions in indirect effects, 

but significant changes in direct effects. As a consequence 
of this pattern change and partial cancellation, it is not pos-
sible to estimate a forcing efficiency.

The pattern of forcing between 2010 and 2000 is shown 
in Fig. 5 from CESM and Fig. 6 from ModelE2. Note that 
the scales are different between Figs. 3 and 5, by a fac-
tor of 3 for aerosol optical depth (Fig. 5a) and a factor of 
7.5 for the radiative forcing (Fig. 5b–d). Also note that the 
AOD scale is different for ModelE2 in Fig. 6a, but panels 
B–D have the same scale in Figs. 5 and 6. As in Fig. 3, the 
95 % significance level is for differences larger than about 
0.4 Wm−2, so the colored regions are statistically signifi-
cant. Compared to the 2000–1850 differences, a different 
picture emerges. There is negative forcing (cooling) in 
the N. Pacific and S. E. Asia due to the increases in SO2 
emissions (Fig. 2d) and AEROD (Fig. 5a) in India and 
China. There are decreases in AEROD and positive forc-
ing (warming) over N. America and Europe however. As 
with the case for 1850, the changes in CESM are mostly 
due to ACI (indirect) effects of changes in cloud radiative 
effect (Fig. 5d) not direct effects (Fig. 5c). Figure 6 illus-
trates forcing from ModelE2. Because the dynamics are 
not specified, the noise level in ModelE2 is higher, but the 
patterns of positive forcing (warming) over N. America and 
Europe, and negative forcing (cooling) over the N. Pacific 
are consistent between simulations. The magnitudes are 
also similar: more so than for 2000–1850 changes. Model 
E2 has significant forcing over the Indian Ocean (Fig. 6b) 
while CESM does not (Fig. 5b). While the global values in 
Table 1 are small and may not be statistically significant, 
we will demonstrate that the patterns result in coherent 
temperature changes.

3.2  Surface temperature

In addition to specified dynamics simulations, we also 
perform slab ocean model simulations with CESM and an 

Table 1  Radiative forcing from 
different simulations (Wm

−2)

dF is the change in net top of 
atmosphere (TOA) flux between 
simulations, dFdir is the direct 
effect of aerosols. ACI (res) is 
ACI estimated at the residual 
of dF–dFdir for ModelE2. 
ACI(∆cre) is the indirect 
effect estimated from the cloud 
radiative effect (CRE) change 
in CESM. ∆LWCRE and 
∆SWCRE are the long wave 
(LW) and shortwave (SW) CRE 
changes

Simulation dF dFdir ACI(res) ACI(∆cre) ∆LWCRE ∆SWCRE

CESM

 Free 2000–1850 −1.393 −0.045 −1.180 0.557 −1.737

 SD 2000–1850 −1.419 −0.068 −1.206 0.482 −1.688

 SD 2000–1980 −0.264 −0.025 −0.163 0.075 −0.238

 SD 2005–2000 −0.027 0.001 −0.020 0.001 −0.020

 SD 2010–2000 0.045 0.012 0.032 0.011 0.022

 SD 2010A–2000 0.031 0.006 0.024 0.065 −0.041

 SD 2010A2–2000 0.055 0.021 0.027 0.049 −0.022

Model E2

 2000–1850 −1.10 −0.49 −0.60

 2010A2–2000 −0.003 0.05 −0.05

 2010RCP–2000 −0.01 0.04 −0.05
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ensemble of fully coupled simulations with ModelE2 to 
explore the impact on temperatures. Table 2 illustrates the 
surface temperature (Ts) impact of the radiative forcing. For 
aerosol emissions increases (from 1850 or 1980 to 2000) 
the planet cools, and most of the cooling occurs in the N. 
Hemisphere. For the recent period there is a slight warming 

in CESM, spread more evenly between hemispheres. Mod-
elE2 has a slight cooling. The values for regions or the 
globe are not statistically different than zero (based on the 
variability of annual mean surface temperature). 2005–
2000 differences are also not significant, and generally near 
0.01 K.
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Fig. 5  Radiative forcing from CESM specified dynamics simulations 
based on 2010–2000 emissions. a Change in aerosol optical depth 
(AEROD), b change in top of atmosphere (TOA) radiation, c direct 

effect of aerosols, d change in cloud radiative effect (CRE) or indirect 
effect of aerosols. Note difference scales from Fig. 3
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Fig. 6  Radiative forcing from ModelE2 simulations based on 2010–2000 emissions. a Change in aerosol optical depth (AEROD), b change in 
top of atmosphere (TOA) radiation, c direct effect of aerosols, d change in cloud radiative effect (CRE) or indirect effect of aerosols
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The forcing (Wm−2: Table 1) and response (K: Table 2) 
can be used to look at the sensitivity of global surface tem-
perature to aerosol forcing where the “aerosol sensitivity” 
is defined as γa = ∆Ts/∆F. This is analogous to a “climate 
sensitivity” but for aerosols. It need not be constant with 
forcing, but Table 2 indicates it is rather constant for CESM 
and of the same sign as forcing varies over a wide range. 
Small changes in ∆F (2005–2000 for CESM, and 2000–
1980 as well as 2010–2000 for ModelE2) do not yield a 
reasonable ratio. There are big differences between the two 
models: the sensitivity of CESM is three times that of Mod-
elE2 for the larger 2000–1850 changes in aerosol.

How representative are these aerosol sensitivities? An 
approximate estimate of γa can be derived from the analysis 
of CMIP5 models by Shindell (2014). Shindell (2014) esti-
mated the transient climate response to doubled CO2 for the 
inhomogeneous forcing agents using two methods (either 
estimating that stratospheric water acted like a WMGHG and 
land-use forcing behaved like aerosols+ozone or that land use 
basically canceled out stratospheric water). Averaging those 
two methods together, then multiplying by the dF(2xCO2

) forcing in each model to convert from dTs/dF(2xCO2 + 
Aero) to dTs/dFa (γa) yields the results in Table 3.

The estimates in Table 3 are really for aerosols+ozone 
in several models, and there are uncertainties due to the 
limited land use forcing information (though those seem 
small given the similarity in the results using the two meth-
ods), so the comparison is imperfect. Nonetheless, there is 
a large range from 0.57 to 1.52. The values of γa for CESM 
are in the middle of the range, and for ModelE2 are below 
the range. ModelE2 is lower than other models, which may 
be due to a different balance of direct and indirect effects 
with different vertical structures to their radiative effects. 
For our purposes though, it is useful to have two models 
which have a wide range of aerosol sensitivity.

Note that CESM uses a slab ocean, while ModelE2 
uses a full dynamic ocean. The difference may induce dif-
ferences in response to forcing as noted earlier. But based 
on previous work with CESM slab v. full ocean configu-
rations by Bitz et al. (2012) and Shell (2013), the system-
atic uncertainties in response between a slab and full ocean 
are likely to be only a small portion of the differences in 
response seen here, especially for small perturbations from 
the control state that would not alter ‘equilibrium’ oceanic 
heat uptake (which is specified from a coupled CESM 
simulation).

The patterns of surface temperature changes resulting 
from aerosol forcing are illustrated in Fig. 7 for CESM. The 
significance level for annual mean surface temperature dif-
ferences at any location over 50 years of CESM slab ocean 
simulation is about 0.1–0.2 K, based on 90 % confidence 
of a two sided T  test. Thus most of the recent changes in 
CESM are significant, with the exception of most of the 
S. Hemisphere in Fig. 7b and the S. H. Oceans in Fig. 7c 
(the first contour at about 0.15 K). N. Hemisphere cooling 
is clearly evident in CESM from 1850 (Fig. 7a) and 1980 
(Fig. 7b), and is significant in most places. There is cool-
ing over Central Asia, and high latitudes of E. Canada. 
There are moderate changes in Europe, and even a bit of 
warming between 1980 and 2000 (Fig. 7b). Throughout, 
changes in the S. Hemisphere are small. Note the scales 
are also changing between the panels. There is very lit-
tle global mean change between 2010 and 2000 (Fig. 7c), 
but some defined patterns: warming over Central Asia, and 
cooling in the N. Pacific and W. Pacific. There are some S. 
Hemisphere changes at high latitudes, and changes in the 
sub-tropical S. E. Pacific ocean off the coast of S. America. 
These regions are statistically significant.

CESM experiments are done with a slab ocean. We have 
also performed similar experiments with a different frame-
work in ModelE2: an ensemble of simulations with RCP4.5 
aerosols were compared, and temperature differences of 
2012–2008 v. 1995–2005 analyzed. These differences 
mostly pass a similar 90 % significance test. Note that 
consistent with lower aerosol sensitivity, the temperature 
scales have been reduced in Fig. 8. As with CESM, there 

Table 2  Surface temperature changes from different CESM slab 
ocean simulations and ModelE2 coupled simulations (K)

Tropics is 20S–20N, N. Hem and S. Hem are the corresponding 
extratropical regions (20–90 or −90 to −20). Last column is the aero-
sol sensitivity, γa in KW

−1
m

2

Simulation Global ∆Ts Tropics 
∆Ts

N. Hem ∆Ts S. Hem ∆Ts γa

CESM

 2000–1850 −1.18 −0.92 −1.92 −0.72 0.83

 2000–1980 −0.24 −0.19 −0.44 −0.10 0.91

 2005–2000 −0.007 −0.01 −0.02 0.01

 2010–2000 0.04 0.03 0.05 0.05 0.89

ModelE2

 2000–1850 −0.30 −0.32 −0.36 −0.19 0.27

 2000–1980 −0.031 −0.12 −0.02 0.07

 2010–2000 −0.027 −0.06 −.07 0.04

Table 3  Aerosol sensitivity, γa, or dTs/dF estimated using analysis 
from Shindell (2014) as described in the text

Simulation γa

CanESM2 0.77

CSIRO-Mk3-6-0 0.57

GFDL-CM3 1.03

HadGEM2 0.88

IPSL-CM5A-LR 1.52

MIROC, MRI, Nor AVG 0.64



A. Gettelman et al.

1 3

is significant cooling from 2000 to 1850 aerosol emissions 
changes (Fig. 8a). From 2000 to 1980 (Fig. 8b) there is less 
cooling than CESM. Over the recent period (Fig. 8c) pat-
terns of temperature change from ModelE2 are also similar 

to CESM: with warming over Europe and E. Canada, and 
cooling in the N. W. Pacific and over Asia.

How do these changes compare to observations for 
the recent past? The global magnitude of forcing over 

(A)

(B)

(C)

Fig. 7  Maps of CESM simulated surface temperature changes from 
slab ocean model experiments with aerosol emissions from differ-
ent years (1850, 1980, 2000, 2010): a 2000–1850, b 2000–1980, c 
2010–2000

(A)

(B)

(C)

Fig. 8  Simulated ModelE2 surface temperature changes from cou-
pled model experiments with aerosol emissions from different years 
(1850, 1980, 2000, 2010): a 2000–1850, b 2000–1980, c 2010–2000
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2010–2000 is small, and not different from zero (Table 1), 
but the pattern of forcing and response is similar in models, 
despite different aerosol forcing and sensitivity. To com-
pare to observations of surface temperature, we use decadal 
averages of temperature from the 1990s (1990–1989) and 
the most recent decade (2001–2011), and difference these 
two decades in Fig. 9 from both the (A) HadCRUT3 and 
(B) GISS temperature records. Decadal anomalies are very 
similar with HadCRUT4 data (not shown), but with extrap-
olation to the Arctic. Because internal modes of variabil-
ity, particularly the El Niño Southern Oscillation (ENSO) 
can have large effects on tropical and global temperatures 
(Schmidt et al. 2014a; Kosaka and Xie 2013), we remove 
these effects. ENSO is removed by regressing monthly 
temperature anomalies at each point on the Nino3.4 SST 
anomalies (5°S–5°N and 170–120°W), and then removing 
the regression coefficient (at every point) times the Nino3.4 
index (for each month). Mostly the regression just affects 

the equatorial Pacific: there is larger cooling without ENSO 
removed, due to the enhanced ENSO events in the 1990s. 
The patterns are similar between the data sets, with recent 
warming over Europe and E. Canada, and some cooling in 
the S. Hemisphere and in the Pacific.

The major temperature differences in the recent ‘hiatus’ 
period in Fig. 9 has some features in common (cooler N. 
Pacific, warmer Atlantic and Europe) with the simulated 
temperature response to aerosol forcing in Figs. 7 and 8. 
To quantitatively compare to simulations, we use the GISS 
Ts data (since it has more complete coverage) with ENSO 
removed (Fig. 9b), and compare to the 2010–2000 CESM 
simulation (Fig. 7c) on the same scale in Fig. 10. By eye, 
there are quite a few similarities between the patterns: 
including cooling in the N. E. Pacific, and warming over 
Europe, with some cooling in the S. Hemisphere at differ-
ent latitudes. To quantify these similarities, uncentered pat-
tern correlations are performed. Uncentered global pattern 

Fig. 9  Observed Decadal 
surface temperature differences: 
2000s (2001–2011) 1990s 
(1990–1999). a HadCRUT3, 
b GISS. ENSO anomalies 
removed

(A)

(B)
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correlations between the CESM simulated (2010–2000) 
surface temperature differences and the observed decadal 
(2000s–1990s) surface temperature differences are 0.43 
with GISS Ts and 0.35 with HadCRUT3 Ts (0.34 with Had-
CRUT4 Ts). The pattern correlation between GISS and 
HadCRUT3 data sets is 0.82, giving some indication of 
the variability of the metrics and what might be expected. 
These are significant correlations at the 95 % level based on 
a 2-sided Student’s T  test, using a small number of degrees 
of freedom (36: one for each regridded latitude). Correla-
tions are slightly higher in the N. Hemisphere (0.46) than 
over the S. Hemisphere (0.23). Seasonal correlations show 
the strongest pattern correlations in the Northern hemi-
sphere in June–August (0.25 HadCRUT3, 0.32 GISS) and 
September-November (0.44 HadCRUT3, 0.47 GISS). This 
would be consistent with large impacts of the forcing on 
higher short wave cloud radiative effects in the summer 

season and extending into fall. There is little consistent 
seasonality of pattern correlations in the S. Hemisphere. 
Seasonal correlations are often lower than the annual mean 
because of higher internal variability on smaller temporal 
scales.

We have also examined pattern correlations with the 
ModelE2 simulations, but as these are short coupled sim-
ulations, they are not expected to be in full equilibrium. 
However, they do represent a transient simulation, and pro-
vide a further idea of whether we can expect a signal. The 
fully coupled ModelE2 simulations have warming over N. 
American and Europe, cooling over Asia and the Pacific in 
Fig. 8c. This is similar to CESM and to observed decadal 
differences. Pattern correlations are 0.08 Global and 0.15 
in the Northern Hemisphere with no correlation in South-
ern Hemisphere. The ModelE2 pattern correlations are sta-
tistically significant at the 90 % level assuming 1 degree 

Fig. 10  Decadal surface 
temperature differences. a 
Simulated with slab ocean 
experiments 2010–2000 
emissions. b Observed GISS 
surface temperature differences: 
2000s (2001–2011) 1990s 
(1990–1999) ENSO anomalies 
removed

(A)

(B)
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of freedom for each hemisphere, each year. Thus similar 
response patterns are seen in coupled simulations.

4  Conclusions

We have explored the radiative forcing resulted from 
recent changes to anthropogenic emissions of SO2 (hold-
ing other forcing agents constant) in two Earth System 
Models with different sensitivity to aerosols (γa). There are 
similar patterns and magnitudes to the resulting radiative 
forcing. There are regions of negative and positive forc-
ing offsetting each other in the global mean. Negative forc-
ing results due to increases of emissions in S. Asia and E. 
Asia, which cools those regions and the N. Pacific. Posi-
tive forcing occurs with decreases in aerosol emissions and 
loading in N. America and Europe, yielding reductions in 
aerosol effects (a warming) over the recent decade over a 
broad region from N. America through the Atlantic to N. 
Europe. Both CESM and ModelE2 show this. The forc-
ing pattern is consistent with AOD changes. Most of the 
TOA changes are indirect effects of aerosols (ACI). The net 
global effects of aerosols over the period are almost zero 
as a result of these offsetting patterns. We do not find that 
aerosols exerted a significant global negative forcing over 
the last decade or so. This is different than hypothesized 
by Schmidt et al (2014a, b). But here we neglect possible 
effects of NO2 and NH3 from nitrate aerosols, which may 
under-represent ACI as a result.

The ‘hiatus’, or lack of recent warming in surface tem-
perature is mostly a northern hemisphere effect, with small 
trends in the global mean. If the ‘hiatus’ is a data artifact 
[Cowtan and Way (2014) and red line in Fig. 1], then a 
minimal response to aerosol forcing at the global scale dur-
ing recent decades may also be consistent with global mean 
temperature trends as well as regional trends.

The new emissions scenarios estimate increases in emis-
sions to 2005, and then some decreases, largely due to 
emissions controls in China (Lu et al. 2010). This has par-
tially reversed the global impact of SO2 increases on ACI, 
combined with continuing decreases in SO2 from Europe 
and N. America) There are however possibly large changes 
over the (relatively clean) oceans due to increases in bunker 
fuels from ships. In the simulations this results in signifi-
cant regional forcing over the N. E. Pacific.

Different techniques were used to try to elucidate the 
surface temperature climate response in CESM and Mod-
elE2. We explored the impacts of aerosols using the RCP 
emissions (in ModelE2) and an alternative estimate of SO2 
emissions (in CESM), but that certainly doesn’t span either 
the full range of possible aerosol-related emissions or the 
full range of uncertainties in representing aerosol physics 
in the models. However, the models have very different 

aerosol sensitivities (γa), and we get similar results, indicat-
ing that there are some robust responses.

There are some common temperature patterns between 
observed decadal changes over the last 10 years and the 
simulated responses: warming in the Atlantic and cooling 
in the Pacific. These patterns are consistent with the radia-
tive forcing from recent aerosols, with significant pattern 
correlations in CESM and ModelE2 in the Northern Hemi-
sphere. Pattern correlations are lower in the full coupled 
simulations with ModelE2. Aerosols may be contributing 
to the regional pattern of forcing, but do not appear be the 
dominant factor leading to the ‘hiatus’ in warming (if it 
exists). It is possible that the aerosol forcing pattern may 
force modes of variability in the earth system, such as forc-
ing in the North Atlantic that may alter the meridional over-
turning circulation for example, which we do not capture in 
the slab ocean (CESM) or short coupled (ModelE2) sim-
ulations. We have considered the major effect of aerosols 
on clouds through sulfate, but other responses (e.g., from 
nitrate) that are neglected here are possible. Pattern correla-
tions are suggestive that there is an aerosol imprint on the 
temperature response. With the internal variability and the 
strength of the aerosol-induced response in these two mod-
els it’s extremely difficult to detect the influence of aerosols 
over this time period.

The overall magnitude of the changes in forcing from the 
two models indicates that ACI contributions from sulfate 
are a near zero global forcing agent over the last decade of 
less than ±0.1 Wm−2. This compares to a positive anthro-
pogenic greenhouse gas forcing of +0.35 Wm−2. Other 
agents can easily account for this, including oceans heat 
uptake (−0.2 Wm−2, Trenberth et al. (2014)), stratospheric 
water vapor decreases (−0.1 Wm−2, Solomon et al. (2010)), 
recent volcanoes (−0.1 Wm−2, Solomon et al. (2011)), and 
effects from variations in solar flux over the 11 year solar 
cycle and ENSO variability (Kosaka and Xie 2013).

What does this mean for the future? Variability in ocean 
heat uptake is likely to continue to play a large role. None 
of these negative forcings will continue forever (many are 
transient), and aerosols are now decreasing. At some point 
continued increases in anthropogenic greenhouse gas forc-
ing, if growth rates remain the same, will overwhelm other 
forcings on and variability of the climate system. Transient 
forcings are likely to revert to a mean, most likely resulting 
in future return to increases in global mean temperature.
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