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Global Surface Temperature Changes
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The World Is Warming 

But since the early 2000s, not as fast 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Mauna Loa Observa#ons – Lidar and Radia#on 

loca#on, height, meteorology 

stratospheric observa#on 



Mauna 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Observa#ons Show Consistent Picture 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Loa Observa#ons 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Mauna Loa Observa#ons Show Consistent Picture 

Op>cal depths do not return to 0 a@er Pinatubo 



Mauna Loa Observa#ons Show Consistent Picture 

Although variable, there is an increasing trend 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2011   



Anthropogenic Sulfur Emissions 
S. J. Smith et al.: Anthropogenic sulfur dioxide emissions: 1850–2005 1107

To include the impact of such systemic effects, we add to

the uncertainty estimate for each source category an addi-

tional uncertainty amounting to 5% of total emissions (half

this value for countries with well-specified inventories), with

the additional uncertainty combined again in quadrature be-

tween source categories. This latter assumption is made since

there is little overlap in assumptions between sulfur contents,

emissions controls, or driver data between the broad cate-

gories used in this calculation. The uncertainty estimates are,

again, author’s judgments, but are sufficient to increase the

overall uncertainty estimate enough to encompass a larger

fraction of the existing global estimates (S.13).

The global value of the systemic uncertainty component is

less than 3% since 1960, due to statistical cancellation across

sectors, increasing to 4% by 1920 as emissions from coal

combustion become more dominant. The addition of this

correlated component to uncertainty has a large impact on the

final uncertainty value. The uncertainty range is increased by

a factor of 1.3 to 1.5, depending on the year. Even with this

component, however, the global uncertainty in sulfur diox-

ide emissions over the 20th century is still only 8–14%. The

global emissions estimate of Smith et al. (2004) now largely

falls within this expanded uncertainty range. While this com-

ponent has a large relative impact on the global uncertainty,

the impact of this assumption on regional uncertainties is

somewhat smaller. For example, the largest uncertainty in

recent years is in emissions from China. The addition of this

correlated component increases the magnitude of the total es-

timated uncertainty for China emissions by a factor of 1.2

(from 25% of total emissions to 29% of total emissions).

The combined uncertainty bounds for global emissions are

shown in Fig. 3. The uncertainty bounds are not wide enough

on a global level to change the overall character of emissions

over time, with global emissions peaking in the 1970s, with

a significant decrease over the 1990’s, and likely increasing

slightly in recent years. In 2000, the estimated uncertainty in

global emissions is ±9 600Gg SO2. While a number of pre-
vious estimates lie within the uncertainty bounds estimated

here, there are some significant differences. In particular, a

number of estimates are larger than even the upper uncer-

tainty bound in 1990 (see Supplement S.15). We return to

this point in the discussion.

The estimated uncertainty bounds for the United States

and China are also shown in Fig. 3. The uncertainty range

for the United States is smaller, even in earlier years, than

the estimate for China. In recent years, a large portion of this

difference is due to the assumed lower uncertainty by source

(Table 1). Also contributing to a lower overall uncertainty

estimate is that emissions from the United States throughout

the 20th century are from a wider variety of sources as com-

pared to China, where emissions are dominated by coal con-

sumption in all periods. This results in a larger statistical can-

celation of uncertainties between sectors in the United States.

Examples of such effects are discussed for European emis-

sions estimates in Schöpp et al. (2005). Offsetting this some-
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Fig. 3. Sulfur dioxide emissions from fuel combustion and process

emissions with central value (solid line) and upper and lower un-

certainty bounds (dotted lines). (a) Global,(b) China, and (c) USA.

China and USA graphs exclude shipping emissions.

what is a similar relative impact of systematic uncertainties.

Uncertainty in emissions from China is large enough that sig-

nificant differences in trends over recent decades are possible

if trends in uncertain parameters also change over time.

The regional uncertainty values, before combination to

global values as described above, are shown in Fig. 4. China

is the largest single contributor to emissions uncertainty

www.atmos-chem-phys.net/11/1101/2011/ Atmos. Chem. Phys., 11, 1101–1116, 2011

S. J. Smith et al.: Anthropogenic sulfur dioxide emissions: 1850–2005 1107

To include the impact of such systemic effects, we add to

the uncertainty estimate for each source category an addi-

tional uncertainty amounting to 5% of total emissions (half

this value for countries with well-specified inventories), with

the additional uncertainty combined again in quadrature be-

tween source categories. This latter assumption is made since

there is little overlap in assumptions between sulfur contents,

emissions controls, or driver data between the broad cate-

gories used in this calculation. The uncertainty estimates are,

again, author’s judgments, but are sufficient to increase the

overall uncertainty estimate enough to encompass a larger

fraction of the existing global estimates (S.13).

The global value of the systemic uncertainty component is

less than 3% since 1960, due to statistical cancellation across

sectors, increasing to 4% by 1920 as emissions from coal

combustion become more dominant. The addition of this

correlated component to uncertainty has a large impact on the

final uncertainty value. The uncertainty range is increased by

a factor of 1.3 to 1.5, depending on the year. Even with this

component, however, the global uncertainty in sulfur diox-

ide emissions over the 20th century is still only 8–14%. The

global emissions estimate of Smith et al. (2004) now largely

falls within this expanded uncertainty range. While this com-

ponent has a large relative impact on the global uncertainty,

the impact of this assumption on regional uncertainties is

somewhat smaller. For example, the largest uncertainty in

recent years is in emissions from China. The addition of this

correlated component increases the magnitude of the total es-

timated uncertainty for China emissions by a factor of 1.2

(from 25% of total emissions to 29% of total emissions).

The combined uncertainty bounds for global emissions are

shown in Fig. 3. The uncertainty bounds are not wide enough

on a global level to change the overall character of emissions

over time, with global emissions peaking in the 1970s, with

a significant decrease over the 1990’s, and likely increasing

slightly in recent years. In 2000, the estimated uncertainty in

global emissions is ±9 600Gg SO2. While a number of pre-
vious estimates lie within the uncertainty bounds estimated

here, there are some significant differences. In particular, a

number of estimates are larger than even the upper uncer-

tainty bound in 1990 (see Supplement S.15). We return to

this point in the discussion.

The estimated uncertainty bounds for the United States

and China are also shown in Fig. 3. The uncertainty range

for the United States is smaller, even in earlier years, than

the estimate for China. In recent years, a large portion of this

difference is due to the assumed lower uncertainty by source

(Table 1). Also contributing to a lower overall uncertainty

estimate is that emissions from the United States throughout

the 20th century are from a wider variety of sources as com-

pared to China, where emissions are dominated by coal con-

sumption in all periods. This results in a larger statistical can-

celation of uncertainties between sectors in the United States.

Examples of such effects are discussed for European emis-
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Fig. 3. Sulfur dioxide emissions from fuel combustion and process

emissions with central value (solid line) and upper and lower un-

certainty bounds (dotted lines). (a) Global,(b) China, and (c) USA.

China and USA graphs exclude shipping emissions.

what is a similar relative impact of systematic uncertainties.

Uncertainty in emissions from China is large enough that sig-

nificant differences in trends over recent decades are possible

if trends in uncertain parameters also change over time.

The regional uncertainty values, before combination to

global values as described above, are shown in Fig. 4. China

is the largest single contributor to emissions uncertainty
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Possibly 
significant 
volcanoes….do 
they explain 
everything up 
to 2010? 



Exploding the ‘no volcanic effect after Pinatubo’ myth 





Major volcanic eruptions.  
Particles reflect light, 
change the energy 
budget, and force a 
change in climate.
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Table 1. Summary of the available STEM model runs and the applied anthropogenic emission inventories.

2001–2005a 2006 2007 2008

Annual TRACE-Pb – – –

April TRACE-Pb INTEX-Bc – ARCTASd

July TRACE-Pb – – ARCTASd/Olympic-Basee

August TRACE-Pb – Olympic-Basee Olympic-Basee

a Only 8-month simulation (January to August) is available for the year 2005.
b The target year for the TRACE-P inventory is 2001.
c The target year for the INTEX-B inventory is 2006.
d The emission within the Asian continent of the ARCTAS inventory is essentially the same as that of the INTEX-B inventory.
e The Olympic-Base inventory specifically targets the Beijing Olympic Games period in 2008. The emission estimates for China are improved

for the Beijing area and updated based on the INTEX-B inventory.

3 SO2 emission in East Asia after 2000

3.1 Anthropogenic SO2 emission in China after 2000

3.1.1 Trend and distribution of the emissions

Figure 2a shows the annual trend of SO2 emission in China

after 2000, and emissions by province and by sector are pre-

sented in Table 2. Compared to the relatively stable or de-

creasing trend during 1995–1999 (Ohara et al., 2007; Streets

et al., 2000, 2006a, 2008), we estimate that the SO2 emission

in China increased by 53%, from 21.7 Tg in 2000 to 33.2 Tg

in 2006, with an annual growth rate of 7.3%. This growth rate

is in good agreement with annual growth rates of 6.3%–9.9%

estimated by other researchers (Klimont et al., 2009; Ohara

et al., 2007; Zhang et al., 2009a), and of 6.2%–9.6% derived

from satellite constraints (van Donkelaar et al., 2008). This

dramatic change was driven by the rapid increase of fossil-

fuel consumption (78% growth in total energy consumption)

due to the economic boom (99% growth in GDP) during this

period. Although the GDP and the total energy consumption

in China were still increasing after 2006, the national SO2
emissions began to decrease, due to the application of FGD

technology and the phase-out of small, high-emitting power

generation units. In 2006 China’s MEP reaffirmed its com-

mitment to reducing SO2 emissions. It resolved in its 11th

Five-Year Plan (2006–2010) to cut the national SO2 emis-

sions by 10% (i.e., to 22.9 Tg in 2010), relative to the 2005

level. To achieve this goal, emission reduction requirements

were to be strictly enforced. As a result, FGD devices began

to be widely installed in coal-fired power plants in China (Xu

et al., 2009). By the end of 2008, the FGD penetration had

risen to 60%, which is responsible for an estimated reduction

of 13.3 Tg SO2 in that year. However, it should be noted that

the actual operation of FGD equipment is unknown, which

could impact the SO2 emission significantly (see emission

factor changes in Fig. 1) and certainly increases the level

of uncertainty in emission after 2005. To motivate the use

of FGD equipments, multiple measures have been taken by

Fig. 2. Trends of SO2 emission in China, 2000–2008. (a) SO2
emission; (b) Normalized values of SO2 emission.

China MEP since 1 July 2007, including the installation of

the continuous monitoring systems in all power plants with

FGD devices, and the implementation of a premium/penalty

scheme of electricity price that varies with the FGD’s opera-

tion rate. These measures have been reported to be effective.

For example, the coastal province of Jiangsu realized an op-

eration rate of 97% in July 2007 (Xu et al., 2009). Addition-

ally, recent developments in SO2 satellite retrievals may be

able to constrain the SO2 emission values or even the FGD

Atmos. Chem. Phys., 10, 6311–6331, 2010 www.atmos-chem-phys.net/10/6311/2010/

SO2 Emissions, China, Lu et al., 2010 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