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ABSTRACT

The authors simulate transient twentieth-century climate in the Goddard Institute for Space Studies (GISS)

GCM, with aerosol and ozone chemistry fully coupled to one another and to climate including a full dynamic

ocean. Aerosols include sulfate, black carbon (BC), organic carbon, nitrate, sea salt, and dust. Direct and BC-

snow-albedo radiative effects are included. Model BC and sulfur trends agree fairly well with records from

Greenland and European ice cores and with sulfur deposition in North America; however, the model un-

derestimates the sulfur decline at the end of the century in Greenland. Global BC effects peak early in the

century (1940s); afterward the BC effects decrease at high latitudes of the Northern Hemisphere but continue to

increase at lower latitudes. The largest increase in aerosol optical depth occurs in the middle of the century

(1940s–80s) when sulfate forcing peaks and causes global dimming. After this, aerosols decrease in eastern

North America and northern Eurasia leading to regional positive forcing changes and brightening. These

surface forcing changes have the correct trend but are too weak. Over the century, the net aerosol direct effect is

20.41 W m22, the BC-albedo effect is 20.02 W m22, and the net ozone forcing is 10.24 W m22. The model

polar stratospheric ozone depletion develops, beginning in the 1970s. Concurrently, the sea salt load and

negative radiative flux increase over the oceans around Antarctica. Net warming over the century is modeled

fairly well; however, the model fails to capture the dynamics of the observed midcentury cooling followed by the

late century warming. Over the century, 20% of Arctic warming and snow–ice cover loss is attributed to the BC-

albedo effect. However, the decrease in this effect at the end of the century contributes to Arctic cooling.

To test the climate responses to sulfate and BC pollution, two experiments were branched from 1970 that

removed all pollution sulfate or BC. Averaged over 1970–2000, the respective radiative forcings relative to the

full experiment were 10.3 and 20.3 W m22; the average surface air temperature changes were 10.28 and

20.038C. The small impact of BC reduction on surface temperature resulted from reduced stability and loss of

low-level clouds.

1. Introduction

To understand current and future climate change, it is

crucial to understand past changes. During the past century,

short-lived climate forcers such as aerosols and ozone have

impacted climate, however, their effects are challenging to

simulate in climate models. These pollutants are more

dynamic than long-lived climate forcers such as CO2, with

emissions increasing during industrialization and de-

creasing from pollution emission controls and with these

changes distributed heterogeneously both spatially and

temporally. In this study, we describe a set of coupled

atmosphere and deep-ocean climate experiments using

online and interactive aerosol–ozone chemistry, including

direct radiative effects and the effect of black carbon (BC)

on snow albedo.
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Aerosols and ozone affect climate ‘‘directly’’ by

scattering and absorbing radiation. Aerosols primarily

scatter shortwave (SW) radiation; however, dark particles

such as BC are also absorbing. Dust absorbs both short-

and longwave (LW) radiation but is mostly scattering.

Ozone absorbs both long- and shortwave radiation. De-

position of dark particles such as BC on snow reduces the

surface albedo and promotes snowmelt, called the BC-

snow-albedo effect. This effect is highly uncertain and

very difficult to constrain with measurements; recent

model-based radiative forcing estimates range from 0.01

to 0.2 W m22 (Koch et al. 2009a). Our experiments also

include the ‘‘semidirect’’ effects of aerosols on clouds or

the changes in clouds that result from aerosols altering

the thermal structure of the atmosphere; however, the

aerosol microphysical effects on clouds, or the ‘‘indirect

effects’’ on cloud albedo and lifetime, are not included.

One challenge for modeling short-lived species during

the twentieth century is obtaining good quality historical

emissions estimates. Pollution levels during industrial-

ization have generally increased. In regions such as North

America and Europe, subsequent air quality legislation

reduced pollution. Meanwhile, technology and pollution

controls have evolved in poorly documented ways, mak-

ing accurate estimation of emissions difficult. Particularly

challenging is estimating emissions from open biomass

burning during the century, as we will discuss further be-

low. Although emissions estimates are uncertain, obser-

vational records from ice and lake cores are increasingly

available to help constrain historical pollution changes.

Our experiments include coupling among aerosols,

ozone chemistry, and climate and between atmosphere

and ocean. These ‘‘real-time’’ interactions enable feed-

backs within the climate system. The sulfur oxidation to

form sulfate depends upon the oxidants provided by the

chemistry. Nitrate and sulfate can form on dust and this

coating renders the dust hygroscopic. This also reduces

the number of radiatively active sulfate and nitrate

particles. The aerosol and ozone are carried ‘‘online’’

in the model, so that transport, removal, and radiative

effects respond instantaneously to the climate. Until re-

cently, running a model with interactive aerosols was too

computationally intensive. However, some recent studies

have included full interaction in transient twentieth-century

simulations (e.g., Stier et al. 2006; Roeckner et al. 2006;

Nagashima et al. 2006; Rotstayn et al. 2007); the Inter-

governmental Panel on Climate Change (IPCC) Fourth

Assessment Report (AR4) simulations of the Hadley Cen-

tre Global Environmental Model version 1 (HadGEM1)

and Model for Interdisciplinary Research on Climate

(MIROC) models also included interactive aerosols.

Our climate experiments are run in transient mode, so

that the impacts of the changing pollution levels can be

studied during the century. Coupling the atmosphere to

a dynamic deep ocean allows time-dependent ocean heat

uptake. In a previous study (Koch et al. 2009a), we con-

sidered aerosol impacts on climate over the century by

contrasting equilibrium Qflux simulations for the late

1890s with the 1990s. These experiments were run to

equilibrium for each simulation, allowing the climate to

reach a steady temperature state, which therefore had an

exaggerated climate response to the aerosol effects. The

Qflux mixed layer experiment permits ocean response to

atmospheric temperature change by adjusting energeti-

cally rather than including the full dynamics of a deep

ocean. By simulating transient climate with a deep and

dynamic ocean, we have the greatest chance of capturing

realistic interactions between short-lived species and cli-

mate throughout the century. Furthermore, the climate

system is not in equilibrium during the late twentieth

century, with ocean heat uptake moderating temperature

change and feedbacks from the cryosphere occurring in-

crementally; this disequilibrium can only be captured in

a transient experiment.

The paper begins with the model description (section 2),

changes in emissions, concentrations, and loads (section

3), radiative flux changes at the top-of-atmosphere (TOA)

and at the surface (section 4), and climate responses in-

cluding temperature, snow and ice cover, clouds, and

precipitation (section 5). We then present results from

pollution reduction sensitivity studies for the end of the

century (section 6), followed by the discussion (section 7).

2. Model description

We use the Goddard Institute for Space Studies (GISS)

GCM Model E (Schmidt et al. 2006) with 20-level ver-

tical resolution up to 0.1 hPa, and 48 3 58 horizontal

resolution. With the exception of the aerosol and ozone

components, the climate model is very similar to the

version used for the twentieth-century climate simu-

lations of Hansen et al. (2007) and submitted to AR4,

with the atmosphere coupled to the deep-ocean model of

Russell et al. (1995). We use the same forcings from long-

lived greenhouse gases (GHGs), volcanoes, solar changes,

and vegetation changes. The model resolution is coarse

compared to many contemporary models; however, this

model version was documented, was used in previous cli-

mate simulations, and was fast enough to permit carrying

many aerosol and chemical species. However, the resolu-

tion limits the model’s ability to capture some smaller-

scale features.

Our model version includes aerosols and ozone chem-

istry run online with climate feedbacks and with an in-

teractive scheme for the effect of BC on snow albedo. The

chemistry simulation includes both tropospheric and

2694 J O U R N A L O F C L I M A T E VOLUME 24



stratospheric ozone and oxidant photochemistry (Shindell

et al. 2006). Aerosols include sulfate and sea salt (Koch

et al. 2006), carbonaceous aerosols (Koch et al. 2007),

dust (Miller et al. 2006), nitrate (Bauer et al. 2007), and

heterogeneous interaction of nitrate and sulfate with

dust (Bauer and Koch 2005). Chemistry and aerosols are

coupled together, so that oxidant changes affect sulfate

oxidation and the aerosols affect photochemistry (Bell

et al. 2005). Our sulfur chemistry includes aqueous oxi-

dation of SO2 by H2O2 but not ozone; ozone oxidation

would be about 6% of the SO2 sink according to Berglen

et al. (2004). The species are also coupled to the model

climate, including, for example, uptake and rainout of

soluble species and production of sulfate within clouds.

Removal of species by dry deposition uses a resistance-

in-series scheme (e.g., Koch et al. 1999; Wang et al. 1998) as

well as aerosol gravitational settling. Aerosols and ozone

affect long- and shortwave radiative fluxes and aerosol

semidirect effects on clouds are included.

Our BC-snow-albedo effect scheme (Koch et al. 2009a)

reduces snow albedo depending on the BC snow concen-

tration. The albedo reduction also depends on snow grain

size, which is parameterized to depend on snow age and

surface temperature. Black carbon affects snow albedo

only, so that it may influence sea ice and land ice (glaciers)

only by changing the albedo of the snow deposited on the

ice. The GISS model snow has up to three levels, and the

snow fraction depends on snow amount and topography.

Snow in forests is located between the canopy and the

ground unless the snow depth surpasses the canopy

height. Snow aging also affects its albedo and depends

on its wetness. Schmidt et al. (2006) has a detailed de-

scription of the model cryosphere.

Anthropogenic historic 1890–1980 gaseous emissions

(for SO2, NH3, NOx, NMVOCs, CO, and N2O) are from

the Emission Database for Global Atmospheric Research

(EDGAR)–History Database of the Global Environment

(HYDE) emissions (Van Aardenne et al. 2001); for 1990

we used EDGAR32 and for 2000 we use EDGAR

32FT2000 emissions (http://www.mnp.nl/edgar/model).

However, the EDGAR–HYDE and EDGAR32 emis-

sions are not fully compatible, which causes some dis-

continuity between 1980 and 1990. Historic carbonaceous

anthropogenic aerosol emissions for all years are from

Bond et al. (2007). Compared with previous estimates

(e.g., Novakov et al. 2003; Ito and Penner 2005), the Bond

et al. (2007) carbonaceous aerosol emissions increase

more gradually during the century, especially after 1950,

which is due to the consideration of technology im-

provements. The BC emissions are about double that of

Ito and Penner (2005) early in the century but are similar

by the end of the century; they are similar to Novakov

et al. (2003) for fossil fuel early in the century but smaller

by a factor of two by the end of the century. Compared

with previous inventories, Bond et al. (2007) also estimates

substantial biofuel carbonaceous aerosol emissions at the

beginning of the century. For all anthropogenic emissions,

we used decadal average emissions and interpolated for

intermediate years. Natural emissions are described in

Shindell et al. (2006), Miller et al. (2006), Koch et al.

(2006, 2007), and Bauer et al. (2007). Steady volcanic SO2

emissions are included in the sulfur sources, however,

explosive volcanism is applied as an external forcing as in

Hansen et al. (2007). Year 2000 biomass burning emissions

are from the Global Fire Emissions Database (GFED) v3

averaged from 1997 to 2002 (van der Werf et al. 2003,

2004). For the historic biomass burning we assumed the

year 1890 source is 50% of year 2000 in tropical and Af-

rican burning regions and increases linearly to year 2000;

other regions are assumed to have a constant (year 2000)

source during the century. This assumption for biomass

burning is similar to that used in Hansen et al. (2007) and

is probably more appropriate than the assumption that

preindustrial burning is only 10% of present day as used in

some previous studies (e.g., Stier et al. 2006) since sub-

stantial burning and land clearing occurred during the

nineteenth century (e.g., Mouillot and Field 2005). For

most species our emissions are similar to those in the new

Coupled Model Intercomparison Project phase 5 (CMIP5)

transient experiments (Lamarque et al. 2010). One excep-

tion is the SO2 anthropogenic emissions. Global CMIP5

SO2 emissions peak at about 60 Tg S y21 in 1980 and then

decline 30%; ours peak at about 75 Tg S y21 in 1990 and

decline less than 10%. Also, although our global biomass

burning emission change from the late 1800s to the late

1900s is similar to CMIP5, the trend is quite different.

The CMIP5 biomass burning source decreases from 1900

to the 1950s followed by a steep rise. Also, the CMIP5

global BC biomass burning emissions at the end of the

century are about 25% smaller than ours.

Our preindustrial model spinup was initiated from a

well-equilibrated long (thousands of years) 1850 deep-

ocean-coupled run from the Hansen et al. (2007) simula-

tions that had used offline aerosols and ozone. After turning

on our coupled species with 1890 emissions, we ran for

about another 100 years to equilibrium. This spinup con-

trol simulation for the standard simulation (STD-CON;

see Table 1 for list of simulations) was fairly stable, with

an average imbalance of 20.001 W m22 yr21 and average

temperature drift of 0.00098C yr21 for the 25 years fol-

lowing the transient ensemble branches. A doubled CO2

simulation was performed for the spinup (STD-2CO2).

Ensembles of three or five experiments were performed

for each transient case. The standard simulation (STD)

included all species and effects. Simulation BCALB is like

STD but did not include the BC-albedo effect and was
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initiated from the STD spinup. Most results presented be-

low are the mean of the ensembles.

3. Emissions and loads

Figure 1 shows global, decadal mean trends for the

short-lived, radiatively important species and some of

their precursors. Sulfur dioxide, NOx, and CO emissions

rise steeply beginning midcentury. Black carbon emis-

sions increase earlier in the century and BC and organic

carbon (OC) enhancements during the century are gen-

erally smaller because of the substantial biofuel and bio-

mass burning sources already at the beginning of the

century. Decadal mean dust and sea salt change slightly,

mostly from changes in model winds; however, their

interannual variability can be large (section 5, Fig. 10).

The species emissions, with natural fraction in paren-

theses, and burden values at the beginning and end of

the century are in Table 2.

The relative increase in burden is greatest for BC, owing

to its increased lifetime (Table 2, burden/emissions or B/E

is the lifetime). BC has 20% larger lifetime at the end

of the century because of increased emissions in regions

where rainout is less efficient. Although tropospheric

ozone increases throughout the century, the ozone burden

in Fig. 1 is dominated by stratospheric ozone. Stratospheric

ozone increases early in the century due to cooling

stratospheric temperatures, however, later in the cen-

tury the ozone declines in polar regions where ozone

holes develop. The sulfate lifetime (based on SO2 emis-

sion) decreases by 40% as emissions increase because its

oxidants also increase. For example, the burden of

in-cloud aqueous oxidant H2O2 increases by a factor of

1.8 (Fig. 1).

The dust lifetime decreases 6% because of the increased

coating by sulfate and nitrate and therefore increased

hygroscopicity. The change in dust burden is in Fig. 2,

along with coating of sulfate and nitrate on dust. During

the century, the pure dust decreases slightly, especially as

the sulfate coating increases.

Over the century, the aerosol optical depth (AOD)

increases only about 30% since there is a substantial

background natural aerosol component, especially sea

salt and dust (Fig. 1). The AOD increase is dominated by

sulfate beginning in the 1960s. Changes in AOD over

the century and for segments of the century are shown in

Fig. 3. Over the century, the global AOD increases by

0.03, and 60% of this occurs during the 1940s–80s. In the

Arctic, the AOD increases by 0.02, with 70% of this oc-

curring during the 1940s–80s. From the 1980s to the 1990s

the AOD declines in some regions, such as in parts of

Europe. The model simulates increased Southern Ocean

sea salt during the second-half of the century, discussed

further in section 5. Tomasi et al. (2007) described obser-

vations of declines in background (summertime) Arctic

AOD during the final three decades of the century. The

model does not have decreased Arctic AOD, although the

change is small at the end of the century.

Observational constraints on historical
trends of species

Ice and lake core records of species provide some re-

gional constraint on the model species during the century.

These comparisons have several difficulties. First, the model

precipitation, and therefore the species accumulation rate,

does not always match the observed. For the ice cores

TABLE 1. Climate experiment definitions.

Experiment Years Ensemble Description

STD-CON 1890 1 Spinup control simulation

for STD

STD-2CO2 1890 1 Like STD-CON but with

doubled CO2

STD 1890–2000 5 All species and effects

BCALB 1890–2000 3 Like STD but without

BC-albedo effect

BC70 1970–2000 3 STD branch, no pollution

BC after 1970

S70 1970–2000 3 STD branch, no pollution

SO2 after 1970

FIG. 1. Decadal and ensemble mean for global emissions and

STD burdens (normalized to 1890 levels); clear-sky aerosol optical

depths (3100); radiative forcing at top-of-atmosphere and surface

relative to 1890 (W m22 3 100).
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where we have accumulation rates, we adjust the model

snow concentration by the ratio of model to observed

accumulation averaged over the period (since the vari-

ation over the record is smaller than the disparity be-

tween model and observed accumulation). Second, if the

core is at high altitude and the model topography for the

grid box is lower than the core altitude (e.g., in the Alps),

and if there are large vertical gradients in species con-

centrations, model errors result. Finally, particularly for

the remote core sites, model errors can result from errors

in transport as well as removal and emissions. The ob-

servational records are therefore more useful to test the

model species trends rather than magnitudes.

Figure 4 compares model BC and sulfur snow concen-

trations with Greenland ice core records at D4 (McConnell

et al. 2007), ACT2 (McConnell and Edwards 2008),

Summit, and Humboldt (McConnell 2010). The Green-

land ice cores have peak BC concentrations at around 1910

when U.S. BC pollution was maximum (McConnell et al.

2007). This peak is strongest in the south of Greenland

and is less pronounced in the north. The model captures

the trend, although the peak is not as high as observed. The

model overestimates BC at the end of the century at ACT2

and Summit, which is possibly due to the excessive con-

tribution from Eurasian sources that became more im-

portant toward the end of the century as discussed below.

The observed sulfur has a peak around 1910–20 and again

around 1970. These also match likely maxima in North

American pollution, from coal early in the century and from

gasoline and residual oil burning prior to sulfur controls

TABLE 2. Standard simulations and sensitivity simulations: emissions, burdens, aeroseol optical depth, and radiative flux changes.*

Species Year

Emis

(Tg yr21)

Burd

(Tg)

Burd/Emis

(day)

AOD

(3100)

AOD/Burd

(Tg21 3 100)

TOA F

(W m22 3 100)

Surf F

(W m22 3 100)

TOA/A

(W m22 3 100)

SO2/ 1890s 69 (0.79) 0.68 3.5 1.2 1.8 239 240 232

Sulfate 1990s 210 (0.28) 1.3 2.2 2.6 2.0 278 281 230

S70 1990s 62 0.68 4.0 1.2 1.8 239 240 232

BC 1890s 3.9 (0.0) 0.074 6.9 0.18 2.4 19 233 106

1990s 8.1 (0.0) 0.18 8.1 0.43 2.4 42 282 98

BC70 1990s 2.0 0.033 6 0.09 2.7 7.9 217 88

OM 1890s 42 (0.39) 0.84 7.3 1.4 1.7 226 249 218

1990s 59 (0.29) 1.2 7.4 2.0 1.7 236 268 218

BC70 1990s 45 1.0 8.1 1.6 1.6 230 257 219

Sea salt 1890s 1630 5.9 1.3 3.6 0.61 291 296 225

1990s 1700 6.2 1.3 3.9 0.62 298 2104 225

Dust 1890s 1470 26 6.3 3.0 0.11 248 2124 216

1990s 1520 25 5.9 2.9 0.11 244 2118 215

Nitrate 1890s 0.076 0.22 2.9 26.0 26.4 227

1990s 0.26 0.71 2.7 218 219 225

S70 1990s 0.46 1.2 2.6 233 233 228

Aerosol 1890s 9.7 2190 2350 220

1990s 12.5 2230 2470 218

S70 1990s 11.6 2210 2447 218

BC70 1990s 11.7 2262 2396 222

NOx 1890s 17 (0.32)

1990s 52 (0.11)

CO 1890s 395 (0.0)

1990s 1050 (0.0)

Alkenes 1890s 28 (0.55)

1990s 48 (0.33)

Paraffins 1890s 31 (0.45)

1990s 97 (0.14)

Ozone 1890s 3720

1990s 3250

BC-albedo 1890s

1990s

BC70 1990s

Net force 1890s

1990s

* Decadal means for 1890s and 1990s. The first species is SO2 for emission and sulfate for other columns. Natural fraction of emissions is in

parentheses; for simplicity we include biomass burning with anthropogenic. OM is organic matter 5 1.3 3 OC. AOD, aerosol optical

depth, is for clear sky. Emis is emission; Burd is burden; TOA F is top-of-atmosphere radiative flux change; Surf F is surface radiative

flux change; TOA/A is TOA F/AOD.
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later in the century. The model lacks the earlier peak, and

the later peak occurs too late with insufficient decline at

the end of the century. Generally the model underesti-

mates Greenland sulfur levels, especially at D4; since the

model simulates present-day sulfate reasonably well in the

Arctic (both in these cores and as shown in Koch et al.

2006), the underestimation earlier in the century may be

due to emission deficiencies. Using the emissions of Smith

et al. (2004) might improve model performance in terms of

both trend and magnitude since globally these peak in the

early 1970s.

Figure 5 compares sulfur deposition observations from

the National Acid Deposition Program (NADP; National

Acid Deposition Program 2008) for 1980–2000 within four

regions of North America and one site in Alaska and sul-

fate air concentrations from 1980 to 2000 from the Euro-

pean Monitoring and Evaluation Programme (EMEP). In

the U.S. observations (solid curves), the sulfur deposition

was much larger in eastern North America and declined

from 1980 to 2000 by nearly a factor of 2. In the west and in

Alaska, the sulfur deposition was much smaller and had

smaller decline. The model captures these magnitudes and

trends extremely well. However, the data begin around

1980 so we cannot test the model prior to that time to see

whether the observed deposition peaked earlier, as in-

dicated by the Greenland cores. In Europe, the observed

sulfate concentrations are generally larger in the south and

east. The model simulates magnitudes and trends rea-

sonably well from the late 1980s to the end of century;

however, it underestimates sulfate in the early 1980s.

Figure 6 compares BC, OC, and sulfur with midlatitude

ice and lake core records. In the United States, BC air

concentrations were derived from an Adirondack lake

core (Husain et al. 2008). As in the Greenland ice cores,

the BC is observed to peak in the 1910s. The model

matches this peak; however, it underestimates BC for the

end of the century. Husain et al. (2008) show a similar

discrepancy when comparing the BC trends with fossil fuel

emissions estimates of Novakov et al. (2003). The re-

maining panels in Fig. 6 are from Alpine ice core records.

Model BC and OC are compared with decadal averages

from Lavanchy et al. (1999). The model agrees reasonably

well with the BC record, although it does not increase as

much as observed for the first-half of the century. The

model OC trend is almost flat while the observed shows

a doubling from 1900 to 1970. On the right side of Fig. 6,

model Alpine sulfur, reduced by a factor of 10, is com-

pared with observed trends at Fiescherhorn (Schwikowski

et al. 1999) and Col du Dome (Preunkert et al. 2001). The

model sulfur in the Alpine gridboxes is much larger than

observed because of the lower mean topography in the

model gridbox. The ratio of the air concentrations be-

tween the model surface altitude and the Feischerhorn

FIG. 2. Global burdens of dust, sulfate, nitrate, sulfate coating dust,

and nitrate coating dust during the century (Tg).

FIG. 3. Changes in clear-sky aerosol optical depth (3100) from the 1890s to the 1990s, 1890s to 1940s, 1940s to 1980s, and 1980s to 1990s,

where decadal means from the STD simulation are used to calculate the changes. Global (Arctic) means are given above each panel.
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glacier altitude for SO2 and sulfate are 19 and 7, so a factor

of 10 overestimate in deposition is consistent with these

gradients. Overall the observed trend, with peak at 1980, is

matched quite well by the model, especially for the Col Du

Dome record.

Recently, there has been concern about impacts of BC

on snow albedo in the Arctic and whether that has con-

tributed to melting of Arctic sea ice and snow. Some

studies have focused on changes in Arctic BC since the

1980s when measurements were first made. Sharma et al.

(2004) found a 60% decrease in atmospheric BC at Alert

between 1989 and 2002. Recent Arctic snow measure-

ments (e.g., Grenfell et al. 2009; Hegg et al. 2009) found

BC concentrations to be about 5–15 ng g21 in Canada,

Alaska, and the Arctic Ocean, about a factor of 2 lower

than measured in the 1980s (e.g., Clarke and Noone

1985). Contemporary Russian measurements are larger

than the western Arctic, ranging from about 15–80 ng g21,

while BC concentrations in the Barants and Kara seas

were measured at about 15–25 ng g21 (Grenfell et al.

2009; Hegg et al. 2009). The Greenland ice sheet has rel-

atively very low BC levels, about 2–3 ng g21, similar to the

measurements in the 1980s (Grenfell et al. 2009).

Figure 7 shows model BC deposition in the Arctic dur-

ing the 1890s, 1920s, 1950s, and 1990s. Arctic model BC

deposition peaked in the 1950s and has declined since. The

decline is especially evident in northern Europe, where

model concentrations have dropped by a factor of 2,

consistent with the observed Svalbard record (Hicks and

Isaksson 2006). The declines in Greenland and Alert

are not as large as observed. The BC deposition distri-

bution for the 1990s agrees well with the contemporary

FIG. 4. Greenland ice core (left) BC and (right) sulfur snow concentrations observed (black) and modeled (red).

Model snow concentrations are adjusted by the ratio of model to observed accumulation rate (using the mean

accumulation value during the century in each case). (bottom) Locations from north to south are Humboldt, Summit,

D4, and ACT2 cores.
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observations described above. Model BC snow concen-

trations at the end of the century in northern Asia are

typically larger than those in Greenland and Alaska by

a factor of 2–3, also consistent with observations (Hegg

et al. 2009). The model Arctic mean value (shown in

brackets above each map) is almost as low in the 1990s

(13 ng g21) as in the 1890s (12 ng g21). In parts of north-

ern Canada and western Europe, the concentrations are

less in the 1990s than the 1890s, while in northern Asia the

concentrations are larger.

4. Direct radiative forcing changes

a. Top of atmosphere

The net TOA radiative flux change over the century

is positive from BC (10.23 W m22) and ozone (10.21

W m22) and negative from sulfate (20.39 W m22), ni-

trate (20.12 W m22), and organic carbon (OC) (20.10

W m22) (Table 2, Fig. 1). The net ozone forcing is at the

low end of the AR4 Third Assesment Report (TAR)

estimate of 10.35 6 0.15 W m22 (Forster et al. 2007),

mostly owing to the strong negative forcing from exces-

sive stratospheric ozone loss. Tropospheric ozone in-

creases late in the century due to increasing NOx and CO

pollution. However, the polar TOA radiative flux change

due to ozone changes is dominated by stratospheric

ozone loss beginning in the 1970s, with excessive North-

ern Hemisphere (NH) ozone loss. The sea salt negative

forcing (20.07 W m22) is due to increased winds begin-

ning in the 1970s in the southern oceans, as discussed

below. Modest positive global mean forcing occurs for

dust due to a slight decrease in dust load (10.04 W m22).

The BC-albedo effect also has a small positive forcing

over the century (10.02 W m22). The net TOA forcing

from aerosols is 20.40 W m22 while the surface forcing is

21.20 W m22 because both scattering and absorbing aero-

sols have negative surface forcing. The net TOA forcing

over the century, including all direct and BC-albedo effects,

is 20.17 W m22 and 20.40 W m22 from aerosol direct

effects, 10.21 W m22 from ozone, and 10.02 W m22

from BC-albedo effects.

Figure 8 shows maps of the radiative flux changes at

the TOA for all aerosols, sulfate, BC, the BC-albedo

effect, and net ozone (SW and LW) over the century and

for beginning, middle, and end of the century. From the

1890s to the 1940s, both BC and sulfate effects increase,

with BC atmospheric and snow forcing dominating and

causing positive forcing change at high latitudes but

sulfate dominating with negative forcing change over

the United States and Europe. Net ozone flux increases

due to tropospheric ozone production. From the 1940s to

the 1970s, the Arctic aerosol flux change is very negative

(20.19 W m22) because of both increased sulfate and

decreased BC from the eastern United States and Eu-

rope. The BC-albedo effect change is also negative in the

Arctic over the middle of the century. From the 1970s to

the 1990s, the forcing strengths of sulfate and BC de-

crease over the eastern United States and parts of Eu-

rope; the sulfate decrease in Europe is greater during the

final two decades (1980s–90s) since it reaches peak

levels in the 1980s (not shown). The simulated net Arctic

aerosol TOA flux change from the 1940s to the end of

the century is negative, so that aerosol changes have

overall contributed to Arctic cooling during that time.

During this time, tropospheric ozone increases and strato-

spheric ozone decreases in polar regions. The increase in

negative aerosol forcing at high latitudes of the Southern

Hemisphere at the end of the century (Fig. 8, top) is due

to the increased sea salt load as discussed above. The

wind speed enhancements may result from an enhanced

southern annular mode due to the formation of the ozone

hole and/or increased GHG concentrations (e.g., Lenton

et al. 2009).

FIG. 5. Model (dashed) and observed (solid) sulfur deposition

(kg S ha21) in North America from the NADP and sulfate air con-

centration (mg m23) from EMEP. Each dataset is divided into 4 re-

gions and Alaska. 144 NADP and 47 EMEP sites were used, first by

averaging the data over model gridboxes, and then averaging within

regions as shown on the map. The corresponding model gridbox re-

sults for the STD simulation were also averaged by region.
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b. Surface radiation

There has been recent interest in whether aerosols are

responsible for changes in surface radiation during the last

half of the twentieth century, as measured by networks of

surface radiation instruments such as the Baseline Surface

Radiation Network. The observations indicate a general

reduction in surface radiation from the 1950s to the 1980s

(dimming), followed by an increase in surface radiation in

many places after the 1980s (brightening) (e.g., Wild 2009a).

The trends typically occurred for both all-sky and clear-sky

conditions, suggesting that the radiation changes may be

caused by aerosol load changes. The IPCC AR4 models

underestimated these trends and possibly correspondingly

tend to overestimate warming over land from the 1950s

to the 1980s (Wild 2009a). Similarly, the diurnal tem-

perature range was observed to decrease owing to the

decreased maximum temperature during the 1950s–80s

dimming period, a trend also missing in the models.

Figure 9 shows modeled changes in surface radiation

for all-sky and clear-sky conditions. The strongest dim-

ming occurs during the 1950s–80s, consistent with ob-

servations. The dimming is also generally greatest over

land and close to pollution sources. Over global mean

land areas, the model has a decrease in surface radiation

of 21.0 W m22 for all sky and 22.0 W m22 for clear sky

over the century, mostly since the 1950s. As in previous

studies, the modeled dimming is much weaker than ob-

served, which ranged from 21.5 to 25.1 W m22 decade21

since the 1950s, based on 140–400 global land sites (as

summarized in Wild 2009b).

Dimming and brightening trends differ by region

(Wild 2009b). In the model, Europe and North America

dimmed up to the 1980s then brightened in some parts of

northern Eurasia and North America. Strongest dim-

ming, both in the model and observations, occurred in

Asia. The modeled Southeast Asian dimming leveled off

near the end of century but did not brighten (reverse),

generally consistent with observations. The model Arctic

brightened over the century for all-sky conditions but var-

ied with region and time for clear-sky conditions. Observed

Arctic trends indicate dimming of 23.6 W m22 decade21

from the 1950s to the 1990s. Such dimming occurred in

the model but only in some parts of the Arctic.

Overall, the pattern and decadal variability of global

dimming/brightening is consistent with observations

FIG. 6. (top left) Comparison of BC air concentrations derived from lake core sediments (black, with standard

deviations) and from the model (two ensemble members). Other panels are model (red) and observed (black) snow

concentrations for (left) BC and OC and (right) sulfur in Alpine glaciers. Model snow concentrations are adjusted by

the ratio of model to observed accumulation rate (using the mean accumulation value during the century in each

case) for all but Colle Gnifetti. The sulfur model results were reduced by a factor of 10.
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but is much weaker than observed. The all-sky dimming is

stronger than clear sky, consistent with an important role

for aerosols. One way to get stronger dimming without

excessive cooling would be to have more black carbon

or more absorbing black carbon. Our model’s present-

day simulation underestimates aerosol absorption optical

depth by about a factor of 2 (Koch et al. 2009b). Doubled

BC absorption would significantly reduce the surface ra-

diation; however, such doubling might not improve model

agreement with the observed dimming/brightening pat-

terns during the last half of the century. Including aerosol

indirect effects would amplify the dimming/brightening

changes for all-sky conditions.

5. Climate responses during the century

a. Temperature changes

Figure 10 shows the annual average TOA radiative

forcing changes for long-lived greenhouse gases, strato-

spheric water vapor, solar, stratospheric volcanic aerosols,

and the short-lived species. This figure shows interannual

variability of short-lived species resulting from their in-

teraction with climate, especially for sea salt and dust that

vary due to wind speed–driven source changes and for

stratospheric ozone that is affected by stratospheric tem-

perature changes after volcanic eruptions. The lower panel

of Fig. 10 shows global mean surface air temperature

(SAT) changes for the STD simulation, the BCALB

simulation, and observations. In general, the simulations

begin and end the century at approximately the correct

global mean SAT and are too warm midcentury. Note that

the SAT observations have some missing data regions

early in the century (shown on the maps in Fig. 11) and

these are replaced with zonal mean values where avail-

able, while the model is a complete global mean. Because

missing data values are mostly polar and near the begin-

ning of the century, the data may be biased high early in

the century.

The climate sensitivity, or temperature change of the

control spinup (1890) simulations from doubled CO2, was

calculated using the STD-CON and STD-2CO2 runs. The

latter was run in the same configuration as the spinup

experiments, with deep ocean, for over 100 years. The

sensitivity was 3.48C to doubled CO2, higher than for the

model of Hansen et al. (2007), which was 2.78C. The ex-

periments are not directly comparable because our short-

lived species emissions are different than those used in

FIG. 7. Model BC deposition normalized by precipitation (ng g21) in the 1890s, 1920s, 1950s, and 1990s, with global (Arctic) mean values

above each map. (bottom right) Deposition during the century for five locations.
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Hansen et al. (2007). Nevertheless, higher sensitivity may

result from short time scale interactions between climate

and species for our online simulations. In a separate model

experiment, we found that forcing for online aerosols is

smaller than if the same fields are saved and used in offline

mode, as was done for Hansen et al. (2007). Both the

negative forcing from scattering aerosols and the positive

forcing from absorbing aerosols were smaller for the on-

line case. Since the net short-lived effect is negative, the

aerosol effects would be less potent in online mode than

offline mode so that the doubled CO2 experiment would

warm more and indicate higher sensitivity. Such online

versus offline differences may come from changes in in-

teraction between the aerosols and clouds and relative

FIG. 8. Change in TOA radiative flux for (top) net aerosol direct effect, (second row) sulfate, (third row) atmospheric BC, (fourth row)

the BC-snow-albedo effect, (fifth row) and ozone for decadal means of the (first column) 1890s–1990s, (second column) 1890s–1940s,

(third column) 1940s–70s, and (last column) 1970s–90s. Units are 100 3 W m22.
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humidity. For example, since online sulfate in the model

tends to be anticorrelated with clouds (Koch et al. 2003),

it would undergo less hydration (enhancing of scattering

by increased relative humidity) than the offline sulfate

would. There may also be nonlinearities in the impacts of

pollution, such that episodic pollution events during a

month would have smaller radiative forcing than the same

pollution applied evenly in a monthly mean field. The

episodic pollution may saturate in its impacts on radiative

scattering and absorption. This is similar to the argument

of Jones et al. (2001), that the aerosol-cloud indirect effect

is stronger for monthly mean aerosols because of the con-

cavity of the functional relationship between the cloud

droplet number and aerosol number concentrations. Fur-

ther resolution of these online versus offline differences is

beyond the scope of this study.

Figure 11 shows maps of observed SAT changes, over

the century and for three segments of the century: 1890s–

1940s (warming period), 1940s–70s (stable period), and

1970s–90s (warming). All three periods have increases in

TOA radiative flux, as shown in Fig. 10. The STD run

warms about the correct amount over the century, how-

ever, it warms too much over subtropical oceans; from the

1890s to the 1940s it warms too much over the continents,

from the 1940s to the 1970s, it warms too much especially

in the tropics and the Arctic, and from the 1970s to the

1990s it does not warm enough over the continents and in

the Arctic.

From differences between the STD and BCALB

simulations, we estimate the BC-albedo effect on SAT

(Fig. 11, bottom row). The statistical significance is weak

because the forcing changes are small and because we

performed an ensemble of only three simulations. The

BC-albedo effect has strongest impact on SAT in the

Arctic. It caused warming during the early and middle

parts of the century when North American and European

emissions peaked. This effect may be too strong during the

1940s–70s when the Arctic is observed to cool but the BC-

albedo effect caused strong warming. Since the 1970s, the

BC emissions near the Arctic declined and the reversal in

the BC-albedo effect contributed to cooling, especially in

northern Europe. Although the BC-albedo SAT impacts

may be overestimated, the features in northern Europe do

appear in the observed patterns: warming from the 1940s–

1970s and reduced warming during 1970s–1990s compared

with other regions of the Arctic.

b. Snow and ice cover changes

Figure 12 shows snow and ice cover changes for the

full model and from the BC-albedo effect. Overall the

steady decline in Arctic sea ice is consistent with ob-

servations (Lemke et al. 2007) although the GISS model

sea ice is too stable (Hansen et al. 2007). The modeled

ocean-ice decline over the century is 20.24%, similar to

that of Hansen et al. (2007) and about half the observed

(Rayner et al. 2003). However here we focus on the

FIG. 9. Surface radiation changes for (top) all sky and (bottom) clear sky. Changes for decadal means are given, from (first column) 1890s

to 1990s, (second column) 1890s to 1950s, (third column) 1950s to 1980s, and (last column) 1980s to 1990s.
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relative change in snow/ice due to the BC-albedo effect.

The model indicates that the BC-albedo effect caused

19% snow/ice loss globally and 16% in the Arctic over

the century, although the statistical significance of the

results are weak.

Consistent with the SAT changes, we simulated the

largest snow/ice loss early in the century. During the

1890s–1940s, 29% of the Arctic and 44% of land snow and

ice losses (given in parentheses above Fig. 12 panels) may

be attributed to the BC-albedo effect. After the 1940s,

modeled Arctic snow/ice continued to decline but land

snow did not. In the Arctic, the BC-albedo effect con-

tinued to cause large losses during 1940s–70s; however

for the 1970s–90s reduction of high-latitude BC caused

increased snow-ice.

Flanner et al. (2009) argued that the BC-albedo effect

should contribute to springtime snow cover reduction and

hence warming over Europe during the last half of the

century, a feature that was lacking in the IPCC AR4 cli-

mate model simulations. In our model simulations, this

effect is important during the first half of the century.

However during the final three decades, BC reductions

from Europe, and consequent reduction in BC deposition

on snow, caused cooling in that region rather than warm-

ing. The land-snow losses during the end of the century are

distributed similarly to observations, with losses in the

northern U.S., Canada, northern Europe and Asia. How-

ever the increased snow-cover is overestimated along with

insufficient warming.

Generally the BC-albedo effect impact on snow/ice

cover is anticorrelated with the BC-albedo radiative forc-

ing (Fig. 8). However snow-cover changes over southeast

Asia and eastern Europe correlate positively with forcing

changes during the 1940s–70s. In southeast Asia there

is positive forcing change and increased snow cover;

there is also cooling (Fig. 11) in this region, and enhanced

cloud cover off the coast of Asia. In eastern Europe there

is negative BC-albedo forcing change, loss of snow/ice

cover, regional warming (Fig. 11), decreased clouds and

precipitation. Thus in some cases shifts in local climate

and hydrology cause responses not expected based on the

BC-albedo radiative forcing changes. However again, the

statistical significance of many of the snow/ice changes

is small.

FIG. 10. (top) Top-of-atmosphere (annual mean) model radiative flux change relative to

1880 due to various short-lived species forcings); (middle) net aerosol direct, BC-albedo,

ozone, volcanic aerosol, long-lived greenhouse gases, and net of all forcings (W m22 3 100).

GHG 5 greenhouse gases, volcanos 5 stratospheric aerosol forcing from volcanic eruptions,

strat H2O 5 stratospheric water vapor, land 5 land-use changes. (bottom) Global mean

surface air temperature trends for observed and model simulations. The average of the STD

ensemble simulations is shown in bold red. BCALB is like STD but without BC-albedo.

Observations are from the GISS temperature analysis available online at http://data.giss.

nasa.gov/gistemp/.
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c. Cloud and precipitation changes

Figure 13 shows changes in-cloud cover and precipi-

tation for the STD simulation. The GISS model typically

has a net decrease in cloud cover under global warming

conditions (Koch et al. 2009a). This dominates the simu-

lation, with a global cloud cover decrease of 20.35% over

the century. The decrease is distributed relatively evenly

over the century, with 20.12, 20.08, and 20.16% occurring

from 1890–1940s, 1940s–70s, and 1970s–90s, respectively.

The losses are larger over the continents especially during

the beginning of the century. Particularly large decreases

occur over central Africa, southern Europe, southwestern

North America, and western South America, with in-

creased cloud cover over northern Europe.

Figure 13 also shows model precipitation changes.

The global mean changes are small; however, there are

some large regional changes. The simulation generally

has moistening in the tropics and drying in the subtropics,

a feature common with AR4 simulations and evident

in observations (Seager et al. 2007). The precipitation

changes are distributed similarly to those in our Qflux

equilibrium model simulations (Koch et al. 2009a), al-

though those simulations had net decreased precipitation,

20.06 mm day21, compared with 10.01 mm day21 in

these experiments. The tropical drying/moistening to

the north–south corresponds to a southward shift of the

intertropical convergence zone (ITCZ). This shift has

been simulated in previous models and attributed to the

cooling of aerosols, especially for simulations including

indirect effect, which is larger in the Northern Hemi-

sphere than the Southern Hemisphere (e.g., Kristjansson

et al. 2005; Takemura et al. 2005; Rotstayn et al. 2000;

Zhang et al. 2007).

FIG. 11. Surface air temperature changes, (top) observed from GISS surface air temperature analysis (white is missing data), (middle) in

STD model, and (bottom) due to the BC-albedo effect (STD minus BCALB). SAT changes for decadal means are given from (first

column) 1890s to 1990s, (second column) 1890s to 1940s, (third column) 1940s to 1970s, and (last column) 1970s to 1990s. Global (Arctic)

mean values are above each panel. For the model changes, heavy and light contours show 90% and 95% for STD and 75% and 90%

significance for the BC-albedo effect, according to a Student’s t test.
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Many regional patterns may be linked with the ITCZ

shift. Most notable is the drying of the Sahel, simulated in

our model and in previous studies. Rotstayn and Lohmann

(2002) simulated this shift and compared the consequent

drying of the Sahel and southeastern Asia with obser-

vations. The Sahel was observed to dry most strongly

up to the 1980s. Folland et al. (2001) argued that the

strongest shifting/drying also corresponds to the timing

of the greatest increase in aerosols. They also attributed

the increased precipitation at higher latitudes, also oc-

curring in our simulations, to increasing greenhouse gases.

Biasutti and Giannini (2006) found similar behavior in

many of the AR4 IPCC simulations, showing that the

drying in the northern part of the ITCZ over the Sahel

occurred for models with aerosol effects but not for

models with only greenhouse gas forcing. Our model

simulates strongest Sahel drying midcentury, as observed.

6. Pollution reduction experiments, 1970–2000

Now we present two pollution reduction sensitivity

studies. From these we may learn how aerosols have af-

fected recent climate change. Also, we can consider

whether changing aerosol loads might improve the model

performance near the end of the century. Finally, we gain

some insight into how future pollution reductions may

affect climate.

Beginning from the STD simulation, we branched two

experiments in 1970 and continued to the year 2000

(BC70 and S70 in Table 1). We eliminated BC and SO2

pollution, respectively, and show how these reductions

affect model climate by comparing results with those

from the STD run during 1970s–90s. BC70 had all non-

biomass BC set to zero and biomass burning BC and OC,

which are always coemitted, set to 1890 levels from 1970

to 2000. S70 had all anthropogenic SO2 set to zero from

1970 to 2000. Note that nonbiomass BC and pollution

SO2 also have coemitted species, so our experiments are

highly idealized.

a. Impacts on burden, aerosol optical depth, forcing

Table 2 gives burden, AOD, and forcing changes for

the final decade (1990s) of the sensitivity studies. Note

that for the S70 case nitrate formation increases 75% in

year 2000 since nitrate and sulfate formation compete for

ammonia (e.g., Bauer et al. 2007).

BC and BC-albedo forcings for BC70 are much smaller

(half and 30% less) than for the 1890s, because of the

substantial 1890s anthropogenic emissions, especially in the

residential sector.

In the 1990s, the TOA and surface forcings for S70 rela-

tive to STD are 10.20 and 10.37 W m22; the TOA and

surface forcings for the BC reduction are 20.32 and 10.74

W m22. Therefore, sulfur reduction has a ‘‘warming’’ effect

FIG. 12. Model snow and ice cover changes (%) (top) for STD and (bottom) from the BC-albedo effect (STD minus BCALB). Snow/ice

cover changes for decadal means are given from (first column) 1890s to 1990s, (second column) 1890s to 1940s, (third column) 1940s to

1970s, and (last column) 1970s to 1990s. Global (Arctic; Land) mean values are above each panel. Heavy and light white contours show

90% and 95% significance for the STD run and 75% and 90% significance for the BC-albedo effect.
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at both top and bottom of the atmosphere; however, BC

reduction is ‘‘cooling’’ at the TOA but exerts a strong

positive forcing at the surface.

The radiative forcing differences between the STD and

the sensitivity studies, averaged over the three decades,

are 20.3 and 10.3 W m22 for BC70 and S70.

b. Impacts of pollution reduction on climate

Figure 14 shows the global mean SAT trends for the

experiments and the differences between the sensitivity

and STD simulations. Sulfur reduction has a much larger

effect, with warming of about 0.28C. The warming does

not occur immediately but increases gradually during the

three decades. The BC reduction experiments are not

much cooler on average than the STD simulation.

Figure 15 shows map views of the change between STD

and each case, averaged over the three decades, for sur-

face radiation, SAT, snow–ice cover, and low-cloud cover.

The first panel shows the particularly strong reduction in

surface radiation from BC reduction.

The SAT change (averaged over the three decades) per

forcing change is 0.18 and 0.58C W21 m2 for BC70 and

S70. Therefore, sulfur ‘‘unmasking’’ has a stronger surface

temperature response than BC reduction. The stronger

impact of sulfur reduction may be due to two probably

related factors. The reduction in aerosol causes decreased

cloud cover, particularly at low levels in the model,

20.14% and 20.05% for BC and S (Fig. 15, last column).

Figure 16 (second column) shows the zonal mean cloud

cover differences for the 1990s. BC enhances low-level

stability and low-level clouds so that reduction of BC

decreases stability and causes cloud loss especially at mid–

high latitudes of the NH. To test this, we consider the change

in atmospheric column temperature per unit radiative forc-

ing, which is 0.48C W21 m2 for BC and 0.68C W21 m2 for

S. Thus, sulfur reduction affects surface and column tem-

peratures in a similar way, suggesting that atmospheric

stability has not changed very much. However, BC reduc-

tion cools the column much more than the surface. Figure

16 (first column) shows the differences in zonal mean

temperature. Because of its impact on stability and clouds,

BC caused strong surface cooling, so that when BC is re-

moved the surface temperature does not cool very much

more, while the column temperature does cool. Note also

that in Fig. 15, the regions of cooling for BC reduction are

typically regions where low cloud cover has increased. For

the sulfur reduction experiments warming is strongest in

FIG. 13. (top) Model cloud cover changes (%); (bottom) model precipitation changes (mm day21). Changes for decadal means are given

from (first column) 1890s to 1990s, (second column) 1890s to 1940s, (third column) 1940s to 1970s, and (last column) 1970s to 1990s. Global

(Arctic) mean values are above each panel. Heavy and light contours show 75% and 90% significance, according to a Student’s t test.
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regions where cloud cover has decreased, particularly over

North America and Europe.

The S70 warming also enhances snow–ice cover loss,

and this is exacerbated especially where there are con-

tinental reductions in cloud cover; note that these ex-

periments do not include the indirect effect, if they did

the unmasking–warming effect would have been stron-

ger. The strong warming over continents from reduced

sulfate would improve our STD simulation compared to

observations (Fig. 11). However, even if all sulfur pollu-

tion were removed, the STD simulation warming would

still not be as much as observed.

7. Discussion and conclusions

We have presented results for coupled aerosols and

ozone run online in a transient twentieth-century climate

simulation including a dynamic ocean, with particular

focus on aerosol effects on climate. We considered aerosol

and ozone trends and compared them with available ob-

servations. We then considered the climate response and

isolated the BC-snow-albedo effect on climate. Finally, we

conducted sensitivity studies to see how aerosol reduction

near the end of the century would have affected climate.

In general, the model simulated the net temperature

change over the century fairly well; however, it failed to

capture the observed midcentury cooling and end-of-

century warming (Fig. 11).

To test the historical emissions and model simulations,

we compared modeled trends in aerosol species with

available historical ice core, lake core, sulfur deposition,

air concentration, and surface radiation observations. In

general, the model trends agreed reasonably well with

BC observations from ice and lake sediment cores in

Greenland, North America, and Europe. Historical sul-

fur in ice cores presented a greater challenge. Sulfur in the

Greenland ice core peaked at around 1970, while the model

peaked around 1990 (Fig. 4). According to McConnell et al.

(2007), the Greenland (BC) cores correlate best with

emission trends from North America. Interestingly, the

model sulfur deposition for 1980–2000 in North America

compared very well with data from NADP, both in mag-

nitude and trend (Fig. 5). However, we cannot check this

prior to 1980 to determine whether the source region

sulfur should have peaked in 1970 as indicated by the

Greenland ice core records. The model also does not

produce the smaller sulfur maximum around 1910 in the

Greenland cores, presumably resulting from coal com-

bustion. In Europe, the model sulfur trends compared

reasonably well with Alpine ice core records, with both

indicating peak European sulfur around 1980 (Fig. 6).

However, compared with surface concentration sulfur

measurements, the model underestimates the magnitude

in 1980 while simulating the late century concentrations

quite well. Therefore, the decline in sulfate is probably

underestimated for Europe.

Deficiencies in model species are to some extent due to

problems in the historical emissions. A shortcoming of our

setup was to use the EDGAR–HYDE historical sulfur

pollution emissions up to the year 1980 and then switch to

the EDGAR32 emissions for the years 1990 and 2000.

The EDGAR–HYDE and EDGAR32 are constructed

differently and include different sources and are therefore

not strictly consistent. We note that the emissions estimates

FIG. 14. Global mean surface air temperature trends for observed and model simulations for

STD and for 1970–2000 pollution reduction experiments. The average of each ensemble is

shown in bold. (bottom) The difference between reduction experiment means and STD ex-

periment is shown. BC70 and S70 are the BC and sulfur reduction experiments.
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of Smith et al. (2004) peak higher in the 1970s and decline

more afterward compared with ours. This is because Smith

et al. (2004) included sulfur emission controls applied to

fossil fuel and smelting sources that were implemented

later in the century; these were not included in the ED-

GAR inventories. The 1970s peak of Smith et al. (2004) is

indeed due mostly to North American emissions peaking at

around that time; European sulfur emissions peaked in the

late 1970s.

Historical biomass burning is a particularly uncertain

source of the short-lived species. Biomass burning TOA

aerosol radiative forcing is estimated to be slightly

negative while ozone contributes positive forcing (Fig.

8); the aerosols exert a strong negative surface forcing

(Fig. 9). The net climate impact of these effects cannot

be isolated in our experiments but could be significant.

Because the history of biomass burning is poorly known,

we chose a simple emission history, with no change in

boreal/temperate burning over the century, and with

half of present-day tropical forest and African grass-

lands burning in the late 1800s with a linear increase to

the year 2000. According to Mouillot and Field (2005),

Mouillot et al. (2006), and Marlon et al. (2008), tem-

perate and boreal burning in some regions such as North

America may have been greater in the late 1800s than at

present owing to the extensive land-clearing activities at

that time. These studies also suggest that tropical burning

in the late 1800s would have been quite small and then

increased more steeply toward the end of the century,

while African grassland burning would have been rela-

tively steady during the century. Future climate experi-

ments (e.g., AR5) will include updated biomass burning

histories. However, further constraint on these historical

sources is needed.

Although our model included full coupling between

aerosols, ozone, and climate, our treatment was simpli-

fied in two important respects. First, this model version

does not include aerosol microphysics, or mixed parti-

cles, other than sulfur and nitrate mixing with dust. If

sulfate and nitrate were also allowed to mix with BC and

other particles, the amount of sulfate scattering would

probably decrease and the amount of BC absorption would

increase (e.g., Ackerman and Toon 1981). Future simula-

tions of the twentieth century will include our aerosol

microphysical scheme (Bauer et al. 2008, 2010). This was

not available at the start of this study and would also have

been too computationally slow to include together with

ozone chemistry.

FIG. 15. Differences between pollution reduction simulations and STD run, averaged over the three decades 1970s–1990s. Pollution

reduction cases are (top) BC (BC70) and (bottom) sulfur (S70). Changes for surface radiation (W m22), surface air temperature (8C),

snow/ice cover (%), and low cloud cover (%) are shown. Global (Arctic) means are above each panel. Heavy and light contours show 75%

and 90% significance, according to a Student’s t test.
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A second model component that should be included is

the aerosol microphysical effects on clouds, or indirect

effects. Excessive midcentury warming (e.g., Figs. 10 and

11) would be reduced by indirect effects because the re-

sulting cloud enhancement would coincide with the large

aerosol load increase at that time. Although we did in-

clude indirect effects in our initial experiments, we found

it quite difficult to avoid excessive cooling toward the end

of the century.

An important point of this study is that the changes

in short-lived species that occur during segments of the

twentieth century are more dynamic than what we see from

an ‘‘IPCC bar chart’’ view of radiative forcing changes

since the preindustrial. While the centennial view is use-

ful for long-lived greenhouse gases, it underestimates the

impacts of short-lived species since they have had large

regionally varying changes throughout the century. For

example, we showed that BC impacts are greatest early in

the twentieth century, while sulfate impacts peak later in

the century. And since both of these pollutants were later

reduced in developed regions such as North America and

Europe, the reductions sometimes caused reversals in

radiative forcing.

For example, the BC-albedo effect underwent local

forcing sign reversal late in the century. Over the century,

about 20% of Arctic and global snow/ice loss was at-

tributed to the BC-albedo effect and about 14% of Arctic

warming (Figs. 11 and 12). However, the strongest impact

was early in the century, when 30%–50% of warming and

ice melting was estimated to be from the BC-albedo ef-

fect. Late in the century, reductions in Arctic BC con-

tributed to Arctic cooling and increased snow/ice cover.

FIG. 16. Zonal mean differences between pollution reduction simulations and STD run, averaged over the 1990s.

Pollution reduction cases are (top) BC (BC70) and (bottom) sulfur (S70). Changes for (left) temperature (8C) and

(right) cloud cover (%) are shown.
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Note that even though the BC-albedo effect has appar-

ently not caused recent snow/ice cover Arctic losses, the

model results imply that there is remaining potential for

further reductions of Arctic BC to contribute to Arctic

cooling. As shown in Fig. 7, the large BC deposition in the

Eurasian region at the end of the century suggests that

there are still opportunities for further BC reduction.

Our results support the role of aerosols in contribut-

ing to the interdecadal variability of surface radiation or

dimming and brightening. Reduced warming and global

dimming, modeled midcentury (1940–70s), coincide with

strongly increased sulfate (Figs. 9 and 11). The dimming

is generally stronger for clear sky than all sky, suggesting

an important role for aerosols. The model simulated local

brightening at the end of the century, especially in Europe

and North America. Although our model simulates the

correct decadal variability, the dimming/brightening mag-

nitudes are weaker than in surface radiation measurements,

similar to previous model studies (Wild 2009b). This de-

ficiency may correspond to the lack of decadal variability

in SAT during the last half of the century, with insufficient

cooling midcentury and insufficient warming at the end of

the century. Including aerosol indirect effects and stronger

BC absorption, as would occur for mixed particles, should

increase dimming and brightening magnitudes; the indi-

rect effects would also amplify the aerosol cooling effects.

On the other hand, the midcentury cooling may have re-

sulted from natural variability that our model was not able

to simulate.

Our coupled aerosol-chemistry–climate model simu-

lated ozone changes, including reduced polar strato-

spheric ozone in both hemispheres (Fig. 8) from the 1970s

to the 1990s. Concurrently, sea salt aerosol optical depths

and radiative forcing also increased in the Southern

Hemisphere around Antarctica (Fig. 8). Previous model-

ing studies have shown that the ozone hole and increased

greenhouse gases are probably responsible for the in-

tensification of the Southern Hemisphere annular mode

and therefore intensification of the polar vortex (e.g.,

Arblaster and Meehl 2006). It is plausible that the sea salt

enhancement also contributed to south polar cooling to-

ward the end of the century (Fig. 11). In future studies, the

climate effect of the sea salt enhancement could be iso-

lated by comparing climate simulations with and without

sea salt climate coupling.

Our study suggests that using online aerosols may re-

duce the potency of the aerosol forcing. The model sen-

sitivity, or warming of the control run to doubled CO2,

was larger (3.48C) than found in a similar model version

that used offline species (2.78C; Hansen et al. 2007). Be-

cause our aerosol/ozone sources were different, it is dif-

ficult to quantify the reasons for the changed sensitivity.

However, in separate experiments, we found weaker

aerosol forcings using online aerosols compared with

identical offline aerosols. This difference may result from

saturation of forcing during pollution events that would

occur less if using monthly mean fields. Thus, using online

aerosols may further reduce the ability of the aerosols to

contribute to midcentury cooling.

To isolate the effects of aerosol pollution on climate

change during the last part of the century, we performed

two pollution-reduction experiments beginning in the

1970s, removing sulfate and BC pollution, respectively.

Although the magnitudes of the forcing and the column

temperature responses were similar for the two experi-

ments, there was large disparity in the surface air temper-

ature response. Reduction in scattering aerosols caused

a much stronger surface warming compared to the cooling

from reduction in absorbing (BC) aerosols. We argued

that since BC stabilizes the atmospheric column, it in-

creases low-level cloud cover which contributes to surface

cooling. Therefore, when BC was reduced, stability and

cloud cover decreased, so that surface temperatures de-

creased only modestly. The cloud responses are probably

model dependent and similar experiments should be per-

formed in other models to confirm the result.

Our transient simulation of coupled short-lived species

and climate was successful in some respects and indicates

the need for improvement in others. The model agreed with

most observed trends in species from lake/ice cores and with

surface radiation trends, although it underestimated the

magnitude of the surface radiation and SAT changes during

the second have of the century. It is encouraging that there

are ongoing efforts to derive additional historical trends in

species, in ice cores and lake sediments. These are crucial

for constraining emission histories and model performance.

Our future experiments will use the newer (AR5) version of

the GISS model, including higher horizontal and vertical

resolution and updated climate model physics. We will also

include our aerosol microphysical scheme (Bauer et al.

2008, 2010) to provide more physically realistic aerosol ra-

diative forcing and aerosol indirect effects.
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