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ABSTRACT

A new high-resolution global tropospheric aerosol dataset with monthly resolution is generated using

version 4 of the Community Atmosphere Model (CAM4) coupled to a bulk aerosol model and forced with

recent estimates of surface emissions for the period 1961–2000 to identify tropospheric aerosol-induced in-

terannual climate variations. The surface emissions dataset is constructed from phase 5 of the CoupledModel

Intercomparison Project (CMIP5) decadal-resolution surface emissions dataset to include reanalysis of tro-

pospheric chemical composition [40-yr Reanalysis of Tropospheric Chemical Composition (RETRO)] wildfire

monthly emissions data. A four-member ensemble run is conducted using the spectral configuration of CAM4,

forced with the new tropospheric aerosol dataset and prescribed with observed sea surface temperature, sea ice,

and greenhouse gases. CAM4 only simulates the direct and semidirect effects of aerosols on the climate. The

simulations reveal that variations in tropospheric aerosol levels can induce significant regional climate variability

on the interannual time scales. Regression analyses over tropical Atlantic and Africa suggest that increasing dust

aerosols can cool the North African landmass and shift convection southward fromWest Africa into the Gulf of

Guinea in the spring season. Further, it is found that carbonaceous aerosols emanating from the southwestern

African savannas can significantly cool the region and increase the marine stratocumulus cloud cover over the

southeast tropical Atlantic Ocean by aerosol-induced diabatic heating of the free troposphere above the low

clouds. Experiments conducted with CAM4 coupled to a slab ocean model suggest that present-day aerosols can

cool the tropical NorthAtlantic and shift the intertropical convergence zone southward and can reduce the ocean

mixed layer temperature beneath the increasedmarine stratocumulus clouds in the southeastern tropical Atlantic.

1. Introduction

The Fourth Assessment Report (AR4) of the In-

tergovernmental Panel on Climate Change (IPCC) main-

tains that the radiative impacts of tropospheric aerosols on

Earth’s climate remain among the largest sources of cli-

mate simulation errors/uncertainty owing to our limited

understanding of complex interactions of aerosols within

the climate system (Forster et al. 2007). A recent study

estimates the total aerosol radiative forcing to be 21.5 6
0.5 W m22 from climate model simulations and satellite

retrievals (Quaas et al. 2009). Moreover, the sign of the

global precipitation response to increased tropospheric

aerosols is not yet known (Denman et al. 2007). The major

natural sources of tropospheric aerosols are dust and sea
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salt. Fossil fuel, biofuel, and biomass burning are the pri-

mary sources of major anthropogenic aerosols, which in-

clude sulfates, black carbon, and organic carbon. Wildfire

emissions also form a large source of tropospheric carbo-

naceous and sulfate aerosols and their precursors. The

contribution of anthropogenic activities to variability in

wildfires and tropospheric mineral dust is poorly un-

derstood at present (e.g., Forster et al. 2007). The IPCC

AR4, for example, used an estimate of 0% to 20%—with

large uncertainties—for the contribution of the anthropo-

genic dust burden to the total dust aerosol loading in the

troposphere (Forster et al. 2007).

Aerosols are primarily scatterers of solar radiation,

reflecting incoming solar radiation back to space, resulting

in a net negative top of the atmosphere (TOA) radiative

flux. This radiative effect is referred to as the aerosol di-

rect effect (e.g., Coakley and Cess 1985; Charlson et al.

1991). However, some aerosols absorb radiation and this

direct effect can lead to both a net negative TOAradiative

flux over dark surfaces, as well as a positive TOAradiative

flux over reflecting surfaces such as deserts (e.g., Chylek

and Wong 1995). The presence of bright low-level clouds

below absorbing aerosols also results in a local positive

TOA radiative flux (Haywood and Shine 1995). In addi-

tion to reduced surface solar radiative flux due to scat-

tering, absorption of radiation by carbonaceous and

mineral dust aerosols results in diabatic heating of the

atmosphere. This leads to a surface radiative flux response

much stronger than the TOA radiative flux response to

tropospheric aerosols (e.g., Satheesh and Ramanathan

2000; Ramanathan et al. 2001).

The diabatic heating within a tropospheric column

also impacts cloud formation and cloud lifetime by

changing the relative humidity profile and the static

stability of the column. The effect of these induced cloud

changes on the radiative forcing of the Earth system is

termed the ‘‘semidirect effect’’ (e.g., Hansen et al. 1997;

Ackerman et al. 2000). The semidirect TOA radiative

effect of absorbing aerosols, while typically positive,

strongly depends on the vertical distribution of aerosols

relative to the clouds. For example, the effect can be

negative if the aerosols lie above a cloud layer, such as

marine stratocumulus cloud decks found off the western

coasts of continents in the subtropics (e.g., Johnson et al.

2004; Wilcox 2010). Diabatic heating of the troposphere

above the boundary layer by moderately absorbing

aerosols intensifies the inversion layer and reduces en-

trainment of air from above in the shallow clouds. The

heating also results in a shallower boundary layer with

a higher liquid water path of the stratocumulus clouds,

which increases the reflection of shortwave fluxes back

to the top of the atmosphere (e.g., Johnson et al. 2004;

Sakaeda et al. 2011). Results from 15 global aerosol

models participating in the Aerosol Comparison be-

tween Models and Observations project (AeroCom)

suggest that the globally averaged combined TOA ra-

diative forcing from the direct and semidirect effect of

major aerosol species is 20.4 W m22 with as large an

uncertainty (Forster et al. 2007).

Further, microphysical interactions of aerosols with

clouds can indirectly affect the climate system. The in-

direct effects of aerosols, primarily through the cloud

albedo effect (Twomey effect) and the cloud lifetime

effect (Albrecht effect) (Twomey 1977; Albrecht 1989;

Rosenfeld 2000), are among the largest sources of un-

certainty in climate simulations due to poor understanding

and simulation of microphysically induced aerosol–cloud

interactions (Forster et al. 2007). Models that include all

major aerosol species estimate the radiative forcing from

each of these two indirect effects ranges from 20.3 to

21.8 W m22 (Forster et al. 2007; Denman et al. 2007).

Most observational or modeling studies of aerosol

impacts on the climate system attempt to quantify and

constrain the uncertainty of direct or indirect radiative

forcings with respect to the present aerosol conditions.

However, only a few studies (e.g., Huang et al. 2009a;

Mahowald et al. 2010) focus on the impact of the in-

terannual variability of aerosols on the climate system.

Studies of aerosol induced trends in the past century

also focus on the long-term changes (e.g., Ramanathan

et al. 2005) with little analysis of aerosol-induced in-

terannual variations. Phase 5 of the Coupled Model In-

tercomparison Project (CMIP5) production simulations

for the Fifth Assessment Report (AR5) of the IPCC will

be forced with decadal resolution of aerosol precursor

emissions to capture aerosol-forced trends over the last

century (Lamarque et al. 2010). These simulations will

therefore not resolve the aerosol-induced interannual

climate variability.

The focus of this study is to identify and understand

tropospheric aerosol-induced interannual variations of

global and regional climate by direct and semidirect

effects from simulations of the spectral configuration

of Community Atmosphere Model version 4 (CAM4),

which is the atmospheric component of the Community

Earth System Model version 1.0 (CESM1.0). For this

purpose, we have generated a new estimate of global

atmospheric aerosol distribution to force CAM4 with

a more realistic time-varying, high-resolution, aerosol-

induced radiative forcing. The global tropospheric

aerosol distribution dataset is generated from a new

emissions dataset, which is derived from the CMIP5

surface emissions dataset by enhancing it to include

monthly surface wildfire emissions data for the period

1961–2000, lending interannual variability to aerosols

radiative forcing.
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Aerosols have been found to play a particularly im-

portant role in the climate of the tropical Atlantic and

West Africa (e.g., Prospero and Lamb 2003; Yoshioka

et al. 2007; Huang et al. 2009a; Sakaeda et al. 2011),

the Amazon basin (e.g., Koren et al. 2004; Pöschl et al.

2010), and Southeast Asia (e.g., Ramanathan et al. 2001,

2005; Chung and Ramanathan 2006; Lau et al. 2006;

Collier and Zhang 2009). In this study, we focus on the

impact of variability in aerosols on the climate of the

tropical Atlantic and West Africa. The tropical Atlantic

and the African continent bear an influx of different

aerosol species over different latitudinal bands through-

out the year (e.g., Kaufman et al. 2005; Huang et al.

2009a). Sulfate aerosols are advected to the north tropical

Atlantic from emissions in North America and Europe.

Dust emitted from the Sahara desert and the Sahel region

travels westward across the tropical North Atlantic be-

tween 58 and 308N, peaking in the boreal summer (e.g.,

Prospero and Carlson 1972; Huang et al. 2009b). Biomass

burning and forest fires over the Sahel region and central

Africa result in carbonaceous aerosols over centralAfrica

and the equatorial and south tropical Atlantic Ocean

from July to September (e.g., Haywood et al. 2003, 2004;

Matichuk et al. 2007). Observational and modeling

studies reveal that increased aerosols over tropical

Africa and tropical Atlantic tend to reduce the West

African rainfall as well as cloud amount (e.g., Huang

et al. 2009a). Increased aerosols are also associated

with increased shallow cloud cover over the north and

south tropical Atlantic off the west coast of Africa (e.g.,

Kaufman et al. 2005).

In the following section, we describe the methodol-

ogy of generating the new monthly high-resolution

global tropospheric aerosol dataset from surface

emissions. We briefly describe our experiments with

CAM4 forced with the new aerosol dataset in section 3.

In section 4, we present a comparison of the simulated

aerosol distribution with Moderate Resolution Imag-

ing Spectroradiometer (MODIS) satellite retrievals,

and we discuss the trends and variability related to

the new aerosol distribution dataset in section 5. In

section 6, we briefly discuss aerosol-induced variability

on the global radiative forcing in the context of our

simulations. We focus on the direct and semidirect

effects of aerosols on tropical Atlantic and the African

continents—regions with large mean aerosol loadings

and exhibiting large aerosol variability—in section 7.

We present our results from simulations of CAM4

coupled with a slab ocean model (SOM) to assess the

role of thermodynamic feedbacks in the response of

tropical Atlantic and Africa to aerosol forcing in sec-

tion 8. Finally, we summarize and discuss our results in

section 9.

2. Generating tropospheric aerosol dataset from
surface emissions data

A realistic three-dimensional tropospheric aerosol

monthly dataset for the latter part of the twentieth

century is created using the finite volume dynamical

core of CAM4 at a horizontal resolution of 0.98 3 1.258,
coupled to a bulk aerosol model (BAM). The dataset

includes the tropospheric distribution of five major an-

thropogenic and natural aerosol species, namely sul-

fates, black carbon, organic carbon, sea salt, and dust.

BAM only computes the bulk mass of aerosols and as-

sumes a lognormal size distribution for all aerosols,

and includes sulfur chemistry (Lamarque et al. 2005;

Emmons et al. 2010; Tie et al. 2001, 2005). CAM4 sim-

ulates the direct and semidirect effects of aerosols and

excludes the indirect effects. The CAM4-BAM model

setup is prescribed with observed sea surface temper-

ature (SST) and sea ice extent as the lower boundary

conditions. The model setup is forced with a time series

of surface emissions of black carbon, organic carbon,

and sulfate aerosols. Further, the time series of sulfate

aerosol precursors (sulfur dioxide and dimethyl sulfide)

and oxidants (ozone, hydroxyl radical, nitrates, and

hydrogen peroxide) are prescribed. The model incor-

porates dust (Mahowald et al. 2006b; Zender et al.

2003) and sea salt (Mahowald et al. 2006a) aerosols

and simulates their entrainment in the atmosphere

based on surface conditions. The deposition fluxes of

the different aerosol species are also computed by the

model. The finite volume discretization is better suited

for climate simulations that include atmospheric chem-

istry and tracer transport than the spectral configura-

tion, because mass is conserved in the finite volume

discretization.

The CAM4-BAM model setup allows for explicitly

interactive sulfur chemistry within the GCM, generating

a consistent chemistry–climate simulation (albeit with

systematic CAM4 model biases; R. Neale et al. 2011,

unpublished manuscript). The transport of aerosol pre-

cursors, oxidants, derived sulfate, and other aerosol spe-

cies is driven by CAM4-generated atmospheric flow

online. Our goal here is to generate a realistic 3D dis-

tribution of major aerosol species from a simulation that

includes the feedbacks between aerosols and the model

climate. The radiative forcing of aerosols is computed

online, allowing the climate system to respond to the

forcing, which would in turn also affect the transport

of aerosols and their precursors. Typically, chemistry

transport models generate atmospheric tracer distribu-

tions offline, driven by observations or reanalyses prod-

ucts, which do not capture complex interactions between

chemistry and climate.
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The emissions dataset generated for the CAM4-BAM

model were derived from the emissions data created for

the CMIP5 model simulations (Lamarque et al. 2010).

The CMIP5 emissions dataset has been created at

a resolution of 0.58 3 0.58 at decadal increments for the

period 1850–2000 from 40 regions worldwide and 12

activity sectors that release emissions (Lamarque et al.

2010). The purpose of CMIP5 emissions dataset was to

provide data for all emission species that are important

for the generation of ozone and aerosols in global at-

mospheric chemistry models. For a large number of

species required in complex chemistry models, the

global and regional data inventories are limited tem-

porally and show large differences among them for un-

controlled emissions such as biomass burning (Kasischke

and Penner 2004). Since the central focus of CMIP5 is on

long-term trends, emissions were only provided every

decade, with a seasonal cycle of biomass burning emis-

sions only (Lamarque et al. 2010).

However, data at monthly resolution are available for

the latter part of the twentieth century for key aerosol

species such as sulfur dioxide (Smith et al. 2011) and

carbonaceous aerosols (Bond et al. 2004; Junker and

Liousse 2008) and are sufficient for the relatively simple

chemistry module of BAM. Here, we exploit the 40-yr

Reanalysis of Tropospheric Chemical Composition

(RETRO) wildland fire inventory (Schultz et al. 2008)

from 1961 to 2000, which includes emissions of black

carbon, organic carbon, sulfur dioxide, and sulfates among

several trace compounds from wildfires. The RETRO in-

ventory is available at a spatial resolution of 0.58 3 0.58 at
monthly intervals. The inventory is based on an extensive

literature review of existing datasets, satellite-derived es-

timates, and a semiphysical numerical model to simulate

fire occurrence and spread (Schultz et al. 2008).

We combine RETRO data with the CMIP5 anthro-

pogenic emissions to generate an emissions dataset

with monthly variability, by replacing the wildfire com-

ponent of CMIP5 emissions data of black carbon, or-

ganic carbon, sulfur dioxide, and sulfates with that

fromRETRO data for the period 1961–2000. While the

RETRO data contain monthly resolutions of several

anthropogenic emissions as well, they lack data for

anthropogenic tracer species of black and organic car-

bon. In lieu of comprehensive monthly data for these

species we opted to use the AR5 anthropogenic in-

ventories and simply interpolate decadally averaged

values to monthly resolution. The new emissions da-

taset, which we call the CMIP5-RETRO, includes both

the long-term trend from anthropogenic emissions and

interannual variability and trends induced by wildfires

for the period 1961–2000. The CMIP5-RETRO emis-

sions data, regridded to 0.98 3 1.258 resolution to match

CAM4 resolution, is then used to force the CAM4-

BAM model setup to generate a time-dependent tro-

pospheric distribution of aerosols at monthly temporal

resolution and a horizontal spatial resolution of 0.98 3
1.258 for the period 1961–2000. We refer to it as the

CMIP5-RETRO aerosol dataset.

We also generate a climatology of preindustrial tro-

pospheric aerosol distribution from a 10-yr simulation

using the above CAM4-BAM model setup, but forced

with the best estimates of a monthly climatology of sur-

face emissions in the preindustrial era (Lamarque et al.

2010).

3. Model setup for aerosol-forced
twentieth-century simulations

We use the spectral configuration of CAM4 (Neale

et al. 2010) with a T85 spectral truncation (K. Evans

et al. 2012, unpublished manuscript) for simulating the

direct and semidirect radiative effects of aerosols. The

T85 spectral truncation of spectral CAM4 is similar to

the finite volume dynamical core’s 18 horizontal reso-
lution based on the kinetic energy spectra equivalent

resolution analysis (Williamson 2008). CAM4 exists as

the atmospheric component of the Community Climate

System Model version 4 (CCSM4.0) and is also sup-

ported as an atmospheric component in the more recent

Community Earth System Model version 1.0. In our

experiments, CAM4 is coupled to the Community Land

Model version 4.0 (CLM4) and observed surface oceanic

and sea ice conditions (Rayner et al. 2006) are prescribed

as the lower boundary conditions.

CAM4 allows for a time-dependent and geographically

varying tropospheric distribution of the five major an-

thropogenic and natural aerosol species as listed in the

previous section (Neale et al. 2010). We exploit this ca-

pability in our experiments to understand regional cli-

mate variability induced by aerosols. As mentioned

earlier, aerosols and cloud microphysics are uncoupled in

CAM4, permitting direct and semidirect radiative effects

of different aerosol species but excluding indirect effects

of aerosols such as aerosol activation, aerosol–cloud

feedback, etc. Also, secondary organic aerosols are not

included in CAM4. While these exclusions limit the

completeness of the simulation, they allow us to clearly

isolate the impacts of the direct and semidirect effects of

aerosols on the climate system from our experiments.

Sulfates and sea salt aerosol species in the troposphere

predominantly scatter incoming solar radiation, whereas

dust and carbonaceous aerosols are strongly absorbing

in the visible wavelengths and lead to an increase in the

shortwave diabatic heating of the troposphere in CAM4.

The specific extinction, single scattering albedo, and the
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asymmetry parameter of each of the aerosol species is

prescribed for the spectral solar insolation and the col-

umn integrated values such as the aerosol optical depth

are diagnostically computed. Further, sulfates, sea salt,

and hydrophilic organic carbon are subjected to hygro-

scopic growth in the model, which changes the optical

properties of these aerosol species based on the relative

humidity profile in the tropospheric column at each ra-

diative time step (Neale et al. 2010). The radiative

forcing from the aerosols is diagnostically computed

from the aerosols in the atmospheric column in CAM4.

By prescribing the aerosols in CAM4, we remove the

feedback mechanisms between the aerosols and the

climate system and focus on the response of the climate

system to aerosol-induced radiative forcing.

We run two different sets of four-member ensemble

runs with the spectral configuration of T85 CAM4 for

the period 1961–2000. Both experimental sets are forced

with the observed SST and sea ice boundary conditions

and volcanic aerosols for the simulated period. The first

set is forced with 1961–2000 tropospheric CMIP5 1
RETROaerosol dataset as derived above fromCMIP51
RETRO emissions (section 2) and is called the AMIP-

CMIP5AERO 1 RETRO set, whereas the second set

is forced with the preindustrial climatology of tropo-

spheric aerosol distribution and is called the AMIP-

1850AERO set. Each of the ensemble member runs in

each set are started with different initial conditions of the

atmosphere.

4. Comparison of model-derived aerosol dataset
with MODIS data

Figure 1a shows the ensemble averaged total aerosol

optical depth for the boreal spring season of the AMIP-

CMIP5AERO 1 RETRO simulations averaged over

the period 1991–2000. Figure 1b shows an estimate of

the boreal spring total aerosol optical depth from the

MODIS instrument on the Terra satellite averaged over

the period 2001–10. Figure 1c shows the difference be-

tween the two. The details of MODIS retrieval algo-

rithms and validation of aerosol products can be found

in Remer et al. (2005). The MODIS instrument can

reasonably measure total aerosol optical depth over the

oceans, but retrievals over bright land surfaces are dif-

ficult. CAM4 seems to be overestimating the total

aerosol optical depth over the north tropical Atlantic

ocean and underestimating it over the south tropical

Atlantic/Africa, the Indian subcontinent, Southeast Asia,

and East Asia.

Dust and sulfate are the dominant species of aerosols

in the north tropical Atlantic Ocean, suggesting that

CAM4 is overestimating dust and sulfate aerosols over

the north tropical Atlantic. Other global aerosol models

participating in the AeroCom project also overestimate

the dust aerosol optical depth off West Africa (Huneeus

et al. 2011). The negative biases in aerosol optical depth

can largely be attributed to underestimations of carbo-

naceous aerosols. Again, other AeroCom global aerosol

models also underestimate carbonaceous aerosol optical

depth over these regions—for example, by a factor of

0.6 over the south equatorial African region (Koch et al.

2009). A significant positive trend is observed in carbo-

naceous aerosols over the latter part of the twentieth

century, and hence a part of the lower estimate of car-

bonaceous aerosols by CAM4 could be attributed to the

use of different periods of data for CAM4 simulations

(1991–2000) and MODIS estimates (2001–10) to com-

pute the difference between the two datasets. It should

also be noted that while model simulations of aerosol

optical depth suffer from uncertainty arising from un-

certainty in emissions, aerosol process parameteriza-

tion, and so on, MODIS retrievals also suffer from

severe biases; for example, cloud contamination in re-

trievals could lead to an overestimation of aerosol op-

tical depth by 10%–15% (e.g., Kaufman et al. 2005; Yu

et al. 2006).

5. Trends and variability in aerosol distribution

Figure 2a shows the time series of the ensemble average

of globally and annually averaged total aerosol optical

depth in the visible range from AMIP-CMIP5AERO 1
RETRO experiment set for the period 1961–2000. Fig-

ures 2b–f show the time series of the contribution of in-

dividual aerosol species to the total optical depth. The

dashed lines in Fig. 2 indicate the spread among the four

ensemble members represented as two standard devia-

tions from the mean. The spread among the ensemble

members with the same prescribed aerosol distribution

dataset results from the varied hygroscopic growth of

aerosols in each run, which is computed diagnostically in

the model and is dependent upon the relative humidity

profile in the atmospheric column. A linear fit to the time

series is also shown in Fig. 2, indicating trends in different

aerosol species. The trends in the total aerosol optical

depth and contributions from sulfate, black carbon, and

organic carbon to the optical depth are each statistically

significant at the 95% confidence level based on a two-

tailed t test. The sulfate aerosols peak in the eighties and

have been declining thereafter, reflecting the regulations

to reduce sulfur emissions in the Western Hemisphere in

the 1980s (e.g., Smith et al. 2001). The optical depths of

black carbon and organic carbon, however, have been

monotonically increasing since the 1960s. Mahowald

et al. (2010), using paleoproxy data, estimate a doubling
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FIG. 1. Comparison of CAM4-simulated aerosol optical depth with

MODIS estimate. (a) Ensemble averaged total aerosol optical depth aver-

aged over the period 1991–2000 of the AMIP-CMIP5AERO 1 RETRO

simulations for the boreal spring season, (b) estimate of the total aerosol

optical depth from MODIS instrument on the Terra satellite at 500 nm av-

eraged over the period 2001–10 for the boreal spring season, and (c) the

difference between the model simulation and MODIS estimate.
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of desert dust in the twentieth century. While CAM4-

BAM does not capture the increasing trend in dust

aerosol optical depth in the latter part of the twentieth

century, a peak in dust optical depth is noted in the 1980s

similar to Mahowald et al. (2010).

Figure 3 shows the spatial pattern of the trends in the

ensemble average of annually averaged total optical

depth and for each of the aerosol species in the tropo-

sphere. Statistically significant increasing trends in the

sulfate aerosol optical depth are seen over Southeast

Asia, North Africa, and off the west coast of Mexico,

with declining trends over eastern North America and

Europe. Black carbon and organic carbon also show

strong positive trends over Southeast Asia, central Af-

rica, Mexico, and central South America, with declining

trends over Europe. A positive trend in dust optical

depth is seen over the Sahel region similar to observa-

tions (Mahowald et al. 2010). Both positive and negative

trends are observed in the sea salt aerosol optical depth

over tropical oceans and are probably caused by changes

in surface winds. The trend in aerosol distribution is

noted throughout the troposphere. Figure 4 shows the

change in the zonal mean vertical profile of sulfate,

black carbon, organic carbon, and dust aerosols between

FIG. 2. Aerosol optical depth time series. Time series of ensemble averaged globally and annually averaged tro-

pospheric optical depth of (a) all, (b) sulfate, (c) black carbon, (d) organic carbon, (e) dust, and (f) sea salt aerosols for

the time period 1961–2000 of the AMIP-CMIP5AERO 1 RETRO simulations. The solid black lines show the

ensemble averaged mean and the dashed lines show the one standard deviation of the mean estimate. The gray line

represents a linear fit to the time series.
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FIG. 3. Spatial trends of aerosol optical depth. Linear trends of ensemble averaged annual mean tropospheric optical depth of (a) all,

(b) sulfate, (c) black carbon, (d) organic carbon, (e) dust, and (f) sea salt aerosols for the period 1961–2000 of the AMIP-CMIP5AERO1
RETRO simulations. The hatching in (a) indicates regions where the trends in total aerosol optical depth is statistically significant at the

95% confidence level based on a two-tailed t test.
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the 1990s and the 1960s. The increase in sulfate and

carbonaceous aerosols is clearly seen in the tropical re-

gions throughout the lower and middle troposphere

alongwith a decline in sulfate aerosols in themidlatitudes.

An increase in dust aerosol is also noted in the tropical

troposphere. The change in vertical distribution of ab-

sorbing aerosols can significantly alter the vertical thermal

structure of the troposphere by the semidirect effect and

affect clouds, as discussed in the introduction.

The interannual variability of the aerosol distribution

arising from the new aerosol tropospheric dataset is clearly

noted in the time series plot of AMIP-CMIP5AERO 1
RETRO runs (Fig. 2). Figure 5 shows the interannual

standard deviation of linearly detrended total optical

depth and that of individual aerosol species for the en-

semble average of the AMIP-CMIP5AERO1RETRO

experiment set. The strongest interannual variability of

total aerosol optical depth is seen over Southeast Asia,

the Arabian Sea, central and North Africa, and central

South America (Fig. 5a). Most of the interannual vari-

ability in North America and central Europe can be

attributed to variations in sulfate aerosol optical depth

(Fig. 5b). The linear detrending procedure is not able to

completely remove the variability associated with the

rise of anthropogenic sulfate aerosols until the eighties

and the decline thereafter, and some of this variability

shows up as interannual variability in Fig. 5b. However,

interannual variability of sulfate along with carbona-

ceous aerosols over central Africa, Southeast Asia (par-

ticularly over Indonesia), central South America, and

Mexico can be attributed to variability in wildfire emis-

sions (Figs. 5b–d). Emissions from these land sources also

drive the variability of carbonaceous aerosols over the

adjacent tropical oceans, particularly over the tropical

FIG. 4. Change in vertical profile of zonally averaged aerosols from 1960s to 1990s. Difference (1990s2 1960s) in the zonally averaged

annual mean aerosol loading of (a) sulfate, (b) black carbon, (c) organic carbon, and (d) dust between the 1991–2000 and the 1961–70

periods.
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FIG. 5. Interannual variability of aerosol optical depth. Standard deviation of detrended ensemble averaged annual mean tropospheric

optical depth of (a) all, (b) sulfate, (c) black carbon, (d) organic carbon, (e) dust, and (f) sea salt aerosols for the period 1961–2000 of the

AMIP-CMIP5AERO 1 RETRO simulations.
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Atlantic and tropical Indian Oceans (Figs. 5c,d). The

strongest variability in dust optical depth is seen over the

Sahara desert, the Sahel region, Middle East Asia, and

west and central Asia (Fig. 5e). The variability in dust in

these regions also drives the variability of dust optical

depth over the tropical North Atlantic Ocean, the Ara-

bian Sea, and the western parts of the North Pacific

Ocean (Fig. 5e). Sea salt optical depth interannual vari-

ability is the strongest over the extratropical oceans, with

some variability is also exhibited over the central tropical

Pacific Ocean and the Arabian Sea (Fig. 5f).

6. Aerosol-induced variability in radiative forcing

The interannual variability of aerosol distribution in-

duces increased interannual variability in the radiative

forcing of the climate system in AMIP-CMIP5AERO1
RETRO experiment (forced with the new CMIP5 1
RETRO aerosol dataset) as compared to the AMIP-

1850AERO experiment set (forced with preindustrial

aerosol climatology in all seasons). Figure 6 shows the

difference in the interannual standard deviation of clear-

sky shortwave radiation flux at the surface between the

ensemble average of AMIP-CMIP5AERO 1 RETRO

and AMIP-1850AERO experiment sets for the boreal

spring and summer seasons. The clear-sky shortwave

surface radiative flux is an indicator of the direct aerosol

radiative forcing on the climate system. Only regions

with statistically significant differences at the 95% con-

fidence level based on a one-tailed F test of ratio of var-

iances are shaded in Fig. 6. Differencing the interannual

variability in the AMIP-1850AERO experiment set from

the AMIP-CMIP5AERO 1 RETRO removes the com-

ponent of the variability induced by greenhouse gas and

SST forcings, as the same forcings are prescribed in the

two simulation sets. The residual interannual variability

can thus be attributed to the variability in aerosols.

The spatial pattern of the induced variability in clear-

sky shortwave radiative flux in spring is similar to the

spatial pattern of the aerosol optical depth in spring, as

expected, with the largest variability seen over central

Africa, Southeast Asia, Europe, and central Asia (Fig. 6a).

Similarly, the largest variability in the summer is seen over

Middle East Asia, the Arabian Sea, northeastern Africa,

central Asia, southwest equatorial Africa, and the south-

eastern tropical Atlantic. Over central South America and

Indonesia, statistically significant differences are observed

in the boreal fall season (not shown), when the variability in

carbonaceous aerosol optical depth is the strongest there.

To test the impact of the difference in the mean

aerosol distribution between AMIP-CMIP5AERO 1
RETRO and AMIP-1850AERO with regard to the

simulated difference in radiative forcing variability, we

conducted twomore CAM4 experiments with prescribed

climatology of SST and sea ice conditions as the lower

boundary conditions. The first experiment was forced

with a climatology of global tropospheric aerosols com-

puted from the CMIP5 1 RETRO dataset from the pe-

riod 1981–2000, and the second experiment was forced

with a climatology of preindustrial aerosol distribution.

Differences in the interannual variability noted between

the two runs in clear-sky shortwave surface radiation

flux are not statistically significant. These results indicate

that the interannual variability differences seen inAMIP-

CMIP5AERO 1 RETRO and AMIP-1850AERO ex-

periment sets are largely induced not by the greater

amount of aerosols, but by the interannual variability in

the CMIP5 1 RETRO aerosol dataset.

We also conducted an ensemble run similar to the

AMIP-CMIP5AERO 1 RETRO experiment, but pre-

scribed with CMIP5 decadal aerosol dataset derived

fromCMIP5 decadal emissions dataset (Lamarque et al.

2010). The trends in the globally averaged aerosol op-

tical thickness in this experiment are similar to those in

the AMIP-CMIP5AERO1 RETRO experiment with the

mean differing by only about 10%. The difference in the

radiative forcing variability between this ensemble and the

AMIP-CMIP5AERO1RETROensemble (not shown) is

similar to that between AMIP-CMIP5AERO 1 RETRO

and AMIP-1850AERO, as seen in Fig. 6. Again, this sug-

gests that the interannual radiative forcing variability in-

duced in AMIP-CMIP5AERO 1 RETRO is primarily

caused by the interannual variability of CMIP51RETRO

aerosol dataset.

The largest aerosol variability of dust and carbonaceous

aerosols is seen over North Africa, central Africa, and the

north tropical Atlantic. However, the difference in the

standard deviation of land surface temperature, precip-

itation, and clouds (not shown) in these regions between

the AMIP-CMIP5AERO 1 RETRO and AMIP-

1850AERO experiments is not statistically significant

and seems to be within the natural and greenhouse gas–

induced variability of the model climate system (Fig. 6).

In the following section, we focus on extracting the cli-

mate response to aerosol variability in these regions by

conducting regression analyses. In the future, we plan to

conduct a detailed analysis of aerosol-induced climate

variability over other regions of the world.

7. Aerosol-induced climate variability over West
Africa and the tropical Atlantic Ocean

a. Dust aerosol–induced climate variability

The strongest variability of dust optical depth over

North Africa and the north tropical Atlantic is observed
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FIG. 6. Aerosol-induced variability.Difference in standard deviation (AMIP-CMIP5AERO1
RETRO2AMIP-1850AERO) of clear-sky shortwave surface radiative flux (W m22) for the (a)

boreal spring season and (b) boreal summer season between AMIP-CMIP5AERO 1 RETRO

and AMIP-1850AERO experiment sets. Only regions where the difference in variance between

the two experiment sets is statistically significant at the 95% confidence level based on a one-

tailed F test of ratio of variances are shaded.
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in the boreal spring season in the AMIP-CMIP5AERO1
RETRO experiment, similar to that in the observations

(Huang et al. 2009b). This variability is reflected in the

net radiative forcing at the top of the model (TOM) there

in the ensemble average. Figure 7a shows a regression of

the net TOM radiative flux over the North African and

tropicalNorthAtlantic region in the spring season (March–

May averaged) on a dust aerosol optical depth index for the

ensemble. The dust index is defined as the regionally av-

eraged dust optical depth over tropical North Africa (58–
208N, 108W–308E) in the spring season.

Over the tropical Atlantic Ocean andWest Africa, an

increase in dust aerosols is associated with an increase in

the net outgoing radiation at the TOM, indicating a

negative TOA radiative forcing associated with dust

aerosols. The increase in TOM radiative flux is largely

due to the increase in the reflection of shortwave radia-

tion both by dust aerosol particles (direct effect) and in-

creased shallow clouds (semidirect effect), as discussed

later in the section. A regression of the clear-sky TOM

shortwave flux against the dust index clearly indicates the

increased scattering of shortwave radiation back to space

(not shown). On the other hand, over the bright desert

surfaces of the Sahel in central North Africa, the ab-

sorbing dust aerosols reduce the amount of available

shortwave radiation that is reflected by the surface and

are associated with a positive radiative TOA forcing. A

regression of the clear-sky TOM shortwave radiation flux

against the dust aerosol index again confirms this direct

effect of dust aerosols over the region (not shown).

At the surface, dust aerosols are associated with a net

negative radiative forcing. The net surface radiative

forcing is several times larger than the net TOM radia-

tive forcing over tropical West Africa and even opposite

in sign over central tropical North Africa. This differ-

ence is again caused by the absorption of shortwave

radiation by dust aerosols that warms up the atmosphere

and allows less shortwave radiation to reach the surface

in CAM4. This effect is seen as an upward flux of

shortwave radiation from the surface to the atmosphere

in Fig. 7c. The upward flux of surface shortwave radia-

tion is compensated by the reduced upward fluxes of

longwave radiation, surface sensible heat, and surface

latent heat (Figs. 7d–f).

Figure 8a shows the regression of land surface tem-

perature over North Africa on the dust index. The up-

ward flux of shortwave radiation significantly cools the

land surface in tropical Africa (Fig. 8a). This result is

consistent with other studies (e.g., Yoshioka et al. 2007;

Prospero and Lamb 2003; Mahowald et al. 2010), where

an increase in dust aerosols causes a cooling of the North

African region. Since the SSTs are prescribed in our ex-

perimental setup, a cooling of the West African landmass

reduces the land–sea temperature gradient. This results in

a weakening of the African monsoons, as indicated by

reduction of precipitation over equatorial West Africa

and an increase in rainfall over the Gulf of Guinea

(Fig. 8b). Dust aerosols over the Sahel also tend to in-

crease the diabatic heating of the lower troposphere

(Fig. 8c), which further helps to reduce convection in

the region and prevents the northward movement of the

ITCZ, increasing precipitation southward over the equa-

torial Atlantic ocean. The reduction of African monsoon

caused by increase in dust aerosols is also observed in

other modeling studies (Mahowald et al. 2010; Yoshioka

et al. 2007). A corresponding significant increase in cloud

cover is also noted over the Gulf of Guinea (Fig. 8d).

While there is a significant increase in high clouds asso-

ciated with deep convection over the equatorial Atlantic

(Fig. 8e), there is an increase in the low clouds over the

northern tropical Atlantic (Fig. 8f). Warming of the free

troposphere by dust aerosols reduces the lower tropo-

spheric instability, which results in the increase in stra-

tocumulus clouds. These shallow clouds increase the

reflection of shortwave radiation back to space as is seen

in Fig. 7a. Abundant carbonaceous aerosols over the

southeastern tropical Atlantic also have a similar impact

of the marine stratocumulus clouds there, as discussed in

more detail in the following sections.

b. Carbonaceous aerosol–induced climate variability

The largest variability of carbonaceous aerosol result-

ing from variability in wildfire emissions over central

Africa is observed over southwest equatorial Africa in

the dry boreal summer months in CAM4 as indicated by

the box in Fig. 9a. Figure 9a shows a regression of radi-

ative heat flux at the TOM over Africa on an index of

black carbon aerosol optical depth for the period 1961–

2000 for the AMIP-CMIP5AERO1RETRO ensemble.

The black carbon aerosol index is defined as the re-

gionally averaged black carbon optical depth averaged

over southwest equatorial Africa (158–08S, 108–258E) in
the boreal summer season. An increase in black carbon

over the south equatorial African region is associated

with an increase of net outgoing radiative flux over the

southeastern tropical and equatorial Atlantic Ocean,

primarily because of the reflection by increased low cloud

cover as discussed later in the section.

There is a large net upward surface net radiative heat

flux over land as seen in Fig. 9b. The difference between

Figs. 9a and 9b (not shown) represents the amount of

heat flux into the atmosphere that has been absorbed by

the carbonaceous aerosols. Figures 9c and 9d show the

regression of the components of the net surface radiative

heat flux. An increase of the upward flux of surface

shortwave radiation is caused by the absorption of
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shortwave radiation by tropospheric black carbon. The

decrease in surface longwave radiation is primarily as-

sociated with a reduction in surface temperature. An

associated decrease in the loss of heat by sensible heat

flux and latent heat flux is also noted over the south

tropical African region (Figs. 9e,f).

Figure 10a shows a regression of summer land surface

temperature over Africa on the black carbon index for

the period 1961–2000. Statistically significant cooling

over the southeastern equatorial African region is pri-

marily caused by the reduced incoming shortwave ra-

diation at the surface (Fig. 9c). Tropospheric black

carbon also results in an increase in the atmospheric

shortwave heating over the equatorial and south tropical

Atlantic Ocean and Africa in the experiment (Fig. 10b).

The tropospheric heating over land is closer to the sur-

face, where the aerosols reside, whereas over the oceans

the diabatic heating occurs above the marine stratocu-

mulus cloud deck in the model (not shown), similar to

observed data over the region (e.g., Wilcox 2010).

Convective precipitation over the tropical Atlantic and

West Africa monsoon is not coherent (not shown), and

there is a reduction over the African landmass east of

the Gulf of Guinea associated with an increase in black

carbon aerosols, similar to other coupled model studies

(e.g., Huang et al. 2009a).

An increase in the total cloud fraction is mainly

caused by the increase in low cloud cover in the marine

stratocumulus region in the southeast equatorial At-

lantic (Figs. 10c,d) in our experiment. The increase in

marine stratocumulus is primarily caused by the in-

tensification of the inversion layer above the boundary

layer due to heating of the free troposphere by absorb-

ing carbonaceous aerosols that lie above the marine

cloud deck in the region (e.g., Johnson et al. 2004). An

increase in carbonaceous aerosols is also associated

with a decrease in significant middle troposphere sub-

sidence over the southeast tropical Atlantic in AMIP-

CMIP5AERO 1 RETRO (not shown). Reduction in

subsidence in the southeast tropical Atlantic is associated

with a deepening of the boundary layer, which results in

a reduction of low cloud cover in both observations

(Wood and Hartmann 2006) and models (Sakaeda et al.

2011). However, the increase in low cloud cover in our

experiment suggests that the effect of subsidence is weak

in the model. We will discuss more on marine stratocu-

mulus as they are strongly coupled to the ocean surface

state in the next section.

Thermodynamic coupling between the atmosphere

and the ocean is known to dominate climate variability

of tropical Atlantic and its surrounding regions. The

absence of thermodynamic feedbacks between the at-

mosphere and the ocean in the experiments discussed

above constrains the ocean from responding to aerosol-

induced radiative forcings, so the prescribed SSTs can

unduly control the climate of the region. The response of

the tropical Atlantic andWest Africa to aerosol forcings

has been found to be amplified in simulations of atmo-

sphere models coupled to a slab ocean model (e.g.,

Yoshioka et al. 2007). In the next section, we investigate

the response to aerosol forcings in the presence of active

thermodynamic coupling between the atmosphere and

ocean.

8. Role of atmosphere–ocean thermodynamic
feedbacks

a. Experimental setup

We perform two experiments with CAM4 coupled to

a slab ocean model (CAM4-SOM) to isolate the role of

the ocean mixed layer in the interaction of aerosols with

the climate system. The SOM contains an ocean pre-

scribed with a finite mixed layer depth varying geo-

graphically. The SOM lacks ocean dynamics and interacts

with the atmosphere only thermodynamically by ex-

changing heat fluxes. The lack of ocean dynamics in the

model is compensated by prescribing a climatology of

implied heat flux (Q) that represents deep water ex-

change and horizontal transport. For our CAM4-SOM

simulations, the Q fluxes are computed from a fully

coupled atmosphere–ocean model preindustrial control

simulation climatology. More details on the SOM com-

ponent of CESM1.0 can be found in Neale et al. (2010).

Atmosphere models coupled to SOMs have been shown

to capture physical thermodynamic processes over the

tropical Atlantic fairly well (e.g., Saravanan and Chang

2004; Mahajan et al. 2009, 2010).

 
FIG. 7. Dust aerosol–induced heat flux variability over the north tropical Atlantic and North Africa in the AMIP-CMIP5AERO 1

RETRO experiment. Regression of spring season (a) net radiative flux at the top of the model, (b) net radiative heat flux at the surface,

(c) shortwave heat flux at the surface, (d) longwave heat flux over land surface, (e) sensible heat flux over land surface, and (f) latent heat

flux over land surface (all in units ofW m22) on the standardized time series (zeromean and unit standard deviation) of spring season dust

optical depth averaged over a region in tropical North Africa [indicated by the rectangular box in (a)] for the period 1961–2000. Upward

heat fluxes are defined to be positive. Hatched areas represent regions where the regression coefficients are statistically significant at the

95% confidence level based on a two-tailed t test.
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FIG. 8. Dust-associated variability over northern tropical Atlantic andNorthAfrica in theAMIP-CMIP5AERO1
RETRO experiment. As in Fig. 7, but for (a) surface temperature (K), (b) convective precipitation (mm day21), (c)

vertically integrated atmospheric shortwave diabatic heating rate (K day21), (d) total cloud fraction, (e) high cloud

fraction (vertically integrated above 400-mb pressure level), and (f) low cloud fraction (vertically integrated between

surface and 700-mb pressure levels). Hatched areas in (a) and (c)–(f) represent regions where the regression co-

efficients are statistically significant at the 95% confidence level based on a two-tailed t test.
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FIG. 9. Black carbon–induced heat fluxes over tropical Atlantic and West Africa in the AMIP-CMIP5AERO 1 RETRO experiment.

Regression of summer season (a) net radiative flux at the top of themodel, (b) net radiative heat flux at the surface, (c) shortwave heat flux

at the surface, (d) longwave heat flux over land surface, (e) sensible heat flux over land surface, and (f) latent heat flux over land surface (all

in W m22) on the standardized time series (zero mean and unit standard deviation) of summer black carbon optical depth averaged over

the southwest equatorial Africa [indicated by the rectangular box in (a)] for the period 1961–2000. Upward heat fluxes are defined to be

positive.Hatched areas represent regions where the regression coefficients are statistically significant at the 95%confidence level based on

a two-tailed t test.
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In the first CAM4-SOM experiment, we prescribe the

model with a climatology of present-day aerosol loadings.

The tropospheric aerosol climatology is created from the

new CMIP5-RETRO aerosol dataset (section 3) for the

period 1981–2000. This experiment is termed the CAM4-

SOM-20AERO experiment. In the second experiment,

the same model is forced with a climatology of the

preindustrial aerosol distribution, as in the experiment

AMIP-1850AERO.We refer to this experiment as CAM4-

SOM-1850AERO. Both simulations are run for 40 years

and the analysis is performed on the last 30 years of the

runs, discarding the first 10 years as model spinup time.

Figure 11 shows the spatial pattern of the difference in

the total aerosol optical depth and the optical depth of

the individual species in the boreal summer season be-

tween the present day and the preindustrial era runs

averaged over the 30-yr experimental period. Figure 11

shows the presence of more sulfate aerosols covering

all of the Northern Hemisphere (Fig. 11b) and large

amounts of absorbing carbonaceous aerosols lying over

eastern equatorial Pacific and Atlantic Oceans origi-

nating in South America and south equatorial Africa in

the present-day run (Figs. 11c,d). Increased carbona-

ceous aerosols are also seen over the Southeast Asian

region and East Asia in the present-day era with respect

to the preindustrial era (Figs. 11c,d). A substantial de-

cline of organic carbon is noted over the eastern coast of

North America in the summer season of the present-day

era as compared to the preindustrial era (Fig. 11d). Dust

aerosol and sea salt aerosol optical depths show some

difference between the two eras in the summer season

(Figs. 11e,f), with larger differences in the other seasons.

FIG. 10. Black carbon associated variability over tropical Atlantic andWest Africa in theAMIP-CMIP5AERO1RETROexperiment.

As in Fig. 9, but for (a) surface temperature (K), (b) vertically integrated atmospheric shortwave diabatic heating rate (K day21), (c) total

cloud fraction, and (d) low cloud fraction (vertically integrated between surface and 700-mb pressure levels).
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Figure 12 shows the vertical profile of the zonally

averaged difference in the sulfate, black carbon, organic

carbon, and dust aerosol loadings between the two

aerosol climatologies prescribed in the CAM4-SOM

experiments for the boreal summer season (averaged

over June–August) over the tropical Atlantic Ocean

(358S–358N, 608W–158E; ocean-only grid points). The

largest differences in aerosols over the tropical Atlantic

FIG. 11. Difference (CAM4-SOM-20AERO2CAM4-SOM-1850AERO) in aerosol optical depth for simulations of CAM4 coupled to

a slab ocean model prescribed with 1981–2000 climatology (CAM4-SOM-20AERO) and preindustrial climatology of aerosols (CAM4-

SOM-1850AERO) for (a) all, (b) sulfate (c) black carbon, (d) organic carbon, (e) dust, and (f) sea salt aerosols.
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occur in the boreal summer season between the present-

day and the preindustrial era, particularly for sulfate and

carbonaceous aerosols in the free troposphere. In the

present-day dataset, the sulfate aerosol loadings are

larger over the northern tropical Atlantic (Fig. 12a),

whereas the carbonaceous aerosol loadings are larger

above the boundary layer over the southern equatorial

Atlantic (Figs. 12b,c) because of the increased biomass

burning in southwest equatorial Africa in the present-

day era. The vertical profile of dust (Fig. 12d) and sea

salt loadings (as suggested in Fig. 11f) are largely similar

in the two eras in the summer season with little more

dust over the north tropical Atlantic, and larger differ-

ences in the other seasons.

b. ITCZ

In response to the surface radiative forcing induced by

the greater amount of aerosols in the present day era,

the land surface temperature in the SOM experiment

responds by cooling significantly (Fig. 13a). This response

is similar to the cooling associated with increasing dust or

carbonaceous aerosols in the AMIP experiments. In ad-

dition, the mixed layer of the SOM actively responds to

the surface radiative forcings. However, themagnitude of

FIG. 12. Vertical profile of the difference (CAM4-SOM-20AERO 2 CAM4-SOM-1850AERO) in aerosol loadings zonally averaged

over the tropical Atlantic Ocean in the boreal summer season for simulations of CAM4 coupled to a slab ocean model prescribed with

1981–2000 climatology (CAM4-SOM-20AERO) and preindustrial climatology of aerosols (CAM4-SOM-1850AERO) for (a) sulfate, (b)

black carbon, (c) organic carbon, and (d) dust aerosols.
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the response over the ocean is much smaller, owing to

the larger specific heat of water in the CAM4-SOM-

20AERO run.

Climatologically, the ITCZ, which is very sensitive

and nonlinearly related to the underlying SSTs over the

Atlantic Ocean, hovers between 58 and 108N in the bo-

real summer season owing to the development of the

cold tongue in the southeastern equatorial Atlantic and

the onset of the African monsoon (e.g., Xie and Carton

2004). With the cooling of the north tropical Atlantic,

the rainfall in the eastern ITCZ band shows a reduction

in the CAM4-SOM-20AERO simulation as compared

to the CAM4-SOM-1850AERO simulation, with an in-

crease in rainfall over the southern equatorial Atlantic

Ocean (Fig. 13b). The southward shift in the ITCZ in

CAM4-SOM-20AERO is associated with an increase in

cloud cover in the southern equatorial Atlantic as com-

pared to the CAM4-SOM-1850AERO run (Fig. 13c).

Further, the stronger cooling of the North African land-

mass also reduces the land–sea temperature contrast,

which prevents the rainband from moving toward the

land, diminishes convection over West Africa and the

north tropical Atlantic, and increases deep convection

over south tropical Atlantic (Fig. 13b).

The presence of increased tropospheric carbonaceous

aerosols over the southern tropical Atlantic in the

CAM4-SOM-20AERO simulation causes heating of

the troposphere over the south equatorial Atlantic and

southwest equatorial Africa (Fig. 13d). Figure 14a shows

the mean vertical profile of zonally averaged total cloud

fraction over the tropical Atlantic (358S–358N, 608W–158E;
ocean-only grid points) in CAM4-SOM-1850AERO. Fig-

ures 14b and 14c show the difference in the convective

clouds and atmospheric shortwave heating between

CAM4-SOM-20AERO and CAM4-SOM-1850AERO

simulations. A southward cross-equatorial shift in tropi-

cal deep convection is associated with a shift of the ITCZ

(Fig. 14c), with a statistically significant increase in south-

ern equatorial deep convective clouds. The decrease in

convective clouds over the northern equatorial Atlantic is,

however, not significant at the 95% confidence level. A

strong, statistically significant diabatic heating occurs over

the equatorial and south tropical Atlantic Ocean with

the heating mostly constrained between the surface and

600-mb pressure level (Fig. 14d). The diabatic heating of

the southern equatorialAtlantic lower troposphere zonally

occurs over regions of increased convection, suggesting

that the increase in static stability (e.g., Ramanathan et al.

2005) cannot prevent the induced shifting of the ITCZ by

cooling of the Northern Hemisphere, but could only per-

haps reduce it. However, the weak diabatic heating over

the north equatorial Atlantic supports the weakening of

convection there.

c. Marine stratocumulus

The marine stratocumulus clouds are also closely tied

to the underlying SSTs, with lower SSTs resulting in

more stratocumulus clouds. In response to the increase

in carbonaceous aerosols over the southeast tropical

Atlantic ocean, there is a reduction in the SSTs in the

region by about 0.2 K (as indicated by the surface air

temperature in Fig. 13a) in the CAM4-SOM-20AERO

simulation, although not statistically significant at the

95% confidence level. The cooler SSTs tend to induce

further generation of stratocumulus clouds owing to the

SST–stratocumulus cloud feedback (Philander et al.

1996). Figure 13c shows the increase in the total cloud

fraction over the southeastern tropical Atlantic. A par-

titioning of the total cloud fraction reveals that the in-

crease in the total cloud fraction over the southeastern

tropical Atlantic is essentially caused by the increase in

the low-level nonconvective clouds (not shown) as in the

AMIP-CMIP5AERO 1 RETRO experiment set. The

increase in the low-level stratocumulus clouds then re-

sults in reducing the underlying SSTs further. In the

absence of SST–stratocumulus cloud feedback, as in

the AMIP-CMIP5AERO1RETRO run, an increase in

the aerosols would result in a weaker response of the

marine stratocumulus.

The marine stratocumulus cloud fraction in CAM4 is

parameterized to be dependent on the lower tropospheric

stability (LTS). The LTS is defined as the difference in

potential temperature at the 700-mb atmospheric level

and the surface potential temperature in a vertical col-

umn. The marine stratocumulus cloud fraction increases

by 0.057 for each degree rise in (u700 2 us), and forms in

the model atmospheric layer below the strongest stability

jump between model layers between 750 mb and the

surface (Neale et al. 2010). The peak anomalous diabatic

heating occurs at the 800-mb pressure level in CAM4-

SOM-20AERO over the southeastern tropical Atlantic

ocean, which is above themarine stratus cloud deck there

(Fig. 14a). This anomalous diabatic heating above the

800-mb layer in the region (Fig. 14c) results in an increase in

the marine stratocumulus in the model. A cooling of the

oceanmixed layer because of reduced shortwave heating at

the surface resulting from the increase in low-level cloud

cover further amplifies the difference u700 2 us, which then

further increases the marine stratocumulus cloud fraction.

The increase in marine stratocumulus in the presence

of black carbon aerosols has been observed over the

region (e.g., Kaufman et al. 2005), suggesting that the

parameterization of marine stratocumulus clouds is able

to capture this physical phenomenon in CAM4 re-

alistically. Sakaeda et al. (2011) find that the sign of low

cloud cover is a robust response of CAM3-SOM. They

1 DECEMBER 2012 MAHA JAN ET AL . 8051



found that only the magnitude of the low cloud cover is

sensitive to the choice of parameterization of the low

cloud cover. However, the presence of atmosphere–

ocean thermodynamic feedbacks is important for

a credible simulation of marine stratocumulus. In a pre-

scribed SST experiment forced with present-day aero-

sols and the SST climatology used to compute the Q

fluxes for the CAM4-SOM experiments, the marine

stratocumulus low cloud fraction is found to be signifi-

cantly lower than in CAM4-SOM-20AERO at the 95%

confidence level (not shown).

9. Summary and discussion

We have generated a new high-resolution (0.98 3
1.258) tropospheric aerosol dataset for the period 1961–

2000 with monthly temporal resolution using CMIP5

surface emissions data combined with RETRO wildfire

surface emissions data. The use of RETROwildfire data

introduces interannual variability component to the

decadal-resolution CMIP5 surface emissions data. It

should be noted, however, that wildfire data bear large

uncertainties (Schultz et al. 2008). Nonetheless, this

study is the first attempt to generate a realistic monthly

resolved aerosol radiative forcing in twentieth-century

climate models simulations that are otherwise prescribed

with decadal tropospheric aerosol distributions.

Twentieth-century prescribed SST and sea ice exper-

iments using the new aerosol dataset reveal that direct

and semidirect effects of aerosols alone can induce

significant interannual variability in regional climate.

Regression analysis over tropical Atlantic and Africa

indicates that dust and carbonaceous aerosols can

modulate surface temperature, precipitation, and cloud

cover over the region. Aerosol optical depth over the

tropical Atlantic and the African continent has been

found to be weakly correlated with climate phenomena

such as the North Atlantic oscillation, Pacific decadal

FIG. 13. Response of the CAM4-SOM model to aerosol radiative forcing. Difference (CAM4-SOM-20AERO 2 CAM4-SOM-

1850AERO) in the mean (a) surface temperature, (b) convective precipitation (mm day21), (c) total cloud fraction, and (d) vertically

integrated atmospheric shortwave heating rate (K day21) in the boreal summer season averaged over 30 yr between the CAM4-SOM-

20AERO and CAM4-SOM-1850AERO simulations. Hatched areas in (a),(c), and (d) represent regions where the differences are sta-

tistically significant at the 95% confidence level based on a two-tailed t test.

8052 JOURNAL OF CL IMATE VOLUME 25



oscillation, El Niño, Atlantic meridional mode, and

Atlantic Niño. These climate modes are also known to

modulate the climate of the tropical Atlantic and the

African continent (e.g., Xie and Carton 2004, and refer-

ences therein). Hence, our regression analysis in section 7

could have resulted in spurious elevated coefficients.

However, results from multivariate regression analysis

following Huang et al. (2009a), which removes coherent

signals between aerosol optical depth and other variables

caused by these climate phenomena, are similar to what

we find in section 7, suggesting little forced coherence

between aerosols and the climate of tropical Atlantic and

Africa in CAM4.

We find that dust variability can significantly affect

rainfall over theWestAfrican landmass by surface cooling

and diabatic heating of the troposphere, supporting the

result that years with large dust emissions tend to be as-

sociated with less rainfall in the West African region

(Mahowald et al. 2010). However, dust emissions and dust

aerosol optical depth are difficult to capture from satellite

retrievals and models (Mahowald et al. 2006b). An im-

provement in dust estimation and predictions could hence

also improve climate prediction over the region. As a ca-

veat, recent in situ measurements of dust over the Sahara

and Asia suggest that the single scattering albedo of dust

lies in the range of 0.90 to 0.99. The result suggests that it is

unlikely that the dust could be strongly absorbing in the

shortwave and visible range, implying that the direct ra-

diative forcing associated with dust is essentially negative,

much like other scattering aerosols (e.g., Forster et al.

2007). However, it is strongly absorbing in the longwave

radiation range, which would induce a positive radiative

forcing. In CAM4, the optical properties of dust allow for

absorption in the shortwave but not in the longwave ra-

diation range. The impacts of correcting for the optical

properties of dust on our simulation results are hard to

predict and future experiments would be required to ac-

curately identify dust radiative impacts.

We also find that the presence of carbonaceous aero-

sols can significantly increase the marine stratocumulus

 
FIG. 14. (a) Vertical profile of zonally averaged clouds in CAM4-

SOM-1850AERO over the tropical Atlantic Ocean (358N–358S,
608W–158E; ocean-only grid points) in boreal summer, and vertical

profile of the difference (CAM4-SOM-20AERO 2 CAM4-SOM-

1850AERO) of zonally averaged (b) convective clouds and (c)

atmospheric heating rate (K day21) over the tropical Atlantic in

boreal summer between the CAM4-SOM-20AERO and CAM4-

SOM-1850AERO simulations. Hatched areas in (b) and (c) rep-

resent regions where the differences are statistically significant at

the 95% confidence level based on a two-tailed t test.
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cloud cover over the southeastern tropical Atlantic

Ocean and this effect is amplified in the presence of air–

sea thermodynamic feedbacks. This result is consistent

with those of other studies (e.g., Kaufman et al. 2005;

Huang et al. 2009a; Sakaeda et al. 2011). Based on an

analysis of satellite data, Kaufman et al. (2005) suggest

that in regions dominated by shallow clouds, such as the

southern and northern tropical Atlantic, the presence of

aerosols also results in reduced droplet size in shallow

clouds, resulting in inhibited precipitation and an en-

hanced cloud cover. CAM4 physics only simulates the

direct and semidirect effect of aerosols and hence the

enhancement of clouds thatwe see over the south tropical

Atlantic is solely due to those effects. Our estimate of

the influence of aerosols over the south tropical Atlantic

marine stratocumulus clouds, although significant, is thus

still a conservative estimate. However, vertical profile

measurements over the region during the Southern Af-

rican Regional Science Initiative Campaign (SAFARI)

2000 experiment in September 2002 (Haywood et al.

2003) and satellite lidar measurements (Wilcox 2010;

Chand et al. 2009) reveal that aerosols over the ocean

in the southeastern tropical Atlantic region are clearly

separated from the underlying stratocumulus clouds by

the inversion layer, restricting aerosol–cloud microphys-

ical interactions and suggesting limited local aerosol in-

direct effect over the ocean in the region.

In the presence of sulfate aerosols over the northern

tropical Atlantic and North Africa, CAM4-SOM simu-

lates a southward shift of the ITCZ even in the presence

of carbonaceous aerosols over the southern tropical

Atlantic. A recent study byHuang et al. (2009a) suggests

that the relationship between carbonaceous aerosols

and precipitation over the equatorial Atlantic and West

Africa may not be linear. Our tropospheric aerosol data-

set underestimates the amount of carbonaceous aerosols

over the south tropical Atlantic/Africa as compared to

MODIS estimates (Fig. 1). A larger amount of carbona-

ceous aerosols over the region could result in a larger

diabatic heating over the southern equatorial Atlantic

Ocean, opposing the southward shift of the ITCZ, perhaps

nonlinearly. But, given the strong coupling between ITCZ

and SST, it appears unlikely that the diabatic heating

would be able to overwhelm the effects of SST on the

ITCZ and prevent the migration of the ITCZ.

Carbonaceous aerosols have been found to play a sig-

nificant role in the climate of other regions of the world,

particularly Southeast Asia and South America and the

adjacent eastern Pacific Ocean. We plan to isolate the

aerosol-induced interannual regional climate variability

in these regions using the new high-resolution monthly

CMIP5-RETRO aerosol tropospheric distribution data-

set that we have generated in this study in the near future.
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