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Abstract. Aerosols affect the Earth’s energy budget di-

rectly by scattering and absorbing radiation and indirectly

by acting as cloud condensation nuclei and, thereby, affect-

ing cloud properties. However, large uncertainties exist in

current estimates of aerosol forcing because of incomplete

knowledge concerning the distribution and the physical and

chemical properties of aerosols as well as aerosol-cloud in-

teractions. In recent years, a great deal of effort has gone

into improving measurements and datasets. It is thus fea-

sible to shift the estimates of aerosol forcing from largely

model-based to increasingly measurement-based. Our goal

is to assess current observational capabilities and identify

uncertainties in the aerosol direct forcing through compar-

isons of different methods with independent sources of un-

certainties. Here we assess the aerosol optical depth (τ ),

direct radiative effect (DRE) by natural and anthropogenic

aerosols, and direct climate forcing (DCF) by anthropogenic

aerosols, focusing on satellite and ground-based measure-

ments supplemented by global chemical transport model
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(CTM) simulations. The multi-spectral MODIS measures

global distributions of aerosol optical depth (τ) on a daily

scale, with a high accuracy of ±0.03±0.05τ over ocean.

The annual average τ is about 0.14 over global ocean, of

which about 21%±7% is contributed by human activities,

as estimated by MODIS fine-mode fraction. The multi-

angle MISR derives an annual average AOD of 0.23 over

global land with an uncertainty of ∼20% or ±0.05. These

high-accuracy aerosol products and broadband flux mea-

surements from CERES make it feasible to obtain obser-

vational constraints for the aerosol direct effect, especially

over global the ocean. A number of measurement-based ap-

proaches estimate the clear-sky DRE (on solar radiation) at

the top-of-atmosphere (TOA) to be about −5.5±0.2 Wm−2

(median ± standard error from various methods) over the

global ocean. Accounting for thin cirrus contamination of

the satellite derived aerosol field will reduce the TOA DRE to

−5.0 Wm−2. Because of a lack of measurements of aerosol

absorption and difficulty in characterizing land surface re-

flection, estimates of DRE over land and at the ocean sur-

face are currently realized through a combination of satellite
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614 H. Yu et al.: Measurement-based aerosol direct forcing

retrievals, surface measurements, and model simulations,

and are less constrained. Over the oceans the surface DRE

is estimated to be −8.8±0.7 Wm−2. Over land, an integra-

tion of satellite retrievals and model simulations derives a

DRE of −4.9±0.7 Wm−2 and −11.8±1.9 Wm−2 at the TOA

and surface, respectively. CTM simulations derive a wide

range of DRE estimates that on average are smaller than the

measurement-based DRE by about 30–40%, even after ac-

counting for thin cirrus and cloud contamination.

A number of issues remain. Current estimates of the

aerosol direct effect over land are poorly constrained. Uncer-

tainties of DRE estimates are also larger on regional scales

than on a global scale and large discrepancies exist between

different approaches. The characterization of aerosol ab-

sorption and vertical distribution remains challenging. The

aerosol direct effect in the thermal infrared range and in

cloudy conditions remains relatively unexplored and quite

uncertain, because of a lack of global systematic aerosol

vertical profile measurements. A coordinated research strat-

egy needs to be developed for integration and assimilation of

satellite measurements into models to constrain model simu-

lations. Enhanced measurement capabilities in the next few

years and high-level scientific cooperation will further ad-

vance our knowledge.
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1 Introduction

Aerosols participate in the Earth’s energy budget directly by

scattering and absorbing radiation (McCormick and Ludwig,

1967; Charlson and Pilat, 1969; Atwater, 1970; Mitchell Jr.,

1971; Coakley et al., 1983) and indirectly by acting as cloud

condensation nuclei and, thereby, affecting cloud proper-

ties (Twomey, 1977; Albrecht, 1989; Rosenfeld and Lensky,

1998). Moreover, the direct absorption of radiant energy by

aerosols can influence the atmospheric temperature structure

and, thereby, cloud formation – a phenomenon that has been

labeled the semi-direct effect (Hansen et al., 1997; Acker-

man et al., 2000; Koren et al., 2004). The addition of anthro-

pogenic aerosols to the atmosphere may change the radiative

fluxes at the top-of-atmosphere (TOA), at the surface, and

within the atmospheric column. A positive radiative effect at

the TOA indicates addition of energy to the earth-atmosphere

system (i.e., a warming effect) whereas a negative effect in-

dicates a net loss of energy (i.e., a cooling effect). Herein, we

designate a perturbation of net (downward minus upward) ir-

radiance (summed over solar and thermal infrared spectrum)

by anthropogenic aerosols (both directly and indirectly) as

aerosol climate forcing (ACF) and distinguish this from the

aerosol radiative effect (ARE) of the total aerosol (natural

plus anthropogenic). This review will focus on aerosol direct
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radiative effect (DRE) by the total aerosol and aerosol direct

climate forcing (DCF) by the anthropogenic aerosol.

Recent reports summarize that on a global average the

sum of direct and indirect forcing by anthropogenic aerosols

(ACF) at the TOA is likely to be negative and may be compa-

rable in magnitude to the positive forcing of about 2.4 Wm−2

by anthropogenic greenhouse gases (IPCC, 2001). Aerosol

forcing assessments to date have been based largely on model

calculations, although these models have been initialized and

evaluated to some degree with satellite and surface mea-

surements. Large uncertainties exist in current estimates of

aerosol forcing because of incomplete knowledge concern-

ing the distribution and the physical and chemical proper-

ties of aerosols as well as aerosol-cloud interactions. The

uncertainty for the aerosol direct climate forcing (DCF) is

about a factor of 2 to 3 whereas that for the indirect forcing

is much larger and difficult to quantify (IPCC, 2001; Hay-

wood and Boucher, 2000). These uncertainties raise ques-

tions about the interpretation of the 20th century temperature

record (Anderson et al., 2003a) and complicate the assess-

ment of aerosol impacts on surface-atmosphere interactions,

the atmospheric boundary layer (Yu et al., 2002), global sur-

face air temperatures (Charlson et al., 1992; Penner et al.,

1992; Kiehl and Briegleb, 1993; Hansen et al., 1997), the

hydrological cycle (Ramanathan et al., 2001a), photochem-

istry (Dickerson et al., 1997), and ecosystems (Chameides et

al., 1999). Accordingly, the US Climate Change Research

Initiative (CCRI) has specifically identified research on at-

mospheric concentrations and effects of aerosols as a top pri-

ority (NRC, 2001).

Reduction in these uncertainties requires a coordinated re-

search strategy that will successfully integrate data from mul-

tiple platforms (e.g., ground-based networks, satellite, ship,

and aircraft) and techniques (e.g., in-situ measurement, re-

mote sensing, numerical modeling, and data assimilation)

(Penner et al., 1994; Heintzenberg et al., 1996; Kaufman

et al., 2002a; Diner et al., 2004; Anderson et al., 2005a).

In recent years, a great deal of effort has gone into im-

proving measurements and data sets, including the establish-

ment of ground-based networks, the development and im-

plementation of new and enhanced satellite sensors, and the

execution of intensive field experiments in various aerosol

regimes around the globe (e.g., Kahn et al., 2004a). As a re-

sult of these efforts it is now feasible to shift the estimates

of DRE and DCF from largely model-based to increasingly

measurement-based. In this new approach, satellite measure-

ments provide the basis for the regional- to global-scale as-

sessments and chemical transport models are used to inter-

polate and supplement the data in regions/conditions where

observational data are not available. Measurements from

ground-based networks and intensive field experiments are

required for evaluating both the satellite retrievals and the

model simulations. Model simulation is an indispensable

tool for estimating past aerosol forcing and projecting fu-

ture climate due to changes in atmospheric aerosols, while

observations can be used to improve and constrain model

simulations of aerosol impacts through synthesis and inte-

gration (e.g., Collins et al., 2001; Yu et al., 2003, 2004).

AEROCOM, an international initiative of scientists inter-

ested in aerosols and climate (http://nansen.ipsl.jussieu.fr/

AEROCOM/), is documenting and intercomparing more

than a dozen models and a large number of observations to

identify and reduce the uncertainty in current global aerosol

assessments (Kinne et al., 2005; Textor et al., 2005; Schulz

et al., 20051).

The US Climate Change Science Program (CCSP)

was established in 2002 to coordinate and integrate sci-

entific research on global change and climate change.

The CCSP, sponsored by 13 U.S. federal agencies,

is currently developing and extending its research ac-

tivities to support policymaking and adaptive manage-

ment (http://www.climatescience.gov/Library/stratplan2003/

final/ccspstratplan2003-all.pdf). The present review is one

of three aerosol-related reports being prepared for CCSP.

The purposes of this review are (1) to assess measurement-

based understanding of tropospheric aerosols and their di-

rect effects; (2) to estimate uncertainty associated with them

through examining the differences among various estimates;

and (3) to explore the use of recent measurements to improve

the performance of model simulations. Specifically, we will:

– Assess the global aerosol distribution and direct radia-

tive effect using satellites supplemented by chemical

transport models.

– Assess the anthropogenic component, using satellite

data and models.

– Evaluate these assessments against surface network data

and field experiments and compare them to model esti-

mates.

Section 2 is an overview of factors determining DRE and

DCF and of current capabilities in characterizing these fac-

tors. Global and regional comparisons among different mea-

surements/simulations are presented in Sect. 3 for aerosol op-

tical depth, DRE and DCF (solar and clear-sky). We discuss

outstanding issues in Sect. 4. Our findings are summarized

in Sect. 5.

2 Assessments of current capabilities in characterizing

tropospheric aerosols and estimating the aerosol di-

rect effect

The aerosol direct radiative effect and its potential influ-

ences on climate were proposed and debated during the late

1Schulz, M., Textor, C., Kinne, S., et al.: Radiative forcing

by aerosols as derived from the AeroCom present-day and pre-

industrial simulations, Atmos. Chem. Phys. Discuss., submitted,

2005.
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1960s and early 1970s (e.g., McCormick and Ludwig, 1967;

Charlson and Pilat, 1969; Atwater, 1970; Mitchell Jr., 1971).

The interactions between aerosols and solar radiation are

determined by a combination of aerosol properties (load-

ing, chemical composition, size distribution, shape), surface

properties (e.g., spectral and angular variations of surface

albedo), clouds (cloud fraction, optical thickness, and verti-

cal distribution), and geographical parameters (latitude, sea-

son). Assumptions associated with radiative transfer (RT)

modeling also influence the assessment of the aerosol direct

effect. Due to a lack of data and computational resources,

evidence of the aerosol effect on global radiation (warming

or cooling) was uncertain. Nevertheless, these pioneering

studies highlighted the importance of acquiring better infor-

mation concerning aerosols, and thereby inspired substan-

tial research efforts in the intervening decades. Below is an

overview of how a variety of factors determine the aerosol

direct effect and how recent observations have advanced our

knowledge.

2.1 Optical properties determining the aerosol direct effect

The complex interaction of aerosols with radiation is usually

understood using three optical parameters: aerosol optical

depth (AOD, τ ), the single-scattering albedo (SSA, ω0), and

the phase function. Aerosol optical depth measures the mag-

nitude of aerosol extinction (due to scattering and absorption)

integrated in the vertical column. It is an e-folding length

of the decrease of a direct beam when traveling through the

aerosol layer. Single-scattering albedo (SSA or ω0) is the ra-

tio of the scattering coefficient to the extinction coefficient,

measuring the relative importance of scattering and absorp-

tion. The aerosol effect on the TOA radiative budget switches

from net cooling to net warming at a certain value of SSA,

depending on surface albedo (e.g., Charlson and Pilat, 1969;

Atwater, 1970; Mitchell Jr., 1971; Hansen et al., 1997). The

angular distribution of scattering radiation is described by

the phase function, i.e., a ratio of the scattered intensity at

a specific direction to the integral of the scattered intensity

at all directions. In principle, given the size distribution of

an assumed spherical aerosol, the phase function can be cal-

culated from the Mie theory (van de Hulst, 1981; Bohren

and Huffman, 1983). In practice, approximations such as

the Henyey-Greenstein (HG) phase function (Henyey and

Greenstein, 1941) have been used in most radiative transfer

models (e.g., Fu and Liou, 1993). The HG phase function is

defined in terms of a single parameter – the asymmetry fac-

tor (g) – with g=1 for completely forward scattering and g=0

for symmetric (e.g. Rayleigh) scattering. Typical values of g

range from 0.5 to 0.8.

These aerosol optical properties vary with the wavelength

of radiation. The wavelength-dependence of optical depth is

usually represented by the Ångström exponent (Ångström,

1929, 1930), with high values of Ångström exponent in-

dicative of small particles and low values representative of

large particles. Generally, at visible wavelengths, the single-

scattering albedo decreases with wavelength for non-dust

aerosols and increases for dust aerosols (Dubovik et al.,

2002). The asymmetry factor g decreases with wavelength

because of the decrease in the scattering-effective particle

size (e.g., Hansen and Travis, 1974).

Aerosol optical properties also depend strongly on the size

distribution. Therefore any factors affecting the size distribu-

tion will impact the optical properties. One critical factor is

the relative humidity (RH). Some aerosol types are hygro-

scopic, meaning that they grow as they take up water vapor.

As a result, their size increases and their refractive indices

change, in turn leading to changes in their optical proper-

ties. This effect is non-linear and varies with aerosol com-

position. For example, as RH increases from 40% to 80%,

the scattering cross section of sulfate-dominated aerosol dou-

bles, whereas it increases by only 10–40% for smoke over the

same RH range (Hobbs et al., 1997; Kaufman et al., 1998).

Observations also indicate that the hygroscopicity of smoke

aerosols varies with the aging of smoke (Kotchenruther and

Hobbs, 1998; Magi and Hobbs, 1998). The response of the

absorption coefficient to increasing RH is uncertain, although

theoretical studies indicate it should be much smaller than

that for the scattering coefficient (Redemann et al., 2001).

Consequently, for hygroscopic aerosol, SSA increases with

RH. In addition, g increases with increasing RH and particle

size.

In contrast to greenhouse gases, aerosol loading and op-

tical properties exhibit large spatial and temporal variabil-

ity. Due to variability in sources and sinks, different aerosol

components are associated with different geographical areas,

and the residence time in the troposphere is relatively short

(about 1 week). The vertical distribution of aerosol varies

substantially, which is determined by the injection height and

a variety of atmospheric processes. Such variations compli-

cate the estimate of aerosol direct effect in cloudy skies and

in the thermal infrared region. The method by which dif-

ferent species mix in aerosols can have a significant effect

on aerosol optical properties. In reality, different chemical

species can be in the same particles (internal mixing) or dif-

ferent particles (external mixing). While the mixing state

has little effect on scattering (e.g., Chylek et al., 1995; Pili-

nis et al., 1995; McMurry et al., 1996; Malm and Kreiden-

weis, 1997), it can have a great effect on the absorption ef-

ficiency, defined as absorption cross section per unit aerosol

mass (unit: m2/g). Light absorption of a mixture of black

carbon and transparent particles is significantly higher for an

internal mixture than for an external mixture, resulting in a

smaller SSA (Horvath, 1993; Chylek et al., 1995; Jacobson,

2000; 2001) and higher absorption efficiency (Martins et al.,

1998).

Atmos. Chem. Phys., 6, 613–666, 2006 www.atmos-chem-phys.net/6/613/2006/
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2.2 Measurement of tropospheric aerosols

Errors in the estimation of aerosol optical properties can have

a tremendous impact on the estimate of aerosol direct radia-

tive effect. In recent years, the characterization of aerosols

has been significantly improved through intensive field ex-

periments, ground-based network measurements, and satel-

lite remote sensing and its integration with model simula-

tions, as summarized in the following.

2.2.1 Ground-based networks

The AEROsol Robotic Network (AERONET) program is

a federated remote sensing network of well-calibrated sun

photometers and radiometers. AERONET includes about

200 sites around the world, covering all major tropospheric

aerosol regimes (Holben et al., 1998; 2001). Spectral

measurements of sun and sky radiance are calibrated and

screened for cloud-free conditions (Smirnov et al., 2000).

AERONET stations provide direct, calibrated measurements

of spectral AOD (normally at wavelengths of 440, 670, 870,

and 1020 nm) and provide inversion-based retrievals of a va-

riety of effective, column-mean properties such as single-

scattering albedo, and size distributions, phase function and

asymmetry factor (Holben et al., 1998, 2001; Dubovik et al.,

2000; Dubovik and King, 2001; Dubovik et al., 2002). Be-

cause of uniform calibration, cloud-screening, and retrieval

methods, uniform data are available for all stations, some of

which have operated for over 10 years. These data consti-

tute a high-quality, ground-based aerosol climatology and, as

such, have been widely used for aerosol process studies, as

well as for evaluation and validation of model simulation and

satellite remote sensing applications (e.g., Chin et al., 2002;

Yu et al., 2003; Remer et al., 2005; Kahn et al., 2005a). It

should be noted, however, that the inversion-based retrieval

products have yet to be systematically validated by compari-

son to in-situ measurements.

AERONET measurements have been supplemented by

other ground-based aerosol networks with less geographi-

cal or temporal coverage. The Interagency Monitoring of

Protected Visual Environments (IMPROVE) network tracks

spatial and temporal trends of visibility, and composition and

extinction of near-surface aerosols in rural areas and National

Parks of the US (Malm et al., 1994, 2004). Several multifilter

rotating shadowband radiometer (MFRSR) networks mea-

sure the direct solar beam extinction and horizontal diffuse

flux at multiple wavelengths (Harrison et al., 1994). These

networks use an automated and objective cloud screening al-

gorithm (Alexandrov et al., 2004a) and retrieve aerosol opti-

cal depth and particle size over a large geographical area of

the United States (Alexandrov et al., 2002a, b). The NOAA

Climate Modeling and Diagnostic Laboratory (CMDL) net-

work, consisting of baseline observatories and regional sta-

tions, directly measures light absorption, total scattering and

backscattering (e.g., Sheridan and Ogren, 1999), particle

number concentration and chemical composition (Quinn et

al., 2000).

In recent years, Raman Lidar and micro-pulse lidar (MPL)

have been increasingly used to automatically and routinely

retrieve profiles of aerosol backscattering and extinction dur-

ing both day and night (e.g., Turner et al., 2001, 2002; Fer-

rare et al., 2001). The NASA Micro Pulse Lidar Network

(MPLNET) acquires long-term observations of aerosol and

cloud vertical structures continuously and in an autonomous

fashion, in conjunction with AERONET sunphotometer

measurements (Welton et al., 2001; 2002). The Euro-

pean Aerosol Research Lidar Network (EARLINET) was

established in 2000 to characterize the horizontal, vertical,

and temporal distribution of aerosols on a continental scale

(Matthias et al., 2004). The Asian Dust Network (AD-Net)

has been monitoring the transport of Asian dust through dis-

tributed lidar systems in East Asia (e.g., Murayama et al.,

2001). The aerosol extinction profiles so derived are piv-

otal to a better assessment of aerosol direct solar forcing in

cloudy sky conditions, aerosol thermal infrared forcing and

aerosol-cloud interactions (Feingold et al., 2003).

These ground-based networks have been widely used to

validate and help interpret results from satellite sensors and

model simulations. In this study, however, we will only use

AERONET measurements and retrievals with a global cov-

erage.

2.2.2 Satellite remote sensing

A measurement-based characterization of aerosols on a

global scale can only be realized through satellite remote

sensing, due to aerosols’ short lifetime, complex chemi-

cal composition and interaction in the atmosphere that re-

sult in large spatial and temporal heterogeneities. Monitor-

ing aerosols from space has been performed for over two

decades (King et al., 1999). Early aerosol monitoring from

space used data from sensors that were designed for other

purposes, e.g., Advanced Very High Resolution Radiometer

(AVHRR) and Total Ozone Mapping Spectrometer (TOMS),

among others. However, they have provided multi-decadal

climatology of aerosol optical depth that has significantly ad-

vanced the understanding of aerosol distributions (e.g., Husar

et al., 1997; Mishchenko et al., 1999, 2003; Geogdzhayev et

al., 2002; Herman et al., 1997; Torres et al., 1998, 2002).

The AVHRR, intended as a weather satellite, provides ra-

diance observations in the visible and near infrared wave-

lengths that are sensitive to aerosol properties over the ocean.

Originally intended for ozone monitoring, the UV channels

used for TOMS are sensitive to aerosol absorption and not

too sensitive to surface interferences, even over land (Torres

et al., 1998). TOMS has proved to be extremely success-

ful in monitoring biomass burning smoke and dust (Herman

et al., 1997) and retrieving aerosol single-scattering albedo

from space (Torres et al., 2005). A new sensor, OMI aboard

Aura, has improved on such advantages. In recent years,

www.atmos-chem-phys.net/6/613/2006/ Atmos. Chem. Phys., 6, 613–666, 2006
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satellite aerosol retrievals have become increasingly sophis-

ticated. Now, satellites measure the angular dependence of

polarization and radiance in multiple wavelengths in the UV

through the IR at fine temporal and spatial resolution. From

these observations, retrieved aerosol products now include

not only optical depth at one wavelength, but spectral op-

tical depth and particle size over both ocean and land, as

well as more direct measurements of polarization and phase

function. In addition, cloud screening is much more robust

than before. Examples of such new and enhanced sensors

include Polarization and Directionality of the Earth’s Re-

flectance (POLDER), MODerate resolution Imaging Spec-

troradiometer (MODIS), andMulti-angle Imaging Spectro-

Radiometer (MISR), among others. Aerosol profiling from

space is also making promising progress. In the following, a

brief description of these new sensors is given. Readers are

encouraged to refer to King et al. (1999) for details.

Polarization and Directionality of the Earth’s Re-

flectance: POLDER is a unique aerosol sensor that con-

sists of a wide field-of-view imaging spectro-radiometer ca-

pable of measuring multi-spectral, multi-directional, and po-

larized radiances. The observed multi-angle polarized ra-

diances can be exploited to better separate the atmospheric

contribution from the surface contribution over both land

and ocean (Deuzé et al., 2001). The POLDER onboard the

Japanese Advanced Earth Observation Satellite (ADEOS-1

and -2) has collected aerosol data over both land and ocean

(e.g., Boucher and Tanré, 2000). A similar POLDER instru-

ment flies on the PARASOL satellite launched in December

2004. A limitation of POLDER is its rather coarse spatial

resolution of about 6 km, which affects the ability to account

for scene heterogeneities. In addition, larger aerosol parti-

cles, such as desert dust, do not polarize sunlight and there-

fore cannot be retrieved quantitatively.

MODerate resolution Imaging Spectroradiometer:

MODIS, aboard NASA’s twin satellites Terra and Aqua

(crossing the equator in opposite directions at about 10:30

and 13:30 local time, respectively), performs near global

daily observations of atmospheric aerosols. MODIS has 36

channels ranging from 0.44 to 15 µm. Seven of these chan-

nels between 0.47 and 2.13 µm are used to retrieve aerosol

properties over cloud and surface-screened areas (identified

by using other channels and examining spatial variability

(Martins et al., 2002; Li et al., 2004). The MODIS retrieval

uses separate algorithms over land and ocean (Kaufman et

al., 1997; Tanré et al., 1997; Remer et al., 2005). Over veg-

etated land, MODIS retrieves aerosol optical depth at three

visible channels with high accuracy, i.e., ±0.05±0.2τ (Chu

et al., 2002; Remer et al., 2005). It also derives a fraction of

small particles in terms of aerosol extinction (the so-called

fine-mode fraction). This parameter over land should be

treated as a qualitative measure only. Because of its wide

spectral range over ocean and the greater simplicity of the

ocean surface, MODIS has the unique capability of retriev-

ing not only aerosol optical depth with greater accuracy, i.e.,

±0.03±0.05τ (Remer et al., 2002, 2005), but also quantita-

tive aerosol size parameters (e.g., effective radius, fine-mode

fraction of aerosol optical thickness) (Kaufman et al., 2002a;

Remer et al., 2005). In comparison to AERONET retrievals

for moderate AOD, the standard deviation of MODIS effec-

tive radius is ±0.11 µm. On a monthly basis, the MODIS

fine-mode fraction agrees with AERONET retrievals over

ocean to within 20%. At low AOD the uncertainties associ-

ated with MODIS size parameters are greater (Remer et al.,

2005; Kleidman et al., 2005). Recent comparisons show that

MODIS ocean retrievals of fine-mode fraction are systemat-

ically higher than suborbital estimates of the submicrometer

fraction by about 0.2 during the ACE Asia compaign (An-

derson et al., 2005b).

Multi-angle Imaging SpectroRadiometer: MISR,

aboard the sun-synchronous polar orbiting satellite Terra,

measures upwelling solar radiance in four spectral bands

(centered at 446, 558, 672, and 866 nm) and at nine view

angles spread out in the forward and aft directions along the

flight path (at nadir, ±70.5◦, ±60.0◦, ±45.6◦, and ±26.1◦

of nadir) (Diner et al., 2002). It acquires global coverage

about once per week. A wide range of along-track view an-

gles makes it feasible to more accurately evaluate the sur-

face contribution to the TOA radiances and hence retrieve

aerosols over both ocean and land surfaces, including bright

desert aerosol source regions and regions that would have

been contaminated by sunglint for a mono-directional instru-

ment (Diner et al., 1998; Martonchik et al., 1998a; 2002;

Kahn et al., 2005a). Evaluation studies show that for the

early post-launch algorithm (Version 12) overall, about two

thirds of MISR AODs are within 20% or ±0.05 of coinci-

dent AERONET measurements. Over dark ocean, the MISR

early post-launch AODs overall have a high bias of 0.038

(Kahn et al., 2005a; Abdou et al., 2005). New low-light

level calibration, applied to aerosol product Versions 16 and

higher, removes about 40% of the high bias in MISR AOD

retrievals over the dark water (Kahn et al., 2005b; Bruegge

et al., 2004). (Re-runs of the multi-year MISR data records

with the Version 16 algorithm were not available in time for

this assessment, but should be complete by early 2006.)

The MISR multi-angle data also sample scattering angles

ranging from about 60◦ to 160◦ in midlatitudes, yielding

information about particle size (Kahn et al., 1998, 2001,

2005a) and shape (Kalashnikova et al., 2005a, b2). These

quantities are of interest in-and-of themselves for identifying

aerosol airmass types, and should also help further refine the

accuracy of space-based AOD retrievals and particle property

determinations.

CERES: The Clouds and the Earth’s Energy System

(CERES) measures broadband solar and terrestrial radiances

2Kalashnikova, O. V., Kahn, R. A., and Li, W-H.: The ability of

multi-angle remote sensing observations to identify and distinguish

mineral dust types: Part 2. Sensitivity data analysis, J. Geophys.

Res., submitted, 2005b.
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at three channels with a large footprint (e.g., 20 km for

CERES/Terra) (Wielicki et al., 1996). It is collocated with

MODIS and MISR aboard Terra and with MODIS on Aqua.

The observed radiances are converted to the TOA irradiances

or fluxes using the Angular Distribution Models (ADMs) as

a function of viewing angle, sun angle, and scene type (Loeb

and Kato, 2002; Zhang et al., 2005a). Such estimates of TOA

solar flux in clear-sky conditions can be compared to the ex-

pected flux for an aerosol-free atmosphere, in conjunction

with measurements of aerosol optical depth from other sen-

sors (e.g., MODIS and MISR) to derive the aerosol direct

effect (Christopher and Zhang, 2002a, 2004; Loeb and Kato,

2002; Loeb and Manalo-Smith, 2005; Zhang and Christo-

pher, 2003; Zhang et al., 2005b). The derived instantaneous

value is then scaled to obtain a daily average. Broadband flux

measurements from the Earth Radiation Budget Experiment

(ERBE) have also been used in a similar way (e.g., Hsu et al.,

2000). Note that a direct use of the coarse spatial resolution

CERES measurements would exclude aerosol distributions

in partly cloudy CERES scenes. Several approaches that

incorporate coincident, high spatial and spectral resolution

measurements (e.g., MODIS) have been employed to over-

come this limitation (Loeb and Manalo-Smith, 2005; Zhang

et al., 2005b).

Aerosol profiling: Profiling global aerosols using

satellite-borne lidar is another emerging capability. Follow-

ing a demonstration aboard the U.S. Space Shuttle mission

in 1994 (Winker et al., 1996), the Geoscience Laser Altime-

ter System (GLAS) was launched in early 2003 to become

the first polar orbiting satellite lidar (Schutz, 1998; Zwally et

al., 2002). It provides global aerosol extinction (at 532 nm)

profiling for a one-month period out of every three-to-six

months. Initial results demonstrate the capability of GLAS

in detecting and discriminating multiple layer clouds, atmo-

spheric boundary layer aerosols, and elevated aerosol layers

(e.g., Spinhirne et al., 2005; Hart et al., 2005; Hlavka, et

al., 2005). The Cloud-Aerosol Lidar and Infrared Pathfinder

Satellite Observations (CALIPSO), scheduled to launch in

2006, will carry a lidar instrument (CALIOP) that will col-

lect profiles of the attenuated backscatter at visible and near-

infrared wavelengths along with polarized backscatter in the

visible channel (Winker et al., 2003). Flying in formation

with the Aqua, AURA, POLDER, and CloudSat satellites,

this vertically resolved information is expected to greatly im-

prove passive aerosol and cloud retrievals as well as allow the

development of new retrieval products (see Kaufman et al.,

2003; Léon et al., 2003).

The high accuracy of aerosol products (mainly aerosol

optical depth) from these new-generation sensors, together

with improvements in characterizing the surface and clouds

(see Sect. 2.2), can help reduce the uncertainties associated

with the aerosol direct radiative effect, as discussed in sev-

eral recent studies (Boucher and Tanré, 2000; Christopher

and Zhang, 2002, 2004; Loeb and Kato, 2002; Bellouin et

al., 2003; Yu et al., 2004; Remer and Kaufman, 2006; Loeb

and Manalo-Smith, 2005; Zhang et al., 2005a, b). The re-

trieved aerosol size parameters can help distinguish anthro-

pogenic aerosols from natural aerosols and hence help as-

sess the anthropogenic aerosol radiative forcing (Kaufman et

al., 2002a; Kaufman et al., 2005a; Christopher and Zhang,

2004). Current retrieval algorithms generally assume that

aerosols are spherical in shape and have mono-modal or

bi-modal size distribution. These assumptions may not be

adequate and could introduce uncertainties in aerosol re-

trievals (Mishchenko et al., 1995; Zhao et al., 2003). As

discussed earlier, individual sensors have their own strengths

and weaknesses. No single sensor is adequate for character-

izing the complex aerosol system; instead, they are usually

complementary to each other. Therefore, the best strategy for

characterizing global aerosols is to integrate measurements

from different sensors. Furthermore, some sensors will fly

in formation with other aerosol and cloud sensors (includ-

ing OMI on Aura, CALIOP on CALIPSO) in the coming

years. The constellation of these new-generation sensors,

also called the A-Train (Stephens et al., 2002) provides an

unprecedented opportunity to improve the characterization

of global aerosols, clouds, and surface properties and hence

the quantification of aerosol radiative forcing (Anderson et

al., 2005a). These global measurements of aerosols can also

be used to improve the performance of aerosol model simula-

tions and hence the assessment of the aerosol direct radiative

effect through an assimilation or integration process (e.g.,

Collins et al., 2001; Yu et al., 2003, 2004; Matsui et al., 2004;

Liu et al., 2005). Finally, algorithms are being developed to

retrieve aerosol absorption or single-scattering albedo from

satellite observations (e.g., Kaufman et al., 2001; Torres et

al., 2005). The NASA Glory mission, scheduled to launch in

2008, will deploy a multi-angle, multi-spectral polarimeter

to determine the global distribution, microphysical proper-

ties, and chemical composition of natural and anthropogenic

aerosols and clouds with accuracy and coverage sufficient for

a reliable quantification of the aerosol direct and indirect ef-

fects on climate (Mishchenko et al., 2004).

2.2.3 Intensive field campaigns

Over the past decade, more than a dozen intensive field ex-

periments have been conducted to study physical, chemical,

and optical properties and radiative effects of aerosols in a

variety of aerosol regimes around the world, as depicted in

Fig. 1. These experiments have either been designed mainly

for aerosol research or have included aerosol characteriza-

tion as one of their major themes as part of interdisciplinary

research efforts. A brief description of them is given in Ta-

ble 1.
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Fig. 1. Schematic of major intensive field experiments designed

either mainly for aerosol research or by including aerosol charac-

terization as part of an interdisciplinary research effort. The back-

ground represents the MODIS-MISR-GOCART integrated aerosol

optical depth for 2001 (described in Sect. 3.1).

One of the main scientific goals of both TARFOX and

ACE-2 was to examine how the North Atlantic is influenced

by pollution outflows from North America and West Europe

during the summer season (Russell et al., 1999; Raes et al.,

2000). Aerosol processes and properties have also been a

major theme in air quality and atmospheric chemistry exper-

iments, such as NEAQS in New England (Quinn and Bates,

2003), MINOS in the Mediterranean region (Lelieveld et al.,

2002), INTEX-NA (2004), and ICARTT (2004).

South and East Asia have been of great interest to the at-

mospheric chemistry community because of the rapid and

persistent increase in emissions in that region in recent

decades and the complexity of aerosol composition and prop-

erties in the region. As observed by INDOEX, brown hazes

blanketing large areas of the northern Indian Ocean in the

pre-monsoon season can significantly influence the atmo-

spheric radiative budget, climate, and hydrological cycles

(Ramanathan et al., 2001b). Such research is being extended

to the broader Asia regions under the framework of At-

mospheric Brown Cloud (ABC) (Ramanathan and Crutzen,

2003). In East Asia, a mixture of industrial pollution and

mineral dust influences large areas of the North Pacific and

may even reach the North American continent, especially

during the spring season. In the 1990s, several missions,

under the framework of NASA’s global tropospheric experi-

ment (GTE), have been conducted, including PEM-West A

and B (Hoell et al., 1996, 1997). A decade of data de-

scribing Pacific aerosols is summarized in Clarke and Ka-

pustin (2002). More recently, TRACE-P and ACE-Asia were

conducted in the spring of 2001 to document and charac-

terize such intercontinental transport and its regional and

hemispheric impacts. In particular, ACE-Asia was designed

specifically for comprehensive aerosol research (Huebert et

al., 2003; Seinfeld et al., 2004).

In the tropics, biomass burning comprises a major source

of atmospheric aerosols and several international missions

have been conducted to investigate how the emissions of

gases and particles from biomass burning influence atmo-

spheric chemistry, radiative budget, and climate, including

BASE-A (Kaufman et al., 1992), SCAR-B (Kaufman et al.,

1998) and LBA-SMOCC (Andreae et al., 2004) over South

America, SAFARI2000 (King et al., 2003a), SAFARI92

(Lindesay et al., 1996), and TRACE-A (Fishman et al., 1996)

over South Africa and the South Atlantic Ocean.

The largest sources of mineral dust come from North

Africa and the Arabian Peninsula. They impose pronounced

impacts over the tropical and subtropical Atlantic Ocean,

Arabian Sea and as far as Southeastern US, as documented

by observations during SHADE (Tanré et al., 2003), PRIDE

(Reid et al., 2003), and UAE2 (http://uae2.gsfc.nasa.gov/).

The ACE-1 experiment was conducted over remote southern

oceans to characterize the aerosols over the remote region

least influenced by human activities (Quinn and Coffman,

1998).

During each of these comprehensive missions, aerosols

were studied in great detail, using combinations of in-situ

and remote sensing observations of physical and chemical

properties from various platforms (e.g., aircraft, ship, satel-

lite, ground-network) and numerical modeling (e.g., Seinfeld

et al., 2004). In spite of their relatively short duration, these

missions have acquired comprehensive data sets of regional

aerosol properties that can be compared and compiled to un-

derstand the complex interactions of aerosols within the earth

and atmosphere system. For such data comparison and com-

pilation, it is required that different observations are sam-

pling the same air mass and problems associated with in-

dividual measurements are well understood. Where aerosol

properties are “over-determined” by coordinated deployment

of multiple platforms and instruments, they can be used to

identify inconsistencies and quantify uncertainties. Column

closure studies are an example of using this approach to im-

prove knowledge of aerosol radiative forcing (e.g., Russell et

al., 1997).

2.3 Characterization of surface albedo and clouds

2.3.1 Surface reflection and albedo

Accurate portrayal of the surface reflection is important for

determining how aerosols perturb the solar energy budget

(Atwater, 1970; Mitchell Jr., 1971; Coakley et al., 1983).

Multiple reflections between the surface and aerosols cause a

non-linear surface influence in addition to the aerosol radia-

tive effect. In general, the larger the surface reflection, the

smaller the aerosol radiative effects are (for the same non-

absorbing aerosol). However, even weak aerosol absorption

above a highly reflective surface (deserts or snow) would

cause warming at the TOA. As such, inadequate character-

ization of surface reflection will introduce additional uncer-

tainties in the estimate of the aerosol direct radiative effect.
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Table 1. List of major intensive field experiments that are relevant to aerosol research in a variety of aerosol regimes around the globe

conducted in the past decade.

Aerosol Regimes
Intensive Field Experiments

Major References

Name Location Time

Industrial Pollution from

North America and

West Europe

TARFOX North Atlantic July, 1996 Russell et al., 1999

NEAQS North Atlantic July–August, 2002 Quinn and Bates, 2003

SCAR-A North America 1993 Remer et al., 1997

CLAMS East Coast of U.S. July–August, 2001 Smith et al., 2005

INTEX-NA,

ICARTT

North America Summer 2004 http://www-air.larc.

nasa.gov/missions/

intexna

ACE-2 North Atlantic June–July, 1997 Raes et al., 2000

MINOS Mediterranean region July–August, 2001 Lelieveld et al., 2002

LACE98 Lindberg, Germany July–August, 1998 Ansmann et al., 2002

Aerosols99 Atlantic January–February,

1999

Bates et al., 2001

Brown Haze in South Asia INDOEX Indian subcontinent and

Indian Ocean

January–April,

1998 and 1999

Ramanathan et al.,

2001b

ABC South and East Asia ongoing Ramanathan and

Crutzen, 2003

Pollution and dust mixture

in East Asia

ACE-Asia East Asia and Northwest

Pacific

April, 2001 Huebert et al., 2003; Se-

infeld et al., 2004

TRACE-P East Asia and Northwest

Pacific

March–April,

2001

Jacob et al., 2003

PEM-West A & B Western Pacific off East

Asia

September–

October, 1991

February–March,

1994

Hoell et al., 1996; 1997

Biomass burning smoke

in the tropics

BASE-A Brazil 1989 Kaufman et al., 1992

SCAR-B Brazil August–

September, 1995

Kaufman et al., 1998

LBA-SMOCC Amazon basin September–

November 2002

Andreae et al., 2004

SAFARI2000 South Africa and South

Atlantic

August–

September, 2000

King et al., 2003a

SAFARI92 South Atlantic and South

Africa

September–

October, 1992

Lindesay et al., 1996

TRACE-A South Atlantic September-

October, 1992

Fishman et al., 1996

Mineral dusts from

North Africa and

Arabian Peninsula

SHADE West coast of North

Africa

September, 2000 Tanré et al., 2003

PRIDE Puerto Rico June–July, 2000 Reid et al., 2003

UAE2 Arabian Peninsula August–

September, 2004

http://uae2.gsfc.nasa.

gov/

Remote Oceanic Aerosol ACE-1 Southern Oceans December, 1995 Bates et al., 1998; Quinn

and Coffman., 1998

www.atmos-chem-phys.net/6/613/2006/ Atmos. Chem. Phys., 6, 613–666, 2006

http://www-air.larc.nasa.gov/missions/intexna
http://www-air.larc.nasa.gov/missions/intexna
http://www-air.larc.nasa.gov/missions/intexna
http://uae2.gsfc.nasa.gov/
http://uae2.gsfc.nasa.gov/


622 H. Yu et al.: Measurement-based aerosol direct forcing

Fig. 2. (a) MODIS-derived black-sky (solid line) and white-sky

albedo (dotted line) in the visible range for three land cover clas-

sifications, namely barren land, grass land, and evergreen needle-

leaf forest. The black-sky albedo increases with solar zenith an-

gle (SZA) and equals the white-sky albedo at a SZA of about

55 degree. (b) Dependence of aerosol direct effect (1F ) at the

TOA on SZA over the grass land for prescribing white-sky albedo

(green) and black-sky albedo (black), and calculating the surface re-

flectance based on model-calculated direct/diffuse ratio (red) (Yu et

al., 2004). Aerosol optical depth is 0.4 at 550 nm and the Ångström

exponent is 1. A broadband single-scattering albedo is 0.95.

The characterization of surface reflection is challeng-

ing. Reflection of solar radiation from natural surfaces is

anisotropic and its angular distribution in the upper hemi-

sphere is described by the bidirectional reflectance distribu-

tion function (BRDF). The BRDF is an intrinsic property of

the surface, depending on the textures, structure, and compo-

sitions of the surface. In radiative transfer modeling, the re-

flection of radiation by the surface is generally simplified by

using the concept of surface albedo, which is the ratio of re-

flected to incident solar radiation and should involve an inte-

gral of BRDF for all combinations of incident and reflection

geometry in the upper hemisphere. In addition to its depen-

dence on surface properties, the surface albedo is generally

dependent on the wavelength and incident angle of incoming

solar radiation. Because of this dependence, it is necessary to

consider the modification of the incoming solar beam by the

atmosphere and its impact on the surface albedo. For exam-

ple, aerosol scattering changes the incident angle of solar ra-

diation by increasing the diffuse radiation but decreasing the

direct radiation. Because aerosol extinction is generally de-

pendent on wavelength, the spectral composition of incident

solar radiation is also different from that without aerosols

(Yu et al., 2004; Bellouin et al., 2004). Due to large spec-

tral variations of surface albedo and of aerosol extinction, a

use of broadband albedo over the whole solar spectrum is in-

adequate. Giving that most surfaces have distinct reflectance

and an albedo between the visible and near-infrared, it is a

common practice to describe the surface albedo in two broad

spectral ranges, one for UV-visible and the other for near-

infrared. A more detailed spectral surface albedo may be

needed to better characterize the aerosol effect over vegeta-

tion and snow (Zhou et al., 2005).

Over ocean, the surface albedo depends primarily on

wavelength and on solar and viewing angles, but also

on wind-speed and chlorophyll concentration. A coupled

atmosphere-ocean radiative transfer model (e.g., Jin et al.,

2002, 2004) is needed to adequately characterize such de-

pendences (Yu et al., 2004). Often the land surface is highly

heterogeneous, having highly anisotropic and wavelength-

dependent optical properties (e.g., Dickinson, 1984). There-

fore its characterization is even more difficult, leading to

additional uncertainty in the aerosol direct effect. Until re-

cently, aerosol radiative forcing calculations have assumed

surface albedos that have been determined based on empir-

ical parameterizations of vegetation and soils (Dickinson et

al., 1993; Sellers et al., 1996). New satellite-borne instru-

ments, such as MODIS and MISR, can much better charac-

terize surface optical properties because they measure at mul-

tiple wavelengths and angles at spatial resolutions as fine as

1 km (Moody et al., 2005; Schaaf et al., 2002; Martonchik

et al., 1998b). Their albedo products include both global

black- and white-sky albedos, which represent respectively

the directional hemispheric reflectance contributed by the di-

rect beam and the bihemispherical reflectance contributed

from reflection of diffuse light. These and other new datasets

can provide better lower boundary conditions to the radiative

transfer model and reduce the uncertainty in the estimate of

aerosol direct effect (e.g., Yu et al., 2004).

The MODIS retrieved angular dependence of the surface

reflection, i.e., a separation of direct beam and diffuse light

contribution, also provides an unprecedented dataset for ex-

amining how the modifications of the directional and spec-

tral composition of incident solar radiation by aerosols (as

discussed earlier) could alter the surface reflection and the

solar energy budget, adding to the aerosol direct effect (Yu

et al., 2004). Fig. 2a shows that the MODIS retrieved white-

sky albedo is larger than the black-sky albedo at high solar

zenith angles and smaller at low angles for different surface

types. The surface reflection is calculated separately for the
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incident direct beam and diffuse light using the black-sky and

white-sky albedo, respectively. A reduction of direct beam

fraction (as would be caused by aerosols) increases the ef-

fective reflection at high Sun but decreases it at low Sun.

Consequently, in comparison to those using a constant albedo

(black-sky albedo or white-sky albedo), the TOA DRE shifts

towards a negative value (more cooling or less warming) at

high Sun, but towards a positive value (less cooling) at low

Sun, as shown in Fig. 2b for grassland. Clearly, the inclusion

of land surface anisotropy is necessary for capturing diurnal

aerosol effects. Magnitudes of such effects strongly depend

on both the aerosol properties and land classifications (Yu et

al., 2004). Bellouin et al. (2004) showed that the inclusion of

anisotropy is also necessary over the ocean. With integration

over solar zenith angles, the effects become much smaller,

i.e., 5% for the monthly average TOA DRE over global land

(Yu et al., 2004).

2.3.2 Clouds

Clouds can profoundly modify the aerosol radiative effects.

The extent of their modification depends on both the aerosol

and cloud properties, their relative positioning in the atmo-

sphere, and on their diurnal variation with respect to the so-

lar illumination (e.g., Liao and Seinfeld, 1998; Haywood and

Shine, 1997; Zhou et al., 2005). Cloud properties that must

be accounted for include cloud fraction, cloud optical depth

and cloud droplet size. For absorbing aerosols, the vertical

profile of clouds is also desired (Keil and Haywood, 2003).

For a first-order approximation (as assumed in box models),

the direct aerosol radiative effect is negligible in overcast

skies, but is a cloud-fraction weighted product of clear and

cloudy sky effects in partly cloudy skies (e.g., Charlson et

al., 1992). Such an assumption only holds for optically thick

clouds residing above the aerosol layer, where the solar ra-

diation is sufficiently diffused by the cloud. For optically

thin clouds, a significant amount of solar radiation is trans-

mitted to, and will interact with, the underlying aerosol layer.

Aerosols under clouds with reflectance of 0.2 (corresponding

to optical depth of ∼2) will have 75% of the effect as aerosols

in cloud free areas. If the absorbing aerosols lay above the

cloud layer (in essence a very bright surface) then the aerosol

absorption effect tends to be magnified. Thus, aerosols over

clouds tend to induce a warming effect at the TOA.

MODIS uses multiple spectral bands to detect clouds, and

retrieve cloud properties at moderate resolutions (Platnick et

al., 2003). From the pressure dependence of thermal emis-

sion bands, MODIS infers the cloud top pressure and tem-

perature. Using six visible and near-infrared bands, MODIS

retrieves drop effective radius (weighted towards the cloud

top), columnar optical thickness, and water path for differ-

ent cloud thermodynamic phases (i.e., water, ice, and mixed)

at 1 km resolution for overcast pixels. Figure 3 shows the

annual cycle (2001) of cloud fraction and total (water plus

ice) cloud optical depth averaged over the entire globe, land,

and ocean. On a global annual average, the cloud fraction

is about 0.63 and cloud optical depth is 10.8. Compared

with clouds over ocean, clouds over land are optically thicker

and have smaller cloud fraction. While the combination

of MODIS/Terra and MODIS/Aqua allows for some indi-

cation of cloud evolution from late morning to early after-

noon, the International Satellite Cloud Climatology Project

(ISCCP) has been providing diurnal variations of clouds for

two decades (Schiffer and Rossow, 1983; Rossow and Schif-

fer, 1991, 1999). Such information can be exploited to better

constrain the estimate of the aerosol direct effect in cloudy

sky conditions (in terms of diurnal variation of clouds) and

to study interannual variations of the aerosol radiative effect.

However satellite cloud retrievals have significant uncer-

tainties and biases, resulting from cloud heterogeneity, as-

sumption on the size distribution, and inadequacy of ac-

counting for surface and aerosol contributions to the re-

flectance, among others. These uncertainties/biases are

sensor dependent and cross-platform comparisons generally

show both consistence/correlation and discrepancies (Bréon

and Doutriaux-Boucher, 2005; Mahesh et al., 2004). A

plane-parallel approximation would result in a high bias in

the effective radius for convective clouds with a great het-

erogeneity (e.g., Kaufman and Nakajima, 1993; Platnick and

Valero, 1995; Reid et al., 1999). Exclusion of aerosols in

the cloud retrieval algorithm could result in low biases in

cloud optical depth (as large as -30%) and effective radius (as

large as −3 µm) in cases of smoke overlaid low-level clouds

(Haywood et al., 2004). The low bias of cloud droplet ef-

fective radius, hence the high bias in cloud reflectivity, could

underestimate the TOA DRE by ∼4%, while the low bias

of cloud optical depth could overestimate the TOA DRE by

26% (Abel et al., 2004). Heavy aerosols may be misclassi-

fied as clouds (Brennan et al., 2005), which could introduce

additional uncertainties in cloud retrievals. Profiling clouds

from space is far from adequate. MODIS and AVHRR can

detect cloud top but not cloud base. Spaceborne lidar such

as GLAS and CALIOP has a capability of measuring the ex-

tinction profile of optically thin clouds (e.g., cloud optical

depth <3). Such profiling is not possible for optically thick

clouds, although the cloud top and base could be located

through holes and edges of broken clouds (Spinhirne, et al.,

2005). CloudSat, scheduled to be launched in 2006, will use

radar to survey the vertical structure of cloud systems glob-

ally, including liquid and water content profile (Stephens et

al., 2002).

2.4 Modeling of atmospheric radiative transfer

With a full set of aerosol optical properties available, a radia-

tive transfer model can be employed to calculate the direct

radiative effect of aerosol. While uncertainties associated

with input parameters of aerosols, either from measurements

or model simulations, will definitely propagate to the uncer-

tainty of the direct radiative effect, additional uncertainties
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Fig. 3. Annual cycle (2001) of MODIS/Terra cloud fraction (top)

and total cloud optical depth (bottom) averaged over globe, land,

and ocean, respectively (derived from MODIS Level 3 monthly

1◦
×1◦ cloud products as described in King et al., 2003b; Platnick

et al., 2003).

could be introduced by assumptions and parameterizations

in modeling the radiative transfer in the atmosphere.

The early box model or one-line formula (e.g., Charl-

son et al., 1991; Chylek and Wong, 1995) represents

aerosol-radiation interactions with a number of simplifica-

tions. While the calculations are straightforward, the sim-

plifications cause large uncertainties in estimates of aerosol

radiative forcing (e.g., Wendisch et al., 2001). In such box

models, the aerosol properties are always assumed for a sin-

gle wavelength (e.g., 550 nm). However, the optical prop-

erties at 700 nm may be more representative for the whole

solar spectrum than those at 550 nm (Blanchet, 1982). Box

models do not adequately account for the spectral depen-

dence of aerosol/Rayleigh scattering interactions, especially

at short wavelengths and at low Sun where Rayleigh scatter-

ing is strong. In addition, multiple scattering effects become

stronger at high aerosol loadings. Therefore, such simple box

models should only be applied to optically thin atmospheres.

With the substantially enhanced computational capability

of modern computers, it is now feasible to carry out sophis-

ticated radiative transfer modeling. Most recent studies have

used plane-parallel radiative transfer (RT) models numeri-

cally solved with a discrete-ordinate method, with varying

levels of complexity depending on spectral resolution and

Fig. 4. Mean values and standard deviations of AERONET aerosol

optical depth (AOD), single-scattering albedo (SSA), asymmetry

factor (g) at 550 nm, and the calculated clear-sky radiative effi-

ciency (Eτ ) for typical aerosol types and over different geographi-

cal regions, where α is surface broadband albedo. Standard devia-

tion is shown as the error bar (Zhou et al., 2005).

streams (e.g., Fu and Liou, 1993; Chou et al., 1993). Boucher

et al. (1998) compared sulfate radiative effects calculated

from a dozen such radiative transfer models. Recently, a few

studies have used more sophisticated Monte-Carlo RT mod-

els (e.g., Podgorny et al., 2000; Podgorny and Ramanathan,

2001). Such modeling is capable of better characterizing the

complex particle-radiation interactions in heterogeneous me-

dia, including aerosols in the vicinity of broken clouds.
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Simplified phase function parameterizations such as HG

functions employed by most RT models cannot adequately

represent backward scattering (van de Hulst, 1980), thereby

introducing errors in the estimate of aerosol radiative forcing.

Errors vary in magnitude, depending on the solar zenith an-

gle, aerosol size distribution and refractive index (Boucher,

1998; Marshall et al., 1995). Aerosol direct solar effects

change appreciably with the solar zenith angle (SZA). For

purely scattering sulfate aerosol, the largest cooling occurs

around a SZA of ∼70◦ because of the angular dependence

of both aerosol upscattering fraction and Rayleigh scattering

(Nemesure et al., 1995; Boucher et al., 1998; Russell et al.,

1999). Aerosol absorption decreases with increasing SZA,

nearly compensating for the SZA-dependence of aerosol

backscattering (Yu et al., 2002). The SZA-dependence of the

aerosol direct effect is relatively weak for absorbing aerosols.

Accurately modeling the SZA-dependence of aerosol radia-

tive effect requires that the time step for radiative calculations

be adequately small, e.g., less than 30 min, in order to sam-

ple a range of solar zenith angles and calculate the unbiased

daily average aerosol direct effect (Yu et al., 2004).

2.5 Summary

In summary, we present here an example that demonstrates

how the aerosol direct solar effect is determined by a combi-

nation of aerosol and surface properties by using AERONET

monthly measurements. AERONET sites with good accu-

racy and a full annual cycle were chosen to represent differ-

ent aerosol types, geographical locations, and surface prop-

erties (Table 1 in Zhou et al., 2005). Figure 4 shows the

AERONET measured aerosol optical properties of various

aerosol types (biomass burning smoke, mineral dust, and in-

dustrial/urban pollution) for different geographical regions,

with vertical bars representing one standard deviation and re-

flecting the variability of measurements. Both all-mode (to-

tal) and fine-mode aerosols are considered. It appears that

the variability for AOD is generally much larger than the ac-

curacy of AERONET measurements (±0.01, Holben et al.,

1998), while the variability for SSA and g is comparable

to the theoretical accuracy of their retrievals (i.e., ±0.03 for

SSA and ±0.02 for g; Dubovik et al., 2000).

Figure 4 also shows the diurnally averaged, normalized

aerosol direct effect based on the AERONET data. The

normalized aerosol direct effect is referred to as radia-

tive efficiency (Eτ ), defined as DRE/τ (550 nm) (Anderson

et al., 2005a). Here the DRE is calculated with a radia-

tive transfer model (Fu and Liou, 1993) using the spectral-

dependent aerosol properties from AERONET, land albedos

from MODIS, and ocean albedos from Jin et al. (2002, 2004),

and τ (550 nm) is the monthly averaged optical depth from

AERONET measurements. The quantity of Eτ is mainly

governed by aerosol size distribution and chemical composi-

tion (determining aerosol single-scattering albedo and phase

function), surface reflectivity, and solar irradiance, and also

to some degree depends on the optical depth because of mul-

tiple scattering. Again the vertical bars represent one stan-

dard deviation of Eτ for individual aerosol regimes.

Due to stronger absorption of smoke in South Africa

(SSA∼0.86±0.03) as compared to South America

(SSA∼0.94±0.03) (Dubovik et al., 2002; Eck et al.,

2003), biomass burning aerosols in South Africa are found

to have an average Eτ that is smaller by ∼35% at the TOA

but larger by ∼38% at the surface. For industrial pollution,

the aerosol absorption and hence the radiative efficiency are

inbetween South Africa biomass burning smoke and South

America smoke. On average, the TOA and surface Eτ are

relatively large in North America.

Mineral dust dominates over North Africa and the Ara-

bian Peninsula. Here the surface reflectivity is high and has

considerable spatial variability, ranging from about 0.2 to

0.4 for albedo in the solar spectrum (Tsvetsinskaya et al.,

2002). Dust outflow also influences nearby oceans substan-

tially where the surface albedo is less than 0.1. Such large

variations of surface albedo could be the major reason for the

large differences of aerosol solar effect shown in the plots.

The radiative efficiency ranges from −44 to −17 Wm−2τ−1

at the TOA and from −80 to −48 Wm−2τ−1 at the sur-

face when the surface albedo changes from less than 0.1 to

0.3∼0.35. It also shows that the radiative efficiency of fine-

mode aerosol is larger at the TOA but smaller at the surface

than that of all-mode aerosol, due to a larger single-scattering

albedo and smaller asymmetry factor of fine-mode aerosol

retrieved from AERONET measurements.

3 Assessments of global and regional aerosols and their

direct effect

3.1 Description of assessments

3.1.1 Scope of assessments

In this review, we concentrate on measurement-based assess-

ments (e.g., from ground-based networks, satellite remote

sensing, and intensive field experiments) of tropospheric

aerosols and their direct radiative effect, supplemented by

five global aerosol model simulations. We assess the aerosol

properties and resulting estimates of the DRE derived from

these different approaches, both globally (in Sect. 3.2) and

regionally (in Sect. 3.3). DCF by anthropogenic aerosols is

assessed in Sect. 3.4. In this section, the assessments concen-

trate on aerosol optical depth and influences on solar radia-

tion in clear sky conditions. In Sect. 4, we will briefly discuss

DRE in the thermal infrared range and in cloudy conditions.

Because satellite sensors generally do not retrieve aerosols

with good accuracy at high latitudes (due to weak sunlight

and high surface reflectance of snow and ice), the global as-

sessments are actually confined to areas between 60◦ N and
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Fig. 5. Divisions of 13 zones defined for regional comparisons of

aerosol and its direct effect. The background depicts the MODIS-

MISR-GOCART integrated annual average aerosol optical depth at

550 nm for 2001 using the data assimilation approach as described

in Yu et al. (2003).

60◦ S. The regional assessments are conducted over the 13

zones shown in Fig. 5.

3.1.2 Datasets of aerosol optical depth

We have compared retrievals of aerosol optical depth from

a number of datasets. These include derivations from dif-

ferent satellite sensors (e.g., Terra-MODIS, MISR), model

simulations (e.g., GOCART, SPRINTARS, GISS, LMDZ-

INCA, LOA, MPI-HAM), and satellite-model integrations

(MO GO, MI GO, and MO MI GO), and are listed in Ta-

ble 2. Aerosol retrievals from MODIS and MISR have pre-

viously been described in Sect. 2.1. All MODIS values of

AOD or DRE shown in this paper are from Terra Collection

4 retrievals.

Five global aerosol models are included in our compar-

isons, namely GISS (Koch and Hansen, 2005; Koch et al.,

20053; Miller et al., 20054), GOCART (Chin et al., 2000a, b,

2002, 2003, 2004; Ginoux et al., 2001, 2004), LMDZ-INCA

(Schulz et al., 20065; Textor et al., 2005), LMDZ-LOA

(Boucher and Pham, 2002; Reddy et al., 2004, 2005a, b),

and SPRINTARS (Takemura et al., 2000, 2002, 2005). All

models simulate major components of tropospheric aerosols,

3Koch, D., Schmidt, G., and Field, C.: Sulfur, sea salt and ra-

dionuclide aerosols in GISS ModelE, J. Geophys. Res., submitted,

2005.
4Miller, R. L., Cakmur, R. V., Perlwitz, J. A., Koch, D., Schmidt,

G. A., Geogdzhayev, I. V., Ginoux, P., Prigent, C., and Tegen, I.:

Mineral dust aerosols in the NASA Goddard Institute for Space Sci-

ences ModelE atmospheric general circulation model, J. Geophys.

Res., submitted, 2005.
5Schulz, M., Balkanski, Y., Textor, C., Guibert, S., Generoso, S.,

Boucher, O., Bréon, F.-M., Hauglustaine, D., and Hourdin, F.: The

LMDzT-INCA global aerosol model and its evaluation with surface,

lidar and satellite aerosol observations, in preparation, 2006.

including sulfate (natural and anthropogenic separately), or-

ganic carbon (natural and anthropogenic separately), black

carbon, and size-resolvable dust and sea-salt. On the other

hand, individual models differ in emissions inventories,

parameterizations of physical and chemical processes of

aerosols, radiative transfer schemes, and spatial resolution.

Some models are driven by assimilated/nudged climatology,

whereas others are coupled with an atmospheric general cir-

culation model. All models provide the total aerosol optical

depth under whole sky conditions. In addition, SPRINTARS

and GISS provide the clear-sky AOD (denoted as SPRINT-

ARS clr and GISS clr, respectively). For deriving SPRINT-

ARS clr AOT, clear sky is defined as a condition where the

grid-average cloud fraction (maximum-random overlapping)

is less than 0.2 at each time step of the model integration

(e.g., 8 min). GISS clr is derived by weighting the simulated

AOD with clear-sky fraction.

Both satellite retrievals and model simulations have uncer-

tainties. The goal of data assimilation or objective analysis

is to minimize the misfit between them and to form an op-

timal estimate of aerosol distributions, by combining them

with weights inversely proportional to the square of the errors

of individual descriptions. Statistical parameters characteriz-

ing the magnitude and propagation of errors are needed for

the integration, including fractional error coefficients, min-

imum root-mean-square errors, and correlation lengths. An

optimum interpolation approach is used in this study (Yu et

al., 2003; Matsui et al., 2004). It can fill gaps in satellite re-

trievals and generate global distributions of aerosols in bet-

ter agreement with ground-based measurements than either

the satellite retrievals or model simulations are capable of

alone (Yu et al., 2003). In this study, the error parameters

are determined from comparisons with AERONET measure-

ments (e.g., Remer et al., 2005; Chin et al., 2002; Kahn et

al., 2005a) and spatial-correlation analysis of LITE data (An-

derson et al., 2003b). MO GO and MI GO denote, respec-

tively, an integration of GOCART simulations with MODIS

(land and ocean) and MISR (land and ocean) retrievals.

We also integrate GOCART simulations with MODIS re-

trievals over ocean and MISR retrievals over land, denoted

as MO MI GO. By doing so, we take advantage of the high

accuracy of MODIS over-ocean retrievals and the high ac-

curacy of MISR retrievals over bright as well as darker land

surfaces.

3.1.3 Datasets of aerosol direct radiative effect

Table 3 lists the estimates of aerosol direct solar effect in-

cluded in the comparison. A brief description of each is

presented in the table and readers are encouraged to refer to

the relevant literature for more details. Although data years

are not completely consistent among datasets, they would not

significantly affect intercomparisons in this study. On global

average, interannaul variations of AOD and DRE are fairly

small (e.g., Remer and Kaufman, 2006; Loeb and Manalo-
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Table 2. List of products participated in the intercomparison of aerosol optical depth.

Products Brief Descriptions Major References

MODIS Terra-MODIS monthly 1◦
×1◦ data (MOD08 M3) Kaufman et al., 1997; Tanré et al., 1997;

Remer et al., 2005

MISR MISR monthly 0.5◦
×0.5◦ data (MIL3MAE) Diner et al., 1997 ; Kahn et al., 2005

MO GO Integration of GOCART simulations with MODIS retrievals

(land and ocean)

Yu et al., 2003

MI GO Integration of GOCART simulations with MISR retrievals

(land and ocean)

MO MI GO Integration of GOCART simulations with retrievals from

MODIS over ocean and from MISR over land.

GOCART 2001 whole-sky monthly average; resolution: 2.5◦
×2◦,

30 vertical layers; driven by assimilated meteorology

NASA/GEOS-DAS

Chin et al., 2000a, b; Ginoux et al., 2001,

2004; Chin et al., 2002, 2003, 2004

SPRINTARS 2001 whole-sky monthly average; resolution:

1.125◦
×1.125◦, 20 layers; coupled with an atmospheric

general circulation model (GCM)

Takemura et al., 2000, 2002, 2005

SPRINTARS clr SPRINTARS extraction of clear-sky conditions: the grid

cloud fraction less than 0.2 at each

model integration step.

GISS 3-year whole-sky monthly average; resolution: 5◦
×4◦, 20

vertical layers; coupled with GISS GCM

Koch and Hansen, 2005; Koch et al.,

20053; Miller et al., 20054

GISS clr Weighted by clear-sky fraction

LMDZ-INCA 2001 whole-sky monthly average; resolution: 3.75◦
×2.5◦, 19

vertical layers; nudged with ECMWF winds

Schulz et al., 20065; Textor et al., 2005

LMDZ-LOA 2000 and 2001 whole-sky monthly average; resolution:

3.75◦
×2.5◦, 19 vertical layers; nudged with ECMWF winds

Boucher and Pham, 2002; Reddy et al.,

2004, 2005a, 2005b

Smith, 2005). In some regions and during specific seasons,

such as the northern Pacific Ocean during the spring, year-

to-year variations could be significant (Loeb and Manalo-

Smith, 2005). On the other hand, our analysis in Sect. 3.3

indicates that differences among various approaches are gen-

erally much larger than the detected seasonal variations.

The assessments fall into three broad categories: (a)

satellite-based, (b) model-based, and (c) satellite-model in-

tegrated. They are briefly described below and uncertain-

ties associated with individual methods are summarized in

Sect. 3.1.4.

a. Satellited based estimates, including MODIS,

MODIS A, CERES A, CERES B, CERES C, and

POLDER.

– MODIS: The MODIS approach is to use the

MODIS aerosol retrievals consistently in conjunc-

tion with the CLIRAD-SW radiative transfer model

(Chou et al., 1992) to calculate TOA fluxes and

aerosol direct radiative effects. The MODIS re-

trieval returns a linked set of AOT, ω0, and phase

function that best matches spectral radiances ob-

served at the TOA. Using these three retrieved pa-

rameters consistently with CLIRAD-SW results in

fluxes that best match the observed radiances, and

is preferable to inferring ω0 and phase function

from non-MODIS sources that may be inconsis-

tent with the MODIS-retrieved AOD (Remer and

Kaufman, 2006). A similar method maintaining

consistency between retrieval and flux calculations

has also been done using POLDER data (Boucher

and Tanré, 2000; Bellouin et al., 2003). Although

a correction for cloud contamination is exercised

in Remer and Kaufman (2006), we will use their

uncorrected DRE values in this study. This sim-

plifies comparisons with other methods in which

cloud contamination is not corrected.

– MODIS A: The MODIS A approach splits the to-

tal MODIS observed AOD over ocean into three

components, namely mineral dust, sea salt, and

biomass-burning and pollution, with a combina-

tion of data from MODIS, TOMS, and the Spe-

cial Sensor Microwave Imager (SSM-I) (Bellouin

et al., 2005). Over land, the anthropogenic fraction

of AOD from an ensemble of five global models

is used to derive anthropogenic AOD from MODIS

observed total AOD. AERONET measurements are

used to derive the size distribution and single-
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Table 3. List of products participating in the intercomparison of the aerosol direct effect.

Products Brief Descriptions Data year Major References

MODIS Using Terra-MODIS AOD with a constraint by MODIS mea-

sured radiances

2001–2002 Remer and Kaufman, 2006

MODIS A Using Terra-MODIS AOD and AERONET measurements of

size distribution and single-scattering albedo

2002 Bellouin et al., 2005

CERES A Using CERES fluxes in combination with standard MODIS

aerosol

2000–2001 Loeb and Manalo-Smith,

2005; Loeb and Kato, 2002

CERES B Using CERES fluxes in combination with NOAA NESDIS

aerosol from MODIS radiances

CERES C Using CERES fluxes in combination with MODIS aerosol

with new angular models for aerosols

2000–2001 Zhang et al., 2005a, b;

Christopher and Zhang, 2004

MODIS G Using GOCART simulations to fill AOD gaps in satellite re-

trievals

2001 *Aerosol single-scattering

albedo and asymmetry factor

are taken from GOCART

simulations; *Yu et al., 2003,

2004

MISR G

MO GO Integration of MODIS and GOCART AOT

MO MI GO Integration of GOCART AOD with retrievals from MODIS

(Ocean) and MISR (Land)

POLDER Using POLDER AOD in combination with prescribed aerosol

models

1996–1997 Boucher and Tanré, 2000;

Bellouin et al., 2003

SeaWiFS Using SeaWiFS AOD and assumed aerosol models 1997–1998 Chou et al., 2002

GOCART Offline RT calculations using monthly average aerosols with

a time step of 30 min (without the presence of clouds)

2001 Chin et al., 2001; Yu et al.,

2004

SPRINTARS Online RT calculations every 3 h (setting cloud fraction=0) 2001 Takemura et al., 2002, 2005

GISS Online model simulations and weighted by clear-sky fraction 3-year

climatology

Koch and Hansen, 2005;

Koch et al., 20053; Schmidt

et al., 2005

LMDZ-INCA Online RT calculations every 2 h (setting cloud fraction = 0) 2000 Balkanski et al., 20066;

Balkanski and Schulz,

20067; Kinne et al., 2005

LMDZ-LOA Online RT calculations every 2 h (setting cloud fraction=0) 2000–2001 Reddy et al., 2005a, 2005b

scattering albedo for individual components. These

parameters are then used to derive the 24-h aver-

age direct radiative effect at the TOA and surface

of individual components over ocean and only of

the anthropogenic component over land (Bellouin

et al., 2005). The land surface albedo is taken from

MODIS observations. Both AOD and the direct ef-

fect are weighted by the MODIS pixel counts and

averaged over 1◦
×1◦ boxes.

– CERES A, B, C: For the CERES related as-

sessments in this category, the aerosol direct

effect is derived using CERES/Terra measured

radiances/fluxes along with aerosol and cloud dis-

tributions from MODIS/Terra (e.g., Loeb and

Manalo-Smith, 2005; Zhang et al., 2005a, b). Be-

cause of the coarse spatial resolution of CERES

measurements (i.e., 20 km for CERES/Terra), a di-

rect use of CERES flux measurements would ex-

clude aerosol distributions in partly cloudy CERES

scenes. Several approaches have been employed

to overcome this limitation (Loeb and Manalo-

Smith, 2005; Zhang et al., 2005b). Loeb and

Manalo-Smith (2005) combine CERES radiances

and fluxes with scene information from coincident

high spatial and spectral resolution MODIS mea-

surements. Aerosol properties are determined from

two sources: (1) directly from the MODIS level

2 daily aerosol retrievals at a resolution of 10 km

(MOD04) (Remer et al., 2005); and (2) by applying

the NOAA-NESDIS algorithm (Ignatov and Stowe,

2002) to the MODIS measurements determined to

be cloud-free. Correspondingly, the derived aerosol

direct effect is denoted here as CERES A and

CERES B, respectively. In Zhang et al. (2005a,

b), aerosol direct effects are derived from 20 km-

resolution CERES measurements by using empir-

ical aerosol angular models. The aerosol effect

are then scaled by the ratio of the MODIS aver-
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age AOD to the AOD in CERES cloud-free pixels

to include the aerosol direct effect at sub-CERES

footprint (e.g., CERES C).

b. Model based estimates, including five model calcula-

tions: GOCART (Chin et al., 2001, 2002; Yu et al.,

2004), SPRINTARS (Takemura et al., 2002, 2005),

GISS (Koch and Hansen, 2005; Koch et al., 20053),

LMDZ-INCA (Balkanski et al., 20066; Balkanski and

Schulz, 20067; Kinne et al., 2005), and LMDZ-LOA

(Reddy et al., 2005a, 2005b). For GOCART estimates,

radiative transfer calculations driven by monthly aver-

age GOCART aerosols are performed every 30 min with

the solar insolation condition of the 15th day of each

month. Surface albedos are taken from MODIS obser-

vations over land and a look-up table over ocean, fol-

lowing Yu et al. (2004). GISS calculates the instanta-

neous DRE by assuming clear sky. The instantaneous

DRE weighted by clear-sky fraction is summed up dur-

ing a month, which is then divided by monthly aver-

age clear-sky fraction to derive monthly average clear-

sky DRE. For the other four model-based estimates, ra-

diative transfer models are driven by model-calculated

aerosol properties every 2 or 3 h. Clouds are switched

off in RT calculations to derive the clear-sky aerosol

direct effect. Feedbacks of aerosol radiative effects

on meteorology and hence aerosol simulations are not

taken into account in these online calculations.

c. Satellite-model integrated estimates, including

MODIS G, MISR G, MO GO, MO MI GO, and

SeaWiFS. This is a hybrid of satellite retrievals and

model simulations, in which satellite retrievals of

optical depth are used to conduct radiative transfer

modeling in conjunction with GOCART simulations

of single-scattering albedo and asymmetry factor

(MODIS G, MISR G, MO GO, MO MI GO) (Yu

et al., 2004) or use of prescribed aerosol models

(SeaWiFS) (Chou et al., 2002). For MO GO and

MO MI GO cases, satellite retrievals of optical depth

are also adjusted by GOCART simulations through the

use of optimum interpolation (Yu et al., 2003; Matsui et

al., 2004). Note that except for SeaWiFS, all estimates

in this category differ from GOCART estimates solely

because of differences in the aerosol optical depth.

Finally, assessments from AERONET climatology

(Sect. 2.2.1) and previous field experiments (Sect. 2.2.3)

are also incorporated in appropriate regional comparisons.

We compile AERONET measurements of aerosols and their

6Balkanski Y., Schulz, M., and Boucher, O.: Dust radiative forc-

ing revisited, in preparation, 2006.
7Balkanski Y. and Schulz, M.: The aerosol direct radiative ef-

fect: Global model integrations of uncertainties on mixing, size and

humidity growth, in preparation, 2006.

direct effect by averaging them over seasons and in the

individual zones defined in Fig. 5. Field experiments were

usually conducted in different years and only covered a

portion of the individual zones defined in Fig. 5. Because of

mesoscale variations of aerosols (Anderson et al., 2003b),

aerosol loading during the field experiments may not be

representative of the seasonal climatology over a defined

zone. Here, we normalize the DRE assessments with

the observed aerosol optical depth τ at 550 nm and then

compare such a normalized DRE or radiative efficiency Eτ

(Wm−2τ−1). Note that the aerosol direct effect increases

with τ nonlinearly because of multiple scattering, with the

slope depending on latitude, season, and aerosol properties

(Zhou et al., 2005). Nevertheless, such scaling or normaliza-

tion would remove much of the influence of aerosol loading

and so allows us to do a more fair intercomparison and see

more clearly how the internal optical properties determined

by aerosol size distributions and chemical compositions and

environmental parameters (e.g., surface albedo) impact the

direct radiative effect.

3.1.4 Uncertainties in estimating the aerosol direct effect

To facilitate later intercomparisons and discussion, we sum-

marize here major uncertainties and biases associated with

the individual approaches.

Despite significant improvements in cloud screening for

satellite retrievals, cloud contamination still remains an un-

solved common issue for satellite aerosol retrievals. For ex-

ample, by examining the relationship between AOD and the

cirrus reflection at 1.38 µm in 13 zones over ocean (as de-

fined in Fig. 5), it is estimated that, on average, residual cirrus

causes 0.015±0.003 high bias in the MODIS AOD at 550 nm

over the oceans (Kaufman et al., 2005b); further analysis

of the correlation of the differences in the MODIS and

AERONET simultaneously measured AOD and the cloud

fraction measured from MODIS shows that for average cloud

conditions the total cloud contamination (including cirrus) of

the AOD is about 0.02±0.005 (Kaufman et al., 2005b). As

such, the cloud contamination seems to overestimate MODIS

AOD over ocean by 10–15%. Other sensors may have simi-

lar but not well defined cloud contamination. We thus assume

that satellite-based estimates of the aerosol direct effect over

ocean generally may have been overestimated by 10–15%. In

addition, specific methods discussed in Sect. 3.1.3 may have

their specific uncertainties and biases.

Uncertainties in the MODIS estimated DRE result primar-

ily from the uncertainties in the MODIS radiance calibration,

aerosol retrievals, scaling instantaneous flux to diurnally av-

eraged flux, and parameterizations of radiative transfer mod-

eling. The overall uncertainty for MODIS is estimated to be

11% for TOA DRE over ocean (Remer and Kaufman, 2006).

For MODIS A, the total aerosol direct effect over ocean is

assumed to be a sum of the individual components. Since the

compositional direct effects are not additive, this assumption
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may lead to an overestimation of the aerosol direct effect over

ocean, especially when one of the components is strongly ab-

sorbing. The use of a single AERONET site to characterize

a large region may also introduce uncertainties.

Uncertainties associated with CERES-based estimates of

DRE over ocean are primarily from those uncertainties in the

calibration of CERES radiances, satellite retrieval of aerosol

optical depth, cloud screening schemes, ADM that converts

radiances to fluxes, and scaling instantaneous fluxes to diur-

nally average fluxes (Zhang et al., 2005b; Loeb and Manalo-

Smith, 2005). For CERES A and CERES B, the narrow-to-

broadband conversion also introduces bias and uncertainty

(Loeb and Manalo-Smith, 2005). Zhang et al. (2005b) es-

timate that the CERES C DRE has a relative uncertainty of

∼30%.

From the perspective model simulations, major sources of

uncertainty in the calculated aerosol direct effect include un-

certainties in emissions of individual aerosol types and their

precursors, parameterizations of a variety of sub-grid aerosol

processes (e.g., wet and dry deposition, cloud convection,

aqueous-phase oxidation), and assumptions on aerosol size,

absorption, mixture, and humidification of particles (Kinne

et al., 2005; Schulz et al., 20051; Textor et al., 2005). As

a result, large model diversities have been diagnosed, espe-

cially in regional distribution and compositional mixture of

aerosols (Kinne et al., 2005). Quantifying these uncertain-

ties has been formidable, because of the lack of observa-

tions. Surface albedo schemes in global models have not

been fully evaluated, which further complicates the evalua-

tion of aerosol simulations and of the direct effect.

For a hybrid of satellite retrievals and model simula-

tions, uncertainties associated with both satellite retrievals

and model simulations should contribute. For MODIS G,

the DRE estimates over land should have been overestimated

because of overestimate of MODIS AOD over land (Remer

et al., 2005). Overestimates in MISR G DRE should exist

over ocean because of an overall high bias in pre-version 16

MISR AOD (Kahn et al., 2005a; Abdou et al., 2005). The

model-satellite integration of AOD (MO GO, MI GO, and

MO MI GO) does improve the agreement with AERONET

measurements (e.g., Yu et al., 2003). In all estimates of

this category, surface albedo has been observationally con-

strained (Yu et al., 2004). Such efforts would have con-

strained the satellite-model integrated DRE to some degree.

However, other controlling factors, such as aerosol single

scattering albedo and asymmetry factor, rely completely on

GOCART simulations in this study. And uncertainties asso-

ciated with them should propagate to the uncertainties in all

satellite-model integrated DRE values, which have not been

quantified.

3.2 Assessments of the global aerosol direct effect

3.2.1 Global patterns of aerosol optical depth and direct ra-

diative effect

Figure 6 shows global distributions of aerosol optical depth

at 550 nm (left panel) and diurnally averaged clear-sky direct

radiative effect at the TOA (right panel) for March-April-

May (MAM). The MODIS direct solar effect is for 2002

and others for 2001. Satellite retrievals are from the Terra

satellite. The direct effect at the surface follows the same

pattern as that at the TOA but is significantly larger in mag-

nitude because of aerosol absorption. It appears that differ-

ent approaches agree on large-scale patterns of aerosol op-

tical depth and the direct effect on solar radiation. In this

season, the aerosol impacts in the Northern Hemisphere are

much larger than those in the Southern Hemisphere. Dust

outbreaks and biomass burning elevate the optical depth to

more than 0.3 in large parts of North Africa and the tropi-

cal Atlantic. In the tropical Atlantic, TOA cooling as large

as −10 Wm−2 extends westward to Central America. In

highly polluted eastern China, the optical depth is as high

as 0.6–0.8, resulting from the combined effects of pollu-

tion, biomass burning in the south, and dust outbreaks in the

north. The impacts from Asia also extend to the North Pa-

cific, with a TOA cooling of more than −10 Wm−2. Other

areas with large aerosol impacts include Western Europe,

mid-latitude North Atlantic, and much of South Asia and

the Indian Ocean. Over the “roaring forties” in the South-

ern Hemisphere, high winds generate a large amount of sea-

salt. Such elevation of optical thickness, along with high

solar zenith angle and hence large backscattering to space,

results in a band of TOA cooling of more than −4 Wm−2.

Some differences exist between different approaches. For

example, the early post-launch MISR retrieved optical depths

over the southern hemisphere oceans are higher than MODIS

retrievals and GOCART simulations. Over the “roaring

forties”, the MODIS derived TOA solar flux perturbations

are larger than the estimates from other approaches.

Tables 4 and 5 show seasonal (MAM and JJA) and annual

(ANN) averages of optical depth and the direct effect over

13 oceanic and continental regions, respectively. Note that

the AOD values in Table 4 (MODIS) are weighted with the

number of aerosol retrieval that roughly correspond to the

clear-sky fraction. Because aerosol optical depth increases

with cloud fraction, these weighted values are smaller than

unweighted CERES A AOD values, especially in the North

Pacific. Various assessments differ in magnitude, depending

on regions. Generally, model simulations of aerosol optical

depth and the direct effect are smaller than satellite measure-

ments. The integration of satellite measurements of aerosol

optical depth into model simulations improves the agreement

of the model simulated direct effect with measurements.
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Fig. 6. Geographical patterns of seasonally (MAM) averaged aerosol optical depth at 550 nm (left panel) and the diurnally averaged clear-

sky aerosol direct solar effect (Wm−2) at the TOA (right panel). The MODIS direct solar effect is for 2002 and others for 2001. Satellite

retrievals are from the Terra satellite.

3.2.2 Intercomparisons of global average aerosol optical

depth

Tables 6a, b, c show the intercomparison of seasonal and an-

nual aerosol optical depth at 550 nm averaged over the globe,

land, and ocean, respectively (all limited to 60◦ S–60◦ N for

reasons discussed earlier). Here gaps in MODIS retrievals

and to a lesser extent in MISR retrievals are filled with

the GOCART simulations. The filling process for MODIS

introduces biases toward GOCART AOD over deserts and

snow-melting regions. Calculations indicate that MODIS

over-land AOD is 61% and 42% larger than the GOCART

simulations without and with the filling gaps. For MISR,

the bias is relatively small on global average, as the fill-

ing occurs mainly over persistently cloudy regions (e.g., the

Amazon basin during the wet season). MODIS and MISR

retrievals give a comparable average AOD on the global

(land and ocean) scale, with MISR greater than MODIS by

0.01∼0.02 depending on the season. However, differences

between MODIS and MISR are much larger when land and

ocean are examined separately. On the one hand, over land

seasonal average AODs from MODIS are larger than their

MISR counterparts by 0.024∼0.067, with an annual average

of 0.054 (see also Abdou et al., 2005). On the other hand,

over ocean MISR AODs are larger than their MODIS coun-

terparts by 0.030∼0.036. These differences can be reduced

by improvement in radiance calibration and in aerosol re-

trieval algorithms. An improved low-light-level calibration

of MISR radiance measurements (MISR aerosol products

Version 16 and higher) reduces MISR high bias over ocean

by 40% (Kahn et al., 2005b; Bruegge et al., 2004). An im-

proved land characterization for the MODIS retrieval reduces

MODIS high bias over land by about 30% (ongoing work

by Lorraine Remer and MODIS team). As discussed ear-

lier, satellite aerosol retrievals can be contaminated by thin

cirrus and clouds in general, resulting in an overestimate of

aerosol optical depth of about 0.02±0.005 (Kaufman et al.,
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Table 4. Seasonal (MAM and JJA) and annual averages of aerosol optical depth (upper line) and the clear-sky TOA direct radiative effect

(Wm−2, bottom line) over ocean in13 zones (light blue background – land is not included). The global averages are listed in the blue boxes

in the bottom-right corners.

2005b). Note that the MODIS oceanic annual average of 0.15

in the table is larger than the 0.13 derived from 1◦
×1◦ grid

data, weighted by the number of retrievals within the 1◦ grid

square (i.e., Table 4). The latter weighted value already has

reduced cloud contamination (Remer and Kaufman, 2006).

Under whole-sky conditions, the annual and global aver-

age AOD from five models is 0.191±0.017 (mean ± stan-

dard deviation) over land and 0.126±0.046 over ocean, re-

spectively. On a seasonal basis, the standard deviation ac-

counts for 9–13% and 32–40% of the corresponding mean

AOD over land and ocean, respectively. Over land, no

model gives consistently high or low AOD values and dif-

ferences between models depend on season. Over ocean,

GISS derives the largest AODs. In general, GOCART and

LMDZ-INCA give comparable AOD values that are larger

than LMDZ-LOA and SPRINTARS simulations. Clearly,

the model-based mean AOD is smaller than the MISR re-

trieval over land by 0.034 (or 15%) and the MODIS retrieval

over ocean by 0.028 (or 18%), respectively. These differ-

ences could be attributed partially to cloud contamination in

satellite retrievals, as discussed in Sect. 3.1.4. The satellite

and model integrations are generally inbetween the satellite

retrievals and the model simulations.

A separation of clear-sky and whole-sky aerosol optical

depth in SPRINTARS and GISS allows us to examine cloud

impacts on aerosol optical thickness. Clouds can increase

aerosol optical depth through water vapor uptake in the hu-

mid regions adjacent to clouds. If in-cloud aqueous sulfate

production in a cloud-rich airmass occurs, then this air mass

contains at a later moment more sulfate aerosol, which is cor-
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Table 5. Seasonal (MAM and JJA) and annual averages of aerosol optical depth (upper line) and the clear-sky TOA direct radiative effect

(Wm−2, bottom line) over land in 13 zones (light blue background – only land is included). The global averages are listed in the blue boxes

in the bottom-right corners.

related with cloud occurrence as long as the airmass does

not change its equilibrium values of humidity and tempera-

ture profiles. Stronger upward transport associated with low-

pressure systems and cloudy skies may also increase aerosol

lifetime. On the other hand, clouds remove aerosols from

the atmosphere through scavenging and rainout. Meteoro-

logical conditions (e.g., relative humidity, wind speed) would

be different in clear- and cloudy skies, resulting in different

hygroscopic growth and mechanical generation of aerosols

(dusts, sea-salt). The net effects of cloud on aerosol optical

depth should depend on aerosol types. For SPRINTARS sim-

ulations, the clear-sky aerosol optical depth is smaller than

the all-sky values by 14–17% on global average, with the

difference somewhat larger over land than over ocean. The

largest differences occur over regions dominated by sulfate

(e.g., East U.S., West Europe, and East Asia) and over the

“roaring forties” belt dominated by sea-salt aerosols. Such

differences may suggest the importance of sulfate produc-

tion through cloud processes and the hygroscopic growth of

particles. Differences in wind speed would also contribute to

different amounts of sea-salt production. Because different

models parameterize aerosol processes differently and use

or simulate different meteorological fields, cloud effects on

optical depth are model-dependent. For example, the GISS

clear-sky AOD is 42–53% smaller than the all-sky value on

global average, with much larger differences over ocean than

over land.
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Table 6a. Seasonal and annual average aerosol optical depths over

land and ocean (60◦ S-60◦ N). Satellite retrievals are from Terra.

Products DJF MAM JJA SON ANN

MODIS 0.170 0.200 0.200 0.181 0.188

MISR 0.188 0.209 0.212 0.189 0.199

MO GO 0.144 0.174 0.172 0.157 0.162

MI GO 0.130 0.155 0.161 0.141 0.147

MO MI GO 0.138 0.162 0.161 0.145 0.151

GOCART 0.111 0.141 0.152 0.132 0.134

SPRINTARS 0.104 0.110 0.148 0.117 0.120

GISS 0.169 0.208 0.226 0.197 0.200

LMDZ-INCA 0.113 0.140 0.174 0.130 0.139

LMDZ-LOA 0.113 0.123 0.154 0.125 0.129

SPRINTARS clr 0.087 0.093 0.127 0.097 0.101

GISS clr 0.079 0.113 0.131 0.102 0.106

Table 6b. Seasonal and annual average aerosol optical depths over

land (60◦ S–60◦ N). Satellite retrievals are from Terra.

Products DJF MAM JJA SON ANN

MODIS 0.223 0.308 0.319 0.267 0.279

MISR 0.199 0.245 0.254 0.200 0.225

MO GO 0.175 0.253 0.257 0.218 0.226

MI GO 0.154 0.207 0.212 0.170 0.186

MO MI GO 0.155 0.209 0.214 0.172 0.188

GOCART 0.146 0.218 0.222 0.197 0.196

SPRINTARS 0.133 0.155 0.217 0.173 0.170

GISS 0.112 0.204 0.235 0.159 0.178

LMDZ-INCA 0.136 0.201 0.290 0.192 0.205

LMDZ-LOA 0.157 0.201 0.272 0.202 0.208

SPRINTARS clr 0.099 0.127 0.191 0.138 0.139

GISS clr 0.075 0.160 0.191 0.119 0.138

3.2.3 Assessments of global and seasonal average aerosol

direct effect

Over ocean

Table 7 summarizes estimates of the clear-sky aerosol

direct radiative effect over oceans from 60◦ S to 60◦ N on a

seasonal basis. For the aerosol direct effect at the TOA, 8 of

11 measurement-based and satellite-model integration-based

estimates agree with each other within about 10%, giving

the annual average DRE at the TOA of −5∼−6 Wm−2. By

comparisons, the CERES B estimate is 25–33% smaller

(less negative), whereas MODIS A and MISR G estimates

are 8–30% larger (more negative). Given that CERES B

and CERES A have used the same flux and radiance

measurements but with different algorithms for clear pixel

identification and aerosol retrieval, their DRE difference

emphasizes a need for more effort on clear-sky identification

Table 6c. Seasonal and annual average aerosol optical depths over

ocean (60◦ S–60◦ N). Satellite retrievals are from Terra.

Products DJF MAM JJA SON ANN

MODIS 0.150 0.160 0.156 0.150 0.154

MISR 0.184 0.196 0.196 0.185 0.190

MO GO 0.132 0.145 0.142 0.135 0.138

MI GO 0.122 0.136 0.142 0.130 0.132

MO MI GO 0.132 0.144 0.141 0.134 0.138

GOCART 0.098 0.113 0.126 0.108 0.111

SPRINTARS 0.093 0.092 0.121 0.095 0.100

GISS 0.189 0.209 0.222 0.211 0.208

LMDZ-INCA 0.107 0.117 0.128 0.106 0.114

LMDZ-LOA 0.097 0.095 0.111 0.096 0.099

SPRINTARS clr 0.082 0.080 0.102 0.081 0.086

GISS clr 0.080 0.096 0.110 0.096 0.095

and improvement of aerosol retrieval algorithms and Angu-

lar Dependence Models (ADMs) (Loeb and Manalo-Smith,

2005; Zhang et al., 2005a, b). The large MODIS A estimate

may result from adding the DRE of individual components

to derive the total DRE, because the aerosol direct effect is

not additive and a simple summation would introduce a high

bias of up to 50% in some regions, depending on aerosol

absorption (Bellouin et al., 2005). The high bias in the

MISR G estimate should result from an overall overestimate

of 20% in early post-launch MISR optical depth retrievals

(Kahn et al., 2005). Seasonal variations derived from these

approaches are generally small, with a ratio of the largest

to the smallest TOA cooling no more than 1.2. On annual

average, the median and standard error ε (ε=σ/(n−1)1/2,

where σ is standard deviation and n is the number of

methods) of these TOA DRE estimates are −5.5 Wm−2 and

0.21 Wm−2, respectively. While the reported standard devi-

ation or standard error in this paper is not a fully rigorous

measure of a true experimental uncertainty, it is indicative

of the uncertainty because independent approaches with

independent sources of errors are used.

Seven measurement-based estimates give the DRE at the

surface of −8.8±0.67 Wm−2 (median±ε) on an annual ba-

sis. This suggests that the ocean surface cooling is about

60% larger than the cooling at the TOA. Note that the Sea-

WiFS estimates (Chou et al., 2002) of sea surface cooling

are much smaller than other measurement-based estimates,

possibly resulting from biases/uncertainties in its assumed

aerosol models. We notice that Chou et al. (2002) assume a

spectrally independent SSA of 0.9955 for maritime aerosols,

0.9 for τ>0.3 (representing dust and smoke), and a linear

interpolation in between. Such oversimplification has per-

haps underestimated the aerosol absorption over ocean. The

notion is somewhat corroborated by comparisons with avail-

able measurement-based calculations. For example, Chou

et al. (2002) derive the surface to TOA DRE ratio of 2.5
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Table 7. Summary of seasonal and annual average clear-sky DRE (Wm−2) at the TOA and the surface (SFC) over global ocean derived with

different methods and data: MODIS (Remer and Kaufman, 2006), MODIS A (Bellouin et al., 2005), POLDER (Boucher and Tanré, 2000;

Bellouin et al., 2003), CERES A and CERES B (Loeb and Manalo-Smith, 2005), CERES C (Zhang et al., 2005b; Christopher and Zhang,

2004), MODIS G, MISR G, MO GO, MO MI GO (Yu et al., 2003; 2004), SeaWiFS (Chou et al., 2002), GOCART (Chin et al., 2001, 2002;

Yu et al., 2004), SPRINTARS (Takemura et al., 2002), GISS (Koch and Hansen, 2005; Koch et al., 20053), LMDZ-INCA (Balkanski et al.,

20066; Balkanski and Schulz, 20067; Kinne et al., 2005), LMDZ-LOA (Reddy et al., 2005a, b). Mean, median, standard deviation (σ), and

standard error (ε) are calculated for observations (Obs) and model simulations (Mod) separately. The last row is the ratio of model median

to observational median.

Products
DJF MAM JJA SON ANN

TOA SFC TOA SFC TOA SFC TOA SFC TOA SFC

MODIS −5.9 – −5.8 – −6.0 – −5.8 – −5.9 –

MODIS A −6.0 −8.2 −6.4 −8.9 −6.5 −9.3 −6.4 −8.9 −6.4 −8.9

CERES A −5.2 – −6.1 – −5.4 – −5.1 – −5.5 –

CERES B −3.8 – −4.3 – −3.5 – −3.6 – −3.8 –

CERES C −5.3 – −5.4 – −5.2 – – – −5.3 –

MODIS G −5.5 −9.1 −5.7 −10.4 −6.0 −10.6 −5.5 −9.8 −5.7 −10.0

MISR G −6.4 −10.3 −6.5 −11.4 −7.0 −11.9 −6.3 −10.9 −6.5 −11.1

MO GO −4.9 −7.8 −5.1 −9.3 −5.4 −9.4 −5.0 −8.7 −5.1 −8.8

MO MI GO −4.9 −7.9 −5.1 −9.2 −5.5 −9.5 −5.0 −8.6 −5.1 −8.7

POLDER −5.7 – −5.7 – −5.8 – −5.6 – −5.7 −7.7*

−5.2*

SeaWiFS −6.0 −6.6 −5.2 −5.8 −4.9 −5.6 −5.3 −5.7 −5.4 −5.9

Obs. Mean −5.4 −8.3 −5.6 −9.2 −5.6 −9.4 −5.4 −8.8 −5.5 −8.7

Obs. Median −5.5 −8.1 −5.7 −9.3 −5.5 −9.5 −5.4 −8.8 −5.5 −8.8

Obs. σ 0.72 1.26 0.64 1.89 0.91 2.10 0.79 1.74 0.70 1.65

Obs. ε 0.23 0.56 0.20 0.85 0.29 0.94 0.26 0.78 0.21 0.67

GOCART −3.6 −5.7 −4.0 −7.2 −4.7 −8.0 −4.0 −6.8 −4.1 −6.9

SPRINTARS −1.5 −2.5 −1.5 −2.5 −1.9 −3.3 −1.5 −2.5 −1.6 −2.7

GISS −3.3 −4.1 −3.5 −4.6 −3.5 −4.9 −3.8 −5.4 −3.5 −4.8

LMDZ-INCA −4.6 −5.6 −4.7 −5.9 −5.0 −6.3 −4.8 −5.5 −4.7 −5.8

LMDZ-LOA −2.2 −4.1 −2.2 −3.7 −2.5 −4.4 −2.2 −4.1 −2.3 −4.1

Mod. Mean −3.0 −4.4 −3.2 −4.8 −3.5 −5.4 −3.3 −4.9 −3.2 −4.9

Mod. Median −3.3 −4.1 −3.5 −4.6 −3.5 −4.9 −3.8 −5.4 −3.5 −4.8

Mod. σ 1.21 1.32 1.31 1.84 1.35 1.82 1.36 1.63 1.28 1.6

Mod. ε 0.61 0.66 0.66 0.92 0.67 0.91 0.68 0.81 0.64 0.80

Mod./Obs. 0.60 0.51 0.61 0.50 0.64 0.52 0.70 0.61 0.64 0.55

*Bellouin et al. (2003) use AERONET retrieval of aerosol absorption as a constraint to the method in Boucher and Tanré (2000), deriving

aerosol direct effects both at the TOA and the surface.

in Southeast Asia due to the 1997 Indonesian fires, which

is smaller than the value of 3.3 reported by Podgorny et

al. (2003) on the basis of radiometric observations of aerosol

single-scattering albedo in the region (e.g., Nakajima et al.,

1999; von Hoyningen-Huene et al., 1999).

Model simulations give wide ranges of DRE estimates at

both the TOA and surface. In particular, the SPRINTARS es-

timated DRE values at both the TOA and surface differ sub-

stantially from other models. Possible reasons for such large

discrepancies include smaller optical thickness, stronger ab-

sorption, and potential uncertainties in other optical parame-

ters of SPRINTARS simulations (Yu et al., 2004). Estimates

from GOCART and LMDZ-INCA are generally 30–60%

larger than those from LMDZ-LOA and GISS. The ensem-

ble of five models gives the annual average DRE (median±ε)

of −3.5±0.64 Wm−2 and −4.8±0.8 Wm−2 at the TOA and

surface, respectively. On average, the surface cooling is

about 37% larger than the TOA cooling, smaller than the

measurement-based estimate of surface and TOA difference

of 60%. Large DRE differences between models result from

a combination of differences in parameterizations of vari-

ous aerosol processes, which are being documented under

the AEROCOM framework (Kinne et al., 2005; Textor et al.,

2005).

The model-based ensemble estimates of DRE are 30–

50% smaller than the measurement-based estimates. As

discussed earlier, MODIS retrieved optical depths tend to

be overestimated by about 10–15% due to the contamina-

tion of thin cirrus and clouds in general (Kaufman et al.,

2005b). Such overestimation of optical depth would result
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in a comparable overestimate of the aerosol direct radiative

effect. Other satellite AOD data may have similar contam-

ination, which however has not yet been quantified. Note

also that the cloud contamination in the MODIS value prob-

ably already has been reduced by the weighting with the

number of aerosol retrievals (Remer and Kaufman, 2006).

For simplicity, we assume a cloud contamination of 10–15%

in the measurement-based average DRE. With this correc-

tion of cloud contamination, the discrepancy between the

measurement-based and model-based estimates of DRE and

radiative efficiency would be reduced to 15–40%.

From the perspective of model simulations, uncertain-

ties associated with a number of factors as discussed in

Sect. 3.1.4 will contribute to the measurement-model dis-

crepancy. Factors determining the AOD should be major

reasons for the DRE discrepancy and the constraint of

model AOD with satellite AOD through a data assimilation

approach can reduce the DRE discrepancy significantly.

Other factors should also contribute, because of the existence

of a large discrepancy in the radiative efficiency (i.e., DRE

normalized by aerosol optical depth). As an example, we

test the sensitivities of surface albedo and RH to the radiative

efficiency with the GOCART aerosol fields. In the “surface

albedo” test, we replace the monthly average surface albedo

from the Goddard Earth Observing System Data Assimila-

tion System v.3 (GEOS-3) with that from Jin et al. (2004) in

which the dependence on solar zenith angle and wavelength

is accounted for. This increases the radiative efficiency at

the TOA by 15% over global ocean. In the “RH” test, we

use aerosol single-scattering albedo and asymmetry factor at

low-humidity (RH=40%) to replace the ambient RH values.

This is because it is difficult to extract clear-sky aerosol that

is consistent with satellite remote sensing from the global

models due to their coarse spatial resolutions; using optical

parameters at 40% RH would be closer to the conditions

in satellite retrievals since the atmosphere is drier for clear

sky than for cloudy sky. This test shows that in general,

the single-scattering albedo and asymmetry factor become

smaller at low-humidity than at high-humidity, which further

increases the TOA radiative efficiency by 9%. The above

sensitivity tests show that the model-satellite discrepancy

can be significantly reduced after better characterizing

surface albedo and using low-humidity aerosol properties.

Because of the large diversity between global models (Kinne

et al., 2005), however, a decisive conclusion can only be

drawn after examining the above and other factors for all

models. Significant endeavor is demanded in the future to

conduct comprehensive assessments.

Over land

Currently, satellite measurements alone are not ade-

quate to characterize complex aerosol properties and hence

can not derive the aerosol direct effect over land with good

accuracy. As such DRE estimates over land rely on model

simulations and satellite-model integrations, as listed in

Table 8. On a global and annual average, the satellite-model

integrated approaches derive a median DRE of −4.9 Wm−2

at the TOA and −11.7 Wm−2 at the surface respectively.

The surface cooling is about 2.4 times larger than the

TOA cooling because of aerosol absorption. Note that the

standard errors in the table are not statistically meaningful,

because these satellite-model integrated approaches are not

independent (e.g., same datasets for single-scattering albedo,

asymmetry factor, and surface albedo are used).

For model simulations, again SPRINTARS gives the low-

est DRE of −1.7 Wm−2 at the TOA and −5.1 Wm−2 at the

surface on annual average. In addition to the possible reasons

discussed previously for ocean DRE, differences in land sur-

face albedo parameterizations must also be considered. On

an annual and global land average, SPRINTARS derives an

albedo of 0.29 in the visible and 0.26 in the near-infrared,

respectively. The seemingly high visible albedo would re-

duce the aerosol direct effect at both the TOA and surface.

GOCART and LMDZ-INCA derive larger DRE than LMDZ-

LOA and GISS do. An ensemble of five model simulations

derives a DRE (median±ε) of −2.8±0.59 Wm−2 at the TOA

and −7.2±0.93 Wm−2 at the surface, respectively. These

are about 40% smaller than the measurement-based esti-

mates. However, the model-derived surface/TOA DRE ratio

of about 2.6 is not inconsistent with the value of 2.4 derived

from the measurement-based estimates. The measurement-

model differences are a combination of differences in aerosol

amount (optical thickness), single-scattering albedo, phase

function, surface albedo, and radiative transfer schemes. We

also find that seasonal variations of DRE over land, as de-

rived from both measurements and models, are larger than

that over ocean as discussed earlier.

3.3 Assessments of the regional aerosol direct effect

3.3.1 Intercomparisons over ocean

Table 9 compares individual assessments of the clear-sky av-

erage aerosol direct effect at the TOA for MAM, JJA, and

ANN over five zones (excluding land), i.e., zone 2, 4, 6, 7,

and 9 as defined in Fig. 5. These zones are chosen to rep-

resent regions significantly influenced by pollution (zone 2

and zone 4) and dust (zone 4 in MAM and zone 6 and 7) and

the most pristine region (zone 9). Clearly, model simulations

are generally smaller than measurement-based estimates by

30–50%. Differences between measurement-based estimates

are generally moderate, with the standard deviation account-

ing for about 15–25% of the average. Differences among

various approaches are generally much larger than the de-

tected seasonal variations. While the different approaches

tend to agree on the global distribution of aerosol impacts in

MAM, they tend to disagree in JJA. In MAM all approaches

show the Northwest Pacific (zone 4) having the largest im-

pact followed by the North Atlantic (zone 2 and 6) and the
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Table 8. Summary of seasonal and annual average clear-sky DRE (Wm−2) at the TOA and the surface over global land derived with different

methods and data: MODIS G, MISR G, MO GO, MO MI GO (Yu et al., 2003; 2004), GOCART (Chin et al., 2001, 2002; Yu et al., 2004),

SPRINTARS (Takemura et al., 2002), GISS (Koch and Hansen, 2005; Koch et al., 20053), LMDZ-INCA (Balkanski et al., 20066; Balkanski

and Schulz, 20067; Kinne et al., 2005), LMDZ-LOA (Reddy et al., 2005a, b). Mean, median, standard deviation (σ ), and standard error (ε)

are calculated for observations (Obs) and model simulations (Mod) separately. The last row is the ratio of model median to observational

median.

Products
DJF MAM JJA SON ANN

TOA SFC TOA SFC TOA SFC TOA SFC TOA SFC

MODIS G −4.1 −9.1 −5.8 −14.9 −6.6 −17.4 −5.4 −12.8 −5.5 −13.5

MISR G −3.9 −8.7 −5.1 −13.0 −5.8 −14.6 −4.6 −10.7 −4.9 −11.8

MO GO −3.5 −7.5 −5.1 −12.9 −5.8 −14.9 −4.8 −10.9 −4.8 −11.6

MO MI GO −3.4 −7.4 −4.7 −11.8 −5.3 −13.5 −4.3 −9.7 −4.4 −10.6

Obs. Mean −3.7 −8.2 −5.2 −13.2 −5.9 −15.1 −4.8 −11.0 −4.9 −11.9

Obs. Median −3.7 −8.1 −5.1 −13.0 −5.8 −14.8 −4.7 −10.8 −4.9 −11.7

Obs. σ 0.33 0.85 0.46 1.29 0.54 1.65 0.46 1.29 0.45 1.20

Obs. ε 0.17 0.49 0.26 0.74 0.31 0.85 0.27 0.75 0.26 0.70

GOCART −2.9 −6.1 −4.4 −10.9 −4.8 −12.3 −4.3 −9.3 −4.1 −9.7

SPRINTARS −1.4 −4.0 −1.5 −4.6 −2.0 −6.7 −1.7 −5.2 −1.7 −5.1

GISS −1.6 −3.9 −3.2 −7.9 −3.6 −9.3 −2.5 −6.6 −2.8 −7.2

LMDZ-INCA −3.0 −5.8 −4.0 −9.2 −6.0 −13.5 −4.3 −8.2 −4.3 −9.2

LMDZ-LOA −1.3 −5.4 −1.8 −6.4 −2.7 −8.9 −2.1 −6.7 −2.0 −6.9

Mod. Mean −2.0 −5.0 −3.0 −7.8 −3.8 −10.1 −3.0 −7.2 −3.0 −7.6

Mod. Median −1.6 −5.4 −3.2 −7.9 −3.6 −9.3 −2.5 −6.7 −2.8 −7.2

Mod. σ 0.84 1.03 1.29 2.44 1.61 2.74 1.24 1.58 1.19 1.86

Mod. ε 0.42 0.51 0.65 1.22 0.80 1.37 0.62 0.79 0.59 0.93

Mod./Obs. 0.43 0.67 0.63 0.61 0.62 0.63 0.53 0.62 0.58 0.62

Arabian Sea (zone 7). In JJA the measurement-based assess-

ments indicate that the Arabian Sea (zone 7) has the greatest

impact, while the model-satellite integrated assessments in-

dicate zones 4, 6, and 7 are more or less equivalent. Different

model simulations appear to suggest different patterns. For

example, GOCART simulations suggest that zone 6 has the

greatest aerosol effect, whereas LMDZ-INCA suggests that

zone 4 and zone 7 have a comparable and greater effect. A

number of factors discussed in Sect. 3.1.4 should contribute

to the differences among methods and major factors could be

different from region to region.

To further examine pattern differences (e.g., peak, broad-

ness, and skewness) between different approaches, we also

calculate the probability density function (PDF) for DRE in

individual zones, as shown in Figs. 7 and 8 for MAM and

JJA, respectively. To avoid over crowding plots, we only

examine six approaches that are representative for measure-

ment, satellite-model integration, and model simulation. Our

sensitivity tests show that differences in the spatial resolu-

tion between individual approaches does not introduce any

significant difference in the PDF. In general, the model sim-

ulation shows a more uniform spatial distribution (i.e., a nar-

rower PDF) than the measurements do, especially in polluted

regions (e.g., zone 2). MODIS also detects a more heteroge-

neous distribution (i.e., a broader PDF) than other measure-

ments do. The following discussion focuses on major char-

acteristics as revealed by satellite observations.

– Zone 2: The region is perturbed by pollution out-

flows from North America and to a lesser extent from

West Europe. In MAM, the largest TOA cooling of

−8.5 to −9 Wm−2 is estimated by MODIS, MODIS A,

CERES C, and MISR G. As evidenced in Fig. 7a,

MODIS and MISR G have a similar PDF, except that

MISR G is biased slightly toward less negative DRE.

CERES A, MODIS G, and MO MI GO derive less

negative DRE values of around −8 Wm−2 because of a

less frequent occurrence at more negative DRE ranges.

The GOCART simulation peaks at a relatively less neg-

ative DRE, giving an average of −6.8 Wm−2 that is

smaller than other estimates discussed above but greater

than the CERES B estimate of −5.6 Wm−2. In JJA,

MODIS has a relatively constant PDF from −3 to

−14 Wm−2, while GOCART simulations give a narrow

PDF that is well within −4 to −8 Wm−2. Other meth-

ods give comparable PDFs that fall inbetween MODIS

and GOCART. The largest DRE of ∼−8.5 Wm−2 is es-

timated by MODIS and MISR G, though their PDFs are

different.

– Zone 4: In MAM, the region is profoundly influenced

by continental outflows from East Asia and aerosols
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Table 9. Summary of seasonal (MAM, JJA) and annual (ANN) average clear-sky DRE (Wm−2) at the TOA in five selected oceanic zones

(Z2 - midlatitude North Atlantic, Z4 – Northwest Pacific, Z6 – Tropical Atlantic, Z7 – Arabian Sea and Northern Indian Ocean, Z9 – Tropical

Southeastern Pacific). Mean, median, standard deviation (σ), and standard error (ε) are calculated for observations and model simulations

separately. The last row is the ratio of model median to observational median.

Products MAM JJA ANN

Z2 Z4 Z6 Z7 Z9 Z2 Z4 Z6 Z7 Z9 Z2 Z4 Z6 Z7 Z9

MODIS −9.0 −14.7 −7.0 −8.8 −3.0 −8.4 −12.7 −8.4 −17.5 −3.7 −7.4 −11.0 −7.0 −11.4 −2.9

MODIS A −8.7 −12.4 −9.1 −9.0 −3.9 −8.7 −10.4 −10.3 −15.5 −4.6 −7.4 −9.2 −8.5 −9.9 −4.2

CERES A −8.3 −15.9 −7.1 −7.9 −3.4 −7.1 −12.1 −8.2 −13.3 −3.5 −6.4 −9.3 −7.4 −8.6 −3.6

CERES B −5.6 −8.7 −5.2 −5.8 −2.8 −4.4 −5.7 −5.7 −8.5 −3.0 −4.5 −6.2 −5.5 −6.5 −2.9

CERES-C −8.5 −17.3 −8.3 −9.0 −3.4 −6.7 −11.4 −8.9 −15.4 −3.6 −6.8 −11.8 −8.3 −10.8 −3.5

MODIS G −7.9 −14.2 −8.6 −8.1 −3.6 −8.0 −12.5 −11.2 −12.0 −3.8 −6.4 −9.6 −8.7 −8.4 −3.7

MISR G −8.7 −12.8 −9.7 −7.6 −4.8 −8.6 −11.9 −12.8 −12.0 −5.9 −7.2 −9.6 −9.9 −8.0 −4.9

MO GO −7.8 −13.9 −8.3 −7.2 −2.8 −7.9 −11.4 −11.0 −10.8 −3.3 −6.3 −9.2 −8.5 −7.4 −3.0

MO MI GO −7.8 −13.5 −8.2 −6.7 −2.8 −7.7 −11.0 −11.0 −10.5 −3.3 −6.3 −9.0 −8.4 −6.9 −3.0

Obs. Mean −8.0 −13.7 −7.9 −7.8 −3.4 −7.5 −11.0 −9.7 −12.8 −3.9 −6.5 −9.4 −8.0 −8.7 −3.5

Obs. Median −8.3 −13.9 −8.3 −7.9 −3.4 −7.9 −11.4 −10.3 −12.0 −3.6 −6.4 −9.3 −8.4 −8.4 −3.5

Obs. σ 1.01 2.41 1.24 1.09 0.66 1.34 2.12 2.13 2.86 0.89 0.89 1.54 1.25 1.71 0.68

Obs. ε 0.36 0.85 0.47 0.39 0.23 0.47 0.75 0.75 1.01 0.31 0.31 0.54 0.44 0.61 0.24

GOCART −6.8 −10.3 −6.4 −5.1 −1.8 −6.8 −8.1 −10.4 −6.9 −2.3 −5.9 −7.8 −7.4 −5.0 −1.9

SPRINTARS −2.0 −2.5 −2.5 −3.0 −0.7 −3.4 −4.1 −3.7 −3.4 −1.3 −2.1 −2.4 −3.4 −3.2 −1.1

GISS −5.4 −6.7 −3.9 −4.6 −1.1 −3.5 −3.6 −6.8 −6.8 −1.7 −3.9 −5.0 −3.9 −3.9 −1.6

LMDZ-INCA −6.1 −9.0 −6.0 −7.5 −3.7 −7.5 −11.7 −9.5 −11.1 −3.2 −5.7 −8.2 −6.4 −7.5 −3.1

LMDZ-LOA −3.4 −4.4 −3.3 −4.3 −1.0 −3.8 −5.2 −5.8 −6.0 −1.2 −3.2 −4.2 −4.0 −4.2 −1.0

Mod. Mean −4.7 −6.6 −4.4 −4.9 −1.7 −5.0 −6.5 −7.2 −6.8 −1.9 −4.2 −5.5 −5.0 −4.8 −1.7

Mod. Median −5.4 −6.7 −3.9 −4.6 −1.1 −3.8 −5.2 −6.8 −6.8 −1.7 −3.9 −5.0 −4.0 −4.2 −1.6

Mod. σ 1.99 3.21 1.70 1.65 1.21 1.98 3.37 2.73 2.77 0.83 1.63 2.46 1.77 1.66 0.84

Mod. ε 0.99 1.60 0.85 0.82 0.60 0.99 1.69 1.37 1.39 0.41 0.82 1.23 0.88 0.83 0.42

Mod./Obs. 0.65 0.48 0.47 0.58 0.32 0.48 0.46 0.64 0.57 0.47 0.61 0.54 0.48 0.50 0.46

in the region are a complex mixture of Asian pollu-

tion, mineral dust, and sea-salt. Various methods de-

rive the TOA DRE ranging from −8.7 (CERES B) to

−17.3 Wm−2 (CERES C), which is the largest among

the regions examined. In JJA, the impacts from Asian

continental outflow become weaker. The CERES B

aerosol direct effect can be reduced from MAM to JJA

by as much as 50%. For other approaches, such reduc-

tions generally range from 8 to 30%, which is compara-

ble to the differences among different approaches. Note

that in both seasons, the PDF of the GOCART simu-

lation is narrower than other PDFs and peaks at a less

negative DRE.

– Zone 6: The region is influenced by dust outflow from

North Africa throughout the year, and by biomass burn-

ing smoke in winter and early spring. Different ap-

proaches, except CERES C, yield more negative DRE

in JJA than in MAM. The PDFs exhibit a larger breadth

and peak at a more negative DRE in JJA than in MAM.

However, such seasonal variations are smaller by as

much as a factor of 2 than differences existing between

different approaches.

– Zone 7: The region is influenced by dust from the Ara-

bian Peninsula and North Africa, and pollution from

the Indian subcontinent. While pollution impacts occur

mainly in the Northern Indian Ocean and in winter and

spring, dust impacts dominate in the Arabian Sea and

in summer. Different approaches derive broad PDFs in

both seasons. In summer, the DRE ranges from about

−6.9 Wm−2 (GOCART) to as much as −17.5 Wm−2

(MODIS), larger than those in spring (e.g., −5.1 to

−12.7 Wm−2). Such seasonal variations are compara-

ble to those in zone 4 and somewhat smaller than differ-

ences among various approaches.

– Zone 9: The tropical Southeast Pacific is the most pris-

tine region in the world and has the smallest DRE of

−2 to −6 Wm−2 without significant seasonal variations.

Various approaches give PDFs with similar breadth but

with somewhat different peaks. While GOCART sim-

ulates the lowest DRE (∼−2 Wm−2) in this remote re-

gion, MISR derives the largest DRE (−5 to −6 Wm−2)

because of the high bias of aerosol optical depth in the

early post-launch version of MISR aerosol data (pre-

Version 16).
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Fig. 7. Comparisons of probability density function (PDF) of clear-

sky DRE estimates at the TOA over ocean in 5 different zones (see

Fig. 5) for MAM.

Table 10a. Statistical measures of seasonal and regional average

clear-sky TOA DRE estimates with respect to MODIS DRE over

ocean (Remer and Kaufman, 2006), including linear correlation co-

efficient (r), mean ratio (B), and standard deviation of B (σB ).

Products r B σB

MODIS A 0.94 1.14 0.24

CERES A 0.93 0.99 0.23

CERES B 0.91 0.77 0.19

CERES C 0.93 1.03 0.21

MODIS G 0.86 1.03 0.28

MISR G 0.68 1.20 0.42

MO GO 0.86 0.93 0.22

MO MI GO 0.82 0.91 0.24

GOCART 0.80 0.71 0.20

SPRINTARS 0.57 0.32 0.14

GISS 0.72 0.53 0.20

LMDZ-INCA 0.83 0.81 0.23

LMDZ-LOA 0.82 0.41 0.11

Fig. 8. Same as Fig. 7, but for JJA.

Table 10b. Statistical measures of seasonal and regional average

clear-sky surface DRE estimates with respect to MODIS A DRE

over ocean (Bellouin et al., 2005), including linear correlation coef-

ficient (r), mean ratio (B), and standard deviation of B (σB ).

Products r B σB

MO MI GO 0.91 0.98 0.16

MO GO 0.93 1.02 0.17

MODIS G 0.93 1.17 0.21

MISR G 0.88 1.30 0.23

GOCART 0.88 0.80 0.21

SPRINTARS 0.61 0.34 0.19

GISS 0.82 0.49 0.18

LMDZ-INCA 0.81 0.69 0.24

LMDZ-LOA 0.83 0.50 0.18
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Fig. 9a. Scatterplots of the clear-sky and seasonal DRE estimates at the top of atmosphere (TOA) and over ocean. Each point represents a

seasonal average in a particular zone.

Figure 9a shows scatterplots of seasonal and regional

(zonal) average DRE estimates at the TOA over oceans ver-

sus the MODIS estimate. Each data point represents a sea-

sonal average DRE in one of 13 zones defined in Fig. 5.

Table 10a summarizes some statistical measures of individ-

ual DRE estimates (Y) with respect to the MODIS assess-

ment (X), including linear correlation coefficient (r), mean

ratio (B=
1
N

N∑

i=1

Yi

Xi
, where i denotes a specific season for a

specific zone, N=39 for CERES C and N=52 for the other

estimates), and the standard deviation of the ratio (σB). A

value of 1 for B denotes no difference of an individual

assessment with respect to MODIS. B<1 and B>1 indi-

cates less and more negative DRE, respectively. Clearly,

CERES A, CERES C, and MODIS G compare very well

with the MODIS estimate, with the ratios of 0.99±0.23,

1.03±0.21 and 1.03±0.28, respectively. The correlation co-

efficient for CERES A and CERES C (0.93) is higher than

0.86 for MODIS G. CERES B also has a high correlation of

0.91 but is smaller in magnitude with a ratio of 0.77±0.19.

Due to the overall high bias of the early post-launch aerosol

optical depth over ocean as discussed earlier, the MISR-

derived DRE has a high bias of 1.20±0.42 with a moder-

ate correlation of 0.68. MODIS A also shows a high ratio

of 1.14±0.24 but with a high correlation of 0.94. The two

satellite-model integration-based assessments (MO GO and

MO MI GO) have a correlation of 0.82–0.86, comparable

to GOCART simulations. However they are much closer

in magnitude to the MODIS estimate than GOCART simu-

lations. All model simulations are lower than the MODIS

estimate. Among them, LMDZ-INCA and GOCART are

relatively close to the MODIS estimate with a mean ratio

of 0.7∼0.8, followed by GISS and LMDZ-INCA with the

mean ratio of 0.4∼0.5. SPRINTARS simulations have the

weakest correlation (0.57) and lowest DRE (with a ratio of

0.32±0.14) with respect to the MODIS estimate.

Figure 9b shows scatterplots similar to Fig. 9a, but for

seasonal and regional average DRE estimates at the surface

with respect to the MODIS A estimate. Corresponding sta-

tistical measures are listed in Table 10b. Note that MODIS,

CERES A, CERES B, and CERES C are not included be-

cause they don’t estimate DRE at the surface. It appears
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Fig. 9b. Scatterplots of the clear-sky and seasonal DRE estimates

vs MODIS A DRE at the surface and over ocean. Each point repre-

sents a seasonal average in a particular zone.

that all satellite-GOCART integration-based estimates (i.e.,

MO MI GO, MO GO, MODIS G, MISR G) correlate well

with the MODIS A estimate (r=0.88∼0.93). On average,

MODIS G and MISR G are higher by 17–30%. MO MI GO

and MO GO agree with MODIS A reasonably well, suggest-

ing a significant reduction of lower bias (B=0.80) for GO-

CART estimates. A large majority of model-based estimates

are lower than the MODIS A estimate, with SPRINTARS

showing the largest deviations.

3.3.2 Comparisons with AERONET derived DRE over

land

Monthly mean values of observed aerosol optical depth, re-

trieved single scattering albedo, and derived aerosol direct

solar effect based on the AERONET measurements (Zhou

et al., 2005) are compiled to seasonal averages in individual

zones, as shown in Table 11. There are 8 zones (i.e., zone

1–4, 6–7, and 10–11), in which 3–25 AERONET sites are

available in individual seasons. Since most AERONET sites

are established over land, the regional averages so derived are

not representative of conditions over ocean. Note also that re-

gional representativeness of AERONET measurements may

be undermined by the limited number of stations and/or pos-

sibly their general proximity to source regions (e.g., urban ar-

eas, biomass burning regions) in some zones. Nevertheless,

these averages do show some seasonal variations and geo-

graphical differences that are consistent with previous stud-

ies. In the US (zone 1 and zone 2), the aerosol effect is great-

est in summer and least in winter, with magnitudes larger

by 36–113% for the TOA DRE and 27–66% for the surface

DRE in the Eastern US than in the Western US, depending

on season. In the Western Europe (zone 3), the TOA DRE

has no significant seasonal variations, while the surface DRE

is greatest in summer and least in winter. The TOA/surface

ratios from spring to autumn are smaller than those over East

US, due to stronger absorption in West Europe than in East

US. In East Asia (zone 4), the aerosol impacts are greatest in

summer and spring and least in winter. The surface cooling

of about −30 Wm−2 in summer and spring is much greater

than that in the US and West Europe. Zone 6 and zone 7 are

significantly influenced by mineral dust from the Saharan re-

gion and Arabian Peninsula during the whole year and by

biomass burning from tropical Africa in winter. The aerosol

optical depth is among the largest but the absorption of dust

is weaker than pollution, resulting in a larger TOA cooling

and smaller surface cooling than those in East Asia. South

America and South Africa (zone 10 and zone 11) are greatly

influenced by absorptive smoke from biomass burning in the

austral spring (SON) and winter (JJA). Such a heavy smoke

cools the surface by more than 30 Wm−2 in SON and by

about 23 Wm−2in JJA, a factor of 2–3 more than that in wet

seasons.

These AERONET measurements are used to evaluate a va-

riety of DRE estimates from model simulations (GOCART,

SPRINTARS, GISS, LMDZ-INCA, LMDZ-LOA), and

model-satellite integrations (MODIS G, MISR G, MO GO,

MO MI GO), as shown in Fig. 10. Correlation coefficient

(r) and mean bias (B) are calculated for weak cooling (DRE

>−8 at the TOA or >−23 Wm−2 at the surface) and strong

cooling (DRE<−8 at the TOA or <−23 Wm−2 at the sur-

face), respectively, as shown in Table 12. Clearly, these esti-

mates are quite scattered, with at most a modest correlation

in the weak cooling regime and a very weak or even nega-

tive correlation in the strong cooling regime. The scatter is

also larger for TOA DRE than for surface DRE. The corre-

lation is higher for the surface DRE than for the TOA DRE.

Note that those correlation coefficients in the strong cooling

regime may not be statistically meaningful because of lim-

ited data points. DRE estimates from GOCART and LMDZ-

INCA simulations and the integrations of GOCART simula-

tions and satellite data sets generally have mean biases much

smaller than other models. The biases are also relatively

smaller in the weak cooling regime than in the strong cool-

ing regime. Further examination indicates that those con-

sistent underestimates of DRE in the strong cooling regime
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Table 11. AERONET aerosol and DRE climatology. Top panel: seasonal and zone averages of AOD (upper lines) and SSA (lower lines) at

550 nm; Middle panel: seasonal and zone averages of clear-sky aerosol direct radiative effect (DRE, Wm−2) at the TOA (upper lines) and at

the surface (lower lines) (Zhou et al., 2005); Bottom panel: blue dots indicate AERONET stations. Light blue shadows the continents.

generally occur in South Africa and South America (zone 10

and 11) during the austral spring and winter (biomass burn-

ing season), North Africa and mid-East (zone 6 and 7) year

around, East Asia (zone 4) during non-summer seasons, and

Europe in winter. Such discrepancies may result from in-

adequacies in both model simulations and satellite retrievals.

They would also come from the poor regional representative-

ness of AERONET stations due to the limited number of sites

(zones 4, 6, 7) and/or proximity to biomass burning and dust

storm areas (zones 6–7, 10–11). Other model simulations

generally show much larger deviations from the AERONET

measurements.

3.3.3 Comparisons of the radiative efficiency with results

from the literature

In the following, we discuss aerosol direct radiative effect in

six distinct aerosol regimes where results from intensive field

experiments and/or independent satellite analyses have been

published. We will concentrate on comparisons of the radia-

tive efficiency Eτ from different measurement-based meth-

ods collected in this review (see Table 3) with ranges of five

models and those from the literature. We also convert pub-

lished Eτ values with respect to the AOD at wavelengths

other than 550 nm to that with respect to AOD at 550 nm by

using aerosol Ångström exponents either from available ob-

servations or from the MODIS retrievals. In all cases, Eτ is

calculated as the mean DRE divided by the mean AOT.
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Fig. 10a. Scatterplots of the clear-sky and seasonal DRE estimates

vs AERONET DRE at the TOA. Each point represents a seasonal

average in a particular zone.

Table 12a. Statistical measures of seasonal and regional average

clear-sky TOA DRE estimates with respect to AERONET over land

(Zhou et al., 2005), including linear correlation coefficient (r) and

mean ratio (B) for DRE> −8 Wm−2 (weak cooling) and DRE<

−8 Wm−2 (strong cooling), respectively.

DRE> −8 Wm−2 DRE< −8 Wm−2

Products r B r B

MODIS G 0.36 1.15 −0.12 0.78

MISR G 0.16 1.02 0.30 0.67

MO GO 0.50 1.01 −0.12 0.69

MO MI GO 0.38 0.91 0.09 0.61

GOCART 0.57 0.85 −0.23 0.54

SPRINTARS 0.51 0.35 −0.37 0.19

GISS 0.57 0.45 −0.25 0.40

LMDZ-INCA 0.46 0.81 −0.64 0.57

LMDZ-LOA 0.44 0.53 −0.34 0.38
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Fig. 10b. Scatterplots of the clear-sky and seasonal DRE estimates

vs AERONET DRE at the surface. Each point represents a seasonal

average in a particular zone.

Table 12b. Statistical measures of seasonal and regional average

clear-sky surface DRE estimates with respect to AERONET over

land (Zhou et al., 2005), including linear correlation coefficient (r)

and mean ratio (B) for DRE> −23 Wm−2 (weak cooling) and

DRE< −23 Wm−2 (strong cooling) respectively.

DRE> −23 Wm−2 DRE< −23 Wm−2

Products r B r B

MODIS G 0.85 0.96 0.45 0.81

MISR G 0.71 0.86 0.17 0.71

MO GO 0.89 0.84 0.26 0.72

MO MI GO 0.83 0.75 0.14 0.64

GOCART 0.89 0.69 −0.14 0.56

SPRINTARS 0.46 0.36 −0.34 0.34

GISS 0.88 0.39 −0.22 0.39

LMDZ-INCA 0.77 0.59 −0.23 0.43

LMDZ-LOA 0.83 0.60 −0.07 0.52
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Table 13. Summary of the clear-sky radiative efficiency Eτ , defined as the aerosol radiative effect (Wm−2) per unit aerosol optical depth (τ

at 550 nm), in East US and mid-latitude North Atlantic.

Region Period Source
Eτ

TOA Surface

Zone 2 (land) Summer AERONET −37 −84

Models −21∼−37 −38∼−66

Annual AERONET −37 −80

Models −23∼−34 −43∼−55

SCAR-A (Land) Summer Kinne and Pueschel, 2001 −24 −65

US Annual Delene and Ogren (2002) −25 n/a

Zone 2 (ocean) Summer MODIS −50 n/a

MODIS A −52 −67

CERES A −37 n/a

CERES B −31 n/a

Models −27∼−42 −42∼−76

TARFOX (Ocean) Summer Hignett et al., 1999 −30 −87

Kinne and Pueschel, 2001 −33 −70

Russell et al., 1999 −40∼−60 −80∼−90

ACE-2 Summer Kinne and Pueschel, 2001 −36 −63

a. East US and mid-latitude North Atlantic

In the Eastern US and mid-latitude North Atlantic (zone

2), the aerosol optical depth in spring and summer is

larger than that in fall and winter (Malm et al., 2004;

Bergstrom and Russell, 1999). A number of field

campaigns have been conducted in summer (see Ta-

ble 1). Table 13 compares various Eτ estimates in the

region. AERONET Eτ values are much greater than

measurement-based estimates from Kinne and Pueschel

(2001) and Delene and Ogren (2002). Ranges of model

simulations are generally inbetween. Over the mid-

latitude North Atlantic, MODIS and MODIS A derive

Eτ values at the TOA that are greater than CERES

estimates and model ranges. Nevertheless, all these

TOA values fall into a wide range of estimates (−30

to −60 Wm−2τ−1) from field experiments in the region

(Hignett et al., 1999; Russell et al., 1999; Kinne and

Pueschel, 2001). The MODIS A and model estimates

of surface Eτ are generally less than observations.

b. Europe

Europe is influenced by regional pollution and dust from

the Saharan Desert. In spring, Arctic haze also influ-

ences the region with a TOA DRE comparable to values

in heavily polluted regions, as documented by measure-

ments in Leipzig, Germany in April 2002 (Heintzenberg

et al., 2003). Comparisons of Eτ estimates in Europe are

summarized in Table 14. Clearly, there is good agree-

ment between AERONET, and observations during the

MINOS experiment (Markowicz et al., 2002), for Eτ

at both TOA and surface. However, these values are

much greater than observations in urban and coastal ar-

eas (Horvath et al., 2002) and model estimates.

c. East Asia and Northwest Pacific

The midlatitude north Pacific regions are perturbed by

a mixture of Asian pollution and dust, particularly in

spring and summer. Comparisons of radiative effi-

ciency estimates are summarized in Table 15. Over

the Northwest Pacific, the TOA Eτ estimates from

MODIS are greater than all other measurements in-

cluding MODIS A, the observations during ACE-Asia

(Seinfeld et al., 2004), calculations based on several

SKYNET sites in East China Sea and Korean Peninsula

(Kim et al., 2005), CERES measurements and model

simulations. For surface DRE, MODIS A and the

model-derived Eτ values are much less than the obser-

vations in the ACE-Asia region (Seinfeld et al., 2004),

measurements in Korea (Bush and Valero, 2003) and all

SKYNET measurements (Kim et al., 2005). Over land,

AERONET measurements give an Eτ of −28 Wm−2 at

the TOA, which agrees well with an independent sun-

photometer measurement in November at a background

air monitoring station sitting in the Yangtze delta re-

gion (Linan, China) (Xu et al., 2003). However, these

TOA Eτ values are much greater than SKYNET obser-

vations (Kim et al., 2005). At the surface, the Eτ from

AERONET measurements is generally larger than other

observations (Xu et al., 2003; Kim et al., 2005). The

model-derived Eτ values at the surface are less than the

observations.

d. Tropical North Atlantic and coastal North Africa

This region is influenced by biomass burning from the

tropical Savanna in winter and early spring, and mineral

dust year round. Some measurements using CERES and

ERBE fluxes in conjunction with MODIS and TOMS
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Table 14. Summary of the clear-sky radiative efficiency Eτ , defined as the aerosol radiative effect (Wm−2) per unit aerosol optical depth (τ

at 550 nm), in Europe.

Region Period Source
Eτ

TOA Surface

Zone 3 (land) Summer AERONET −29 −98

Models −13∼−26 −36∼−68

Almeria, Spain Summer Horvath et al., 2002 −11 −57

Vienna, Austria −24 −68

Mediterranean Area July–August, 2001 Markowicz et al., 2002 −34 −94

Table 15. Summary of the clear-sky radiative efficiency Eτ , defined as the aerosol radiative effect (Wm−2) per unit aerosol optical depth (τ

at 550 nm), in East Asia and Northwest Pacific.

Region Period Source
Eτ

TOA Surface

Zone 4 (ocean) MAM MODIS −52 n/a

CERES A −35 n/a

CERES B −31 n/a

MODIS A −44 −61

Models −25∼−42 −45∼−61

Northwest Pacific April 2001 Seinfeld et al., 2004 −41 −71

Gosan, Korea April, 2001 Bush and Valero, 2003 n/a −80±11

Anmyon, Japan

(ocean albedo)

Dust events

(1998, 2000)

Kim et al., 2005 −26 −91

Non-dust events (2000) −22 −82

Gosan, Korea

(ocean albedo)

Dust events (2001) −21 −104

Non-dust events (2001) −29 −69

Amami-Oshima

(ocean albedo)

Dust events (2001) −12 −106

Non-dust events (2000,

2001)

−18 −90

Zone 4 (land) Fall AERONET −28 −82

Models −19∼−27 −40∼−54

Linan, East China

(rural)

November, 1999 Xu et al., 2003 −33 −51

Dunhuang, China

(desert)

April–July, 1998–2000 Kim et al., 2005 −9 −76

Yinchuan, China

(urban)

September–December,

1997–2000

−16 −55

Sri-Samrong

(SE Asia)

December–March,

1997–2000

−10 −63

aerosols (Li et al., 2004; Hsu et al., 2000) show that

the TOA Eτ in winter is smaller than in summer, as

shown in Table 16, presumably because biomass burn-

ing smoke is more absorbing than mineral dust. But

such seasonal variations are not shown in other mea-

surements. In winter, both MODIS and MODIS A give

a much greater value of Eτ than other measurements

and model estimates. In summer, MODIS A gives a

TOA cooling that is greater than other measurements

and model estimates. For the surface Eτ and in both

seasons, MODIS A values are reasonably consistent

with the results from Li et al. (2004), but are the upper

bounds of the model estimates.

e. Arabian Sea and Northern Indian Ocean

The Northern Indian Ocean and Arabian Sea are in-
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Table 16. Summary of the clear-sky radiative efficiency Eτ , defined as the aerosol radiative effect (Wm−2) per unit aerosol optical depth (τ

at 550 nm), in tropical North Atlantic.

Region Period Source
Eτ

TOA Surface

Zone 6 (ocean) DJF MODIS −45 n/a

CERES A −33 n/a

CERES B −28 n/a

MODIS A −40 −63

Models −16∼−35 −36∼−63

JJA MODIS −34 n/a

CERES A −32 n/a

CERES B −25 n/a

MODIS A −41 −72

Models −16∼−41 −27∼−68

West coast of

North Africa

NDJ

JJA

Li et al. (2004) −26

−35

−81

−65

July 1998 Liu et al. (2003) −18 n/a

February 1985

July, 1985

Hsu et al. (2000) −62 (14:30 LT)

−69 (14:30 LT)

n/a

Puerto Rico June–July, 2000

(daytime average)

Christopher et al. (2003) −52 −78

fluenced by anthropogenic aerosols from South and

Southeast Asia (Ramanathan et al., 2001b) and by

local sea-salt and dust transported from the Arabian

and Saharan regions (Satheesh and Srinivasan, 2002),

with compositional contributions changing with sea-

son. While during the premonsoon period (January–

March) pollution dominates (Ramanathan et al., 2001b),

the dust contribution becomes larger in April–May, as

documented by the observations that show larger near-

infrared aerosol optical depth in April–May than during

February–March (Satheesh and Srinivasan, 2002). This,

along with weaker absorption by dust than by pollution,

results in a more negative TOA DRE in May (Satheesh

and Srinivasan, 2002). The aerosol direct solar effect

also has large spatial variations over the tropical Indian

Ocean (Rajeev and Ramanathan, 2001). The observed

TOA solar effect north of the equator is about a factor

of 2 greater than that south of the equator, with the min-

imum effect occurring around the Inter-Tropical Con-

vergence Zone (ITCZ). The aerosol radiative effect also

shows as much as a factor of 2 of interannual variation

(Satheesh et al., 2002; Satheesh and Srinivasan, 2002)

in the region.

Table 17 summarizes assessments of radiative efficiency

in the region and field measurements in the Arabian Sea,

northern Indian Ocean, and Bay of Bengal. In all sea-

sons, MODIS and MODIS A produce radiative efficien-

cies at the TOA in zone 7 that are greater than CERES

measurements and model estimates. The MODIS A Eτ

values at the surface generally agree with the great-

est efficiency of the model estimates. The values of

Eτ at the TOA derived from MODIS and MODIS A

are consistently greater than a number of field experi-

ments conducted in the northern Indian Ocean. Such

differences may result from contrasts in aerosol com-

positions between the Arabian Sea (i.e., natural aerosol

dominated) and the northern Indian Ocean (a mix of

pollution and natural aerosol). Our analyses of sev-

eral products over the east and west parts of the re-

gion separated at 65◦ E suggest geographical differ-

ences in aerosol composition and hence in the forcing

efficiency. The MODIS A algorithm’s anthropogenic

fraction of AOD during January–March is 0.76 and 0.30

in the east and west parts of the region, respectively.

Following Kaufman et al. (2005a), a combination of

MODIS/Terra AOD and fine-mode fraction gives the re-

spective anthropogenic fractions of 0.81 and 0.45. GO-

CART simulations also give the anthropogenic fractions

of 0.72 and 0.42 in the east and west parts of the re-

gion, respectively. Note that these anthropogenic frac-

tions in the east part of the region are consistent with

chemical measurements during the INDOEX experi-

ment (Satheesh et al., 2002). The MODIS A algorithm

also calculates the DRE efficiency for anthropogenic

aerosol to be about 30% less negative than that from

natural aerosols in the region.

f. South America and South Africa

During the austral winter and spring, biomass burn-

ing smoke significantly influences South America,
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Table 17. Summary of the clear-sky radiative efficiency Eτ , defined as the aerosol radiative effect (Wm−2) per unit aerosol optical depth (τ

at 550 nm), in Arabian Sea, Northern Indian Ocean, and South Asia.

Region Period Source
Eτ

TOA Surface

Zone 7 (ocean) DJF MODIS −45 n/a

CERES A −33 n/a

CERES B −26 n/a

MODIS A −40 −64

Models −15∼−34 −39∼−69

MAM MODIS −35 n/a

CERES A −29 n/a

CERES B −23 n/a

MODIS A −42 −72

Models −14∼−37 −35∼−77

SON MODIS −36 n/a

CERES A −32 n/a

CERES B −23 n/a

MODIS A −41 −65

Models −15∼−36 −34∼−63

Indian Ocean

(INDOEX)

January–March,

1998, 1999

Satheesh and

Ramanathan, 2000; Bush

and Valero, 2002

−25∼−30 −80∼−86

Tropical Indian Ocean Februray–March, 1998 Conant, 2000 n/a −76

Tropical Indian Ocean January–March,

1998, 1999

Podgorny et al., 2000 n/a −82

Arabian Sea March, 2001 Satheesh, 2002 −29 −74

Tropical Indian Ocean −33 −52

Bay of Bengal −16 −86

Bay of Bengal October, 2003 Sumanth et al., 2004 −33 −60

Arabian Sea January–March, 1996–

2000

Tahnk and Coakley,

2002

−32∼−34 −57∼−67

Bay of Bengal −31∼−32 −62∼−71

NH Indian Ocean −31∼−33 −58∼−68

Nepal Winter, 2003 Ramana et al. (2004) n/a −73

Table 18. Summary of the clear-sky radiative efficiency Eτ , defined as the aerosol radiative effect (Wm−2) per unit aerosol optical depth (τ

at 550 nm), in South America.

Region Period Source
Eτ

TOA Surface

Zone 10 (Land) SON AERONET −25 −71

Models −10∼−44 −43∼−80

South America SCAR-B Kinne and Pueschel, 2001 −13 −72

Ross et al., 1998 −20±7 (tropical froest)

−8±9 (cerrado)

n/a

n/a

Christopher et al. (2000) −20∼−60 (depending on land cover) n/a

Amazon August, 1998 Christopher and Zhang (2002b) −26 n/a
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Southern Africa and the South Atlantic. Table 18

summarizes the Eτ assessments in South Amer-

ica. The AERONET measurements give Eτ of

−25 Wm−2τ−1 and −71 Wm−2τ−1 at the TOA and

at the surface, respectively. Model estimates cover a

wide range of −14∼−44 Wm−2τ−1 at the TOA and

−43∼−80 Wm−2τ−1 at the surface. Several stud-

ies demonstrate that the TOA radiative effect depends

strongly on surface land cover (Ross et al., 1998;

Christopher et al., 2000).

The above compilation of literature values of aerosol ra-

diative efficiency shows large differences among mea-

surements in some regions, but reasons for these dif-

ferences remain largely unknown. Substantial effort is

needed to explain the differences among methods. This

generally requires a close look into all factors that de-

termine the magnitude of radiative efficiency, including

assumptions or measurements of wavelength-dependent

aerosol properties, and comparison of radiative trans-

fer schemes, surface parameterizations, and the numer-

ics of the radiative transfer calculations. However, lack

of complete documentation of all relevant parameters in

previous publications makes any complete analysis, not

only formidable, but impossible. Because understand-

ing the reasons for differences in Et is so important,

the research community should document all parame-

ters determing the radiative efficiency in future publica-

tions.

3.4 Estimating anthropogenic aerosol direct climate forc-

ing

Estimates of anthropogenic aerosol optical depth and direct

forcing so far have been predominantly model-based. The

determination of anthropogenic aerosols requires a quantifi-

cation of biomass burning ignited by lightning (natural ori-

gin) and mineral dust due to human induced changes of land

cover change and climate (anthropogenic origin), which re-

mains uncertain. In addition, dust emission could be affected

by land use changes and changes of atmospheric dynamics

and thermodynamics (e.g., wind and humidity) due to radia-

tive forcing from other climate agents, which is also difficult

to quantify. Recent modeling (Tegen et al., 2004) suggests

that the anthropogenic sources of dust contribute less than

10% of the total dust optical thickness, although early stud-

ies speculated the fraction to be between 0% (Ginoux et al.,

2001) and 50% (Tegen and Fung, 1995). Three global chem-

ical transport models, namely GOCART, LMDZ-LOA, and

SPRINTARS, consistently give the anthropogenic aerosol

optical depth of 0.03∼0.036 over global oceans (Kaufman

et al., 2005a).

Satellite instruments do not measure the aerosol chemical

composition needed to discriminate anthropogenic from nat-

ural aerosol components. Because anthropogenic aerosols

are predominately sub-micron, the fine-mode fraction de-

rived from new-generation satellite sensors like POLDER,

MODIS, or MISR, might be used as a surrogate for deriv-

ing anthropogenic aerosol optical thicknesses. This could

provide a feasible way to conduct measurement-based es-

timates of anthropogenic aerosol forcing (Kaufman et al.,

2002a). Kaufman et al. (2005a) show that the fraction of

the aerosol originating from anthropogenic activity can be

estimated from MODIS measurements with an uncertainty

of ±30% over the oceans. The so-derived average anthro-

pogenic aerosol optical depth is about 0.033, consistent with

assessments of 0.03∼0.036 from three global chemical trans-

port models even though the total AOD from MODIS is 25–

40% higher than the models (Kaufman et al., 2005a). This

accounts for 21±7% of the MODIS observed total aerosol

optical depth, compared with about 33% of anthropogenic

contributions estimated by the three models. The anthro-

pogenic fraction of AOD should be much larger over land

and several model simulations derive a fraction of 47±9%

(Bellouin et al., 2005). To improve satellite estimates of an-

thropogenic aerosols and their direct forcing, satellite pro-

grams should concentrate on validating and improving re-

trievals of the aerosol Ångström exponent, and suborbital

measurements should be used to derive relationships between

the Ångström exponent and fine-mode fraction to allow in-

terpretation of the satellite derived fine-mode optical depth

(Anderson et al., 2005b).

There have been some estimates of DCF by anthropogenic

aerosols. Kaufman et al. (2005a) estimate that the anthro-

pogenic DCF at the TOA is −1.4±0.4 Wm−2 over ocean.

Bellouin et al. (2005) decompose MODIS total AOD into

three generic aerosol types , namely marine aerosol, min-

eral dust, and biomass burning and pollution, by using the

MODIS fine-mode fraction in combination with the TOMS

aerosol index (a semi-quantitative measure of UV-absorbing

aerosol loading) and SSM/I wind speed (for estimating

the marine AOT). They estimate that on a global and an-

nual average, the clear-sky DCF is −1.9±0.3 Wm−2 and

−4.4±0.6 Wm−2 at the TOA and surface, respectively. Yu

et al. (2004) combine MODIS retrievals and GOCART sim-

ulations to yield the clear-sky DCF of −1.4 and −4.2 Wm−2

at the TOA and surface, respectively. These respectively ac-

count for about 31% and 42% of the DRE. Recent model

simulations report similar DCF/DRE ratios, but a factor of 2

smaller DCF in magnitude (Reddy et al., 2005b).

Anderson et al. (2005a) establish a conceptual framework

for achieving an observationally based quantification of DCF

through the use of satellite observations coordinated with

suborbital remote and in-situ measurements and with chem-

ical transport models. The clear-sky DCF at a specific time

and location can be expressed as:

DCF=τff faf Ea (1)

Its integration over time and space (weighted by surface area)

gives the regional or global average DCF. In this conceptual

model, the clear-sky DCF is determined by optical depth (τ ),
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fine-mode fraction of τ (ff ), anthropogenic fraction of fine-

mode τ (faf ), and forcing efficiency with respect to anthro-

pogenic τ (Ea). By dividing each variable into mean and

perturbation (uncertainty) and applying Reynold’s averaging,

the uncertainty analysis can therefore be approached in terms

of our knowledge of the global-mean value of each param-

eter and their complex correlations. Given the absence of

knowledge about correlations between the deterministic pa-

rameters of DCF, the current calculation is framed in terms

of mean values only.

Table 19 presents an uncertainty analysis for land and

ocean separately, in which observational constraints derived

from this review are imposed and for other parameters that

lack observational constraints, assumptions are made based

on model simulations. Assignment of these values is detailed

in the table footnote. The clear-sky DCF is 64% larger in

magnitude (more negative) over land than over ocean. Its

uncertainty is also larger over land than over ocean. When

weighted by the fractional area of land (0.3) and ocean (0.7),

the global clear-sky DCF is estimated to be −1.3 W/m2 with

an uncertainty of 62%. The uncertainty partitions to the land

and ocean more or less evenly. The parameter uncertainty

contribution to DCF further suggests that five parameters,

namely ff and faf over both land and ocean, and τ over

ocean, introduce nearly 80% of the overall uncertainty in

the DCF estimate, with individual shares ranging from 13–

20%. The smallest contribution comes from τ over land. We

should point out that these uncertainties presumably repre-

sent a lower bound because the sources of error are assumed

to be independent. Uncertainties associated with several pa-

rameters are also not well defined. Nevertheless, such uncer-

tainty analysis would be useful for guiding future research

and documenting advance of our understanding.

4 Discussion: outstanding issues

Despite substantial progress in the assessment of the aerosol

direct effect as summarized above, several important issues

remain, and significant efforts are required to address them.

As discussed earlier, most measurement-based studies so far

have concentrated on the influences by the sum of natural and

anthropogenic aerosols on solar radiation in clear sky condi-

tions. Current DCF estimates are poorly constrained by ob-

servations. Because of a lack of measurements of aerosol

absorption and difficulty in characterizing land surface re-

flection, estimates of DRE over land and at the ocean sur-

face are currently realized through a combination of satel-

lite retrievals, surface measurements, and model simulations,

and are less constrained than the estimate of TOA DRE over

ocean. There is also a need to quantify aerosol impacts on the

thermal infrared radiation and characterize the cloud modu-

lation of aerosol-radiation interactions. In addition, quanti-

fying aerosol absorption remains a pressing issue. It is also

essential to adequately characterize diurnal variations of the

aerosol radiative effect. Finally, aerosol measurements from

different platforms generally are not consistent in terms of

their spatial and temporal representativeness. A great effort

is necessary to account for such inconsistencies when com-

paring and integrating different aerosol measurements.

4.1 Direct effect in the thermal infrared range and in cloudy

conditions

Due to their large size, mineral dust and sea-salt aerosols can

cause warming in the thermal infrared, both at the TOA and

at the surface. Such a warming effect could be significant,

as suggested by a few observational studies summarized in

Table 20. Therefore, our estimates of aerosol direct effect

on solar radiation should represent an upper bound of the

aerosol net direct effect (on total radiative fluxes). The ther-

mal infrared effect of Saharan dust could account for 10%

(Highwood et al., 2003) to 30% (Hsu et al., 2000) of the

observed instantaneous solar effect. Haywood et al. (2005)

demonstrate that mineral dust in July can exert a thermal in-

frared forcing by as much as 50 Wm−2 in the monthly mean

for 12:00 UTC in cloud-free regions, which accounts for the

discrepancy between model calculations and the satellite ob-

servations. Zhang and Christopher (2003) derived a thermal

infrared warming of 15 Wm−2τ−1 at the satellite overpass-

ing time over the Saharan desert that would cancel ∼40%

of the solar cooling at the TOA. Satheesh and Lubin (2003)

show that aerosols in the northern Indian Ocean, a mixture

of dust, sea-salt and pollution, would impose a thermal in-

frared warming that could reduce the solar radiative effect by

about 45% at modest winds (4–6 ms−1) and by more than

70% at high winds (>10 ms−1), because sea-salt production

increases with wind speed. Nevertheless, current estimates

of aerosol warming effects in the thermal infrared remain

highly uncertain, because assessment of the effects requires

vertical distributions of aerosol extinction and atmospheric

temperature that are not well characterized by either observa-

tions or simulations (Sokolik et al., 2001; Lubin et al., 2002).

Aerosol optical properties in the thermal infrared range are

rarely measured directly, hence the estimates of the thermal

infrared effect depend largely on assumed aerosol models.

In addition, the scattering effect in the thermal infrared do-

main is generally neglected in most GCMs, which may lead

to an underestimate of the thermal infrared aerosol effect

(Dufresne et al., 2002).

Like most studies, our assessments in section 3 have

focused on the clear-sky direct effect. Calculations of

the cloudy-sky aerosol direct effect require an adequate

characterization of vertical distributions of aerosols and

three-dimensional fields of clouds, especially for absorb-

ing aerosols (Haywood and Shine, 1997; Liao and Sein-

feld, 1998; Podgorny and Ramanathan, 2001; Zhou et al.,

2005). Neglect of aerosol impacts in cloudy conditions gen-

erally would introduce large errors to the aerosol direct ef-

fect, as documented by observations. In the tropical Indian
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Table 19. Uncertainty analysis of DCF at the TOA using only mean-values (regional and annual averages) of individual parameters τ , ff ,

faf , and Ea .

Land Ocean Globe

Parameter Mean Uncert. Relative

Uncert.

Param.

Uncert.

Contrib.

to DCFa

Mean Uncert Relative

Uncert.

Param.

Uncert.

Contrib.

to DCFa

Mean Uncert. Relative

Uncert.

τb 0.22 0.05 23% 3% 0.14 0.03 21% 13% 0.16 0.04 22%

ff
c 0.50 0.25 50% 14% 0.40 0.10 25% 17% 0.43 0.15 34%

τf 0.110 0.062 55% 0.056 0.018 33% 0.072 0.031 43%

faf
d 0.80 0.40 50% 14% 0.55 0.15 27% 20% 0.625 0.225 36%

τa 0.088 0.065 74% 0.031 0.013 43% 0.048 0.039 60%

Ea
e

−20 8 40% 9% −37 7 19% 10% −31.9 7.3 23%

DCF −1.8 1.5 84% −1.1 0.5 47% −1.33 0.82 62%

DCFwght
f

−0.53 0.45 84% 54% −0.80 0.37 47% 46%

a Parameter uncertainty contribution to DCF: contribution of this parameter (over land or ocean ) to the uncertainty of global-mean DCF.
b Aerosol optical depth (τ): taken from MISR measurements over land (Kahn et al., 2005a) and MODIS measurements over ocean (Remer

et al., 2005).
c Fine-mode fraction of τ (ff ): over ocean, based on MODIS-AERONET comparisons (Kleidman et al., 2005); lack of observation constraint

over land.
d Anthropogenic fraction of fine-mode τ (faf ): lack of observational constraint. Over ocean, the value is assigned so that the anthropogenic

τ is consistent with estimate by Kaufman et al. (2005a).
e Forcing efficiency Ea (Wm−2 per unit τa): assuming Ea=Eτ (for total aerosols). There should be some differences between Ea and

Eτ because of differences in chemical composition and size of natural and anthropogenic aerosols. On the one hand, anthropogenic aerosol

should be more absorptive than total aerosol (i.e., smaller single-scattering albedo) and hence has a smaller radiative efficiency. On the other

hand, the smaller size may suggest a larger radiative efficiency consistent with larger backscattering and larger single-scattering albedo. Ea

values over ocean are based on mean and one standard deviation of measurement-based Eτ . Over land, the measurement-based estimates

are rare and the values assigned here are based on a combination of observations and models in this review.
f DCFwght: the value of DCF weighted by fractional area of land (0.3) or ocean (0.7).

Ocean, the surface cooling in climatologically cloudy condi-

tions is comparable to that under clear conditions, while the

TOA effect could switch from cooling in clear conditions to

warming in overcast conditions (Podgorny and Ramanathan,

2001). Observations over the South Atlantic show a clear

separation between the elevated smoke layer from south-

ern Africa (2–4 km) and low-level stratiform clouds (below

1 km) during the SAFARI 2000 experiment. In the pres-

ence of clouds, the smoke causes a net TOA warming of

12 Wm−2, compared to a cooling of −13 Wm−2 in clear con-

ditions for average smoke conditions and at a SZA of 60◦

(Keil and Haywood, 2003). Note that substantial differences

currently exist in aerosol vertical distributions simulated by

different models (Penner et al., 2002; Textor et al., 2005)

and limited measurements do not suffice for the estimate of

the cloudy-sky effect. Hopefully, the emerging ground-based

aerosol lidar network (as discussed in Sect. 2.2) and launch

of spaceborne lidars and radars (Stephens et al., 2001) will

help improve the understanding of the aerosol direct effect in

cloudy conditions and the thermal infrared range.

4.2 Deriving aerosol direct effect over land from satellite

It has been easier to estimate the aerosol direct effect from

satellite measurements over ocean than over land because the

dark ocean surface reflection is easier to characterize for this

purpose. As such, the direct effects over land presented in

Sect. 3 are poorly constrained. The land surface reflection is

large, heterogeneous, and anisotropic, which complicates the

determination of the aerosol direct effect. For example, Hsu

et al. (2000) detect a significant impact of Saharan dust on so-

lar radiation over the Atlantic Ocean but no clear signal over

the nearby Saharan deserts. We believe that the lack of dust

signal over the deserts is attributable to the large heterogene-

ity of surface reflectance as documented by high-resolution

MODIS land albedo retrievals (Tsvetsinskaya et al., 2002).

The new-generation satellite sensors like MODIS and MISR

are improving the characterization of land surface reflection

by measuring its wavelength dependence and angular distri-

bution at high resolution. This offers a promising opportunity

for inferring the aerosol direct effect over land from satellite

measurements of radiative fluxes (e.g., CERES).
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Table 20. Summary of measurement-based clear-sky aerosol direct radiative effect estimates in the thermal infrared from the literature. The

values generally refer to the clear-sky radiative efficiency Eτ at the TOA if not specified.

Region Period Thermal infrared effect References Notes

West Coast of

North Africa

SHADE +6 Wm−2

+11 Wm−2 (surface)

Highwood et al., 2003 10% of instantaneous

solar effect

February, 1985

July 1985

+24 Wm−2τ−1

+28 Wm−2τ−1
Hsu et al., 2000 1/3 of solar effect

at 14:30 LT

Saharan deserts September, 2000 +7 Wm−2 or 15 Wm−2τ−1 Zhang and Christopher,

2003

Satellite overpassing

time

February, 1985

July 1985

+36 Wm−2τ−1

+44 Wm−2τ−1
Hsu et al., 2000 14:30 LT

Equator to 30 N,

60 W to 40 E

SHADE +1 Wm−2

+0.8 Wm−2
Myhre et al., 2003 Clear-sky

Whole-sky

West Coast of

Europe

ACE-2 +1.2 Wm−2 Kinne and Pueschel, 2001

Northwest Pacific April, 2001

(ACE-Asia)

A few to 10 Wm−2 Markowicz et al., 2003;

Vogelmann et al., 2003

Daytime average;

Depending on aerosol

loading

Northwest Pacific March, 1994 +3 Wm−2 Kinne and Pueschel, 2001 Asian continental

outflow

Arabian Sea INDOEX +1.3 Wm−2 Lubin et al., 2002 Within ABL

+7.7 Wm−2 (surface)

+2.7 Wm−2 High loading, more

+11 Wm−2 (surface) extended in the vertical

4.3 Aerosol single-scattering albedo and absorption

Aerosol absorption and single-scattering albedo are strong

functions of the size of particles, the state of mixture, the

wavelength and the relative humidity. A characterization of

aerosol absorption or SSA is complicated by instrumental er-

rors and modeling inadequacies, as summarized in Heintzen-

berg et al. (1997) and Reid et al. (2005). The global assess-

ment of aerosol absorption and SSA represents a major chal-

lenge in efforts to quantify direct forcing. Aerosol direct ef-

fects over land and at the bottom of the atmosphere depend

strongly on aerosol single-scattering albedo and the estimates

discussed in Sect. 3 are poorly constrained because of lack of

reliable data on global scale.

Instrument calibration for aerosol absorption measure-

ments is challenging, because aerosol absorption typically

has a much smaller magnitude than aerosol scattering

(Heintzenberg et al., 1997). Determining aerosol absorption

by subtracting measured scattering from measured extinction

could have large uncertainties (e.g., Reid et al., 2005; and

references therein). In-situ measurements are generally con-

ducted at low relative humidity and effects of water uptake on

aerosol absorption are poorly understood (Redemman et al.,

2001), making the determination of ambient aerosol absorp-

tion and single-scattering albedo difficult (Heintzenberg et

al., 1997). Model simulations of aerosol compositions have

large diversities because of large uncertainties in emission in-

ventories and in parameterizations of a variety of aerosol pro-

cesses (Kinne et al., 2003; 2005). The state of mixture is also

empirically assumed in model simulations. As such, large

uncertainties exist in model calculations of single-scattering

albedo (Kinne et al., 2005).

Inverse methods have been widely used both in ground and

satellite remote sensing, providing aerosol absorption infor-

mation at large geographical areas and during long time pe-

riods. The theoretical uncertainty of the AERONET retrieval

of SSA is 0.03 for AOD greater than 0.3 (Dubovik et al.,

2002). Similarly, at large AOD the estimated AERONET un-

certainty for absorptive optical depth is 0.01 (Dubovik and

King, 2000; Dubovik et al., 2001). These estimated accura-

cies have yet to be validated by independent measurements.

It is important to pursue such validation because a recent

study has shown a factor of 2–4 discrepancy between the

AERONET retrievals and the simulated absorptive optical

depths from two models (Sato et al., 2003). This discrep-

ancy would imply significant errors in the global burden of

black carbon and/or the absorptive efficiency of black carbon

(perhaps related to aerosol mixing state, morphology, or size

distribution) (Sato et al., 2003; Martins et al., 1998; Jacob-

son, 2000, 2001). On the other hand, a recent comparison of

in-situ to AERONET absorption over the Chesapeake Bay in-
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dicated that the latter may be biased high (Magi et al., 2005).

Satellite methods for quantifying SSA and absorption have

been developed and partially validated at UV wavelengths

(Torres et al., 1998, 2002, 2005), although the retrieval has

large uncertainties associated with its sensitivity to the height

of the aerosol layer and it is unclear at present how these UV

results can be extended to visible wavelengths. Kaufman et

al. (2002b) developed an algorithm using views in and out

of sunglint to retrieve total aerosol extinction and scatter-

ing, respectively, thus constraining aerosol absorption over

oceans. The technique is going to be applied to the collo-

cated MODIS and PARASOL data in the A-Train. Note that

the MODIS and CERES methods described in Sect. 3 bypass

the need for estimates of aerosol single-scattering albedo and

other aerosol characteristics to calculate DRE at the TOA. In-

stead aerosol characteristics are intrinsically included in the

basic satellite retrieval.

4.4 Diurnal cycle

The assessments in previous sections have focused on the di-

urnally averaged aerosol direct effect and forcing, because of

lack of observations of diurnal variability of aerosols from

space. Significant efforts are demanded to capture the diur-

nal cycle of aerosol direct forcing in order to better assess

aerosol impacts on climate. In this context, diurnal variabil-

ity of aerosol and cloud needs to be adequately characterized.

AERONET measurements show that the daytime variability

depends on location and aerosol type, with the variation as

large as 40% for biomass burning smoke and urban/industrial

pollution near the sources, and essentially negligible for dust

(Smirnov et al., 2002). From the perspective of satellite re-

mote sensing, the diurnal variation of aerosols can be better

characterized by geostationary satellites (GOES) (Christo-

pher and Zhang, 2002; Wang et al., 2003a, b). However,

these satellites generally lack the information required to

characterize aerosol types. Costa et al. (2004a, b) devel-

oped a method based on the synergistic use of low earth orbit

and geostationary earth orbit satellite data for aerosol-type

characterization, AOD retrieval and aerosol monitoring over

the ocean. They use multiple spectral measurements from

the low earth orbit satellite to characterize aerosol types dy-

namically. The derived aerosol type information is then used

for retrieving aerosols from geostationary satellite measure-

ments. By so doing, the diurnal variation of aerosols can

be monitored. MODIS flying on the twin EOS satellites,

namely Terra and Aqua, can also be used to some extent to

characterize aerosol diurnal variations, i.e., from late morn-

ing (10:30 LT) to early afternoon (13:30 LT) (Ichoku et al.,

2005). Clouds can modulate the aerosol direct solar effect

significantly and daytime variations of clouds need to be ad-

equately characterized.

The aerosol direct effect depends on surface reflection, and

the anisotropy of surface reflection further complicates the

calculation of the diurnal cycle of the aerosol radiative effect.

As discussed in Sect. 2.3, neglecting anisotropy of surface re-

flection could lead to significant overestimation of the diurnal

range of the aerosol direct effect (Yu et al., 2004). With satel-

lite remote sensing providing angular and spectral variations

of surface reflection (e.g., Moody et al., 2005; Martonchik et

al., 1998, 2002), it is feasible to better characterize the com-

plexity of surface reflection and its interaction with aerosol

extinction through the use of the black-sky and white-sky

albedo for direct beam and diffuse light, respectively (Yu et

al., 2004; Bellouin et al., 2004).

4.5 Spatial and temporal scaling

Aerosol measurements from different platforms provide in-

formation representing different spatial and temporal scales.

A unified picture of the global aerosol system would emerge

only after these differences are fully understood and ac-

counted for (e.g., Diner et al., 2004). Polar-orbiting satellites

can only observe global aerosols once a day. The geostation-

ary satellites can monitor evolutions of aerosols at an hourly

scale but usually cover limited regions. Aerosols can be sub-

stantially under-sampled by satellite sensors in regions with

a high frequency of cloud presence. Ground-based sun pho-

tometers sample aerosols only during daylight hours, with-

out clouds. Such point-type measurements may not be repre-

sentative of the 102 km2 grid boxes of current global aerosol

models. These inconsistencies complicate intercomparison

and integration of aerosol products from different sources

because aerosols generally show significant variability over

meso-scales (e.g., 40–400 km and 2–48 hours) (Anderson et

al., 2003b). Several studies have examined these spatial and

temporal scaling issues. For example, Kaufman et al. (2000)

demonstrate that MODIS measurements onboard Terra and

Aqua on average well represent the daily aerosols by analyz-

ing the daytime variations of AERONET optical thickness.

New results from MODIS on Terra and Aqua confirm this

analysis (Kaufman et al., 2005b). High-resolution satellite

retrievals prove to be extremely useful for examining spa-

tial variability of aerosols and comparing satellite retrieved or

model simulated grid-box averages with point measurements

from ground-based networks (Ichoku et al., 2002). Alexan-

drov et al. (2004b) derive statistics of temporal and spa-

tial variations of aerosols based on high-frequency MFRSR

measurements at two ARM sites located in Oklahoma and

Kansas. However, the aerosol variability controlled by emis-

sions and meteorological conditions should depend on loca-

tion and time, making it challenging to account for these vari-

ations in regional- and global-scale intercomparisons and in

data assimilation and integration.

4.6 Long-term trends of aerosols and their radiative effects

To detect long-term trends of aerosols, satellite retrievals

of aerosol optical depth should have an accuracy of

±0.02∼0.04 (Mishchenko et al., 2004) and a synergy of
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aerosol products from multiple sensors (historical sensors

and modern sensors) is needed to construct as long a record

as possible. Historical sensors like TOMS and AVHRR have

provided multi-decadal climatology of aerosol optical depth

(Torres et al., 2002; Geogdzhayev et al., 2002), which have

been used to analyze trends of aerosol optical depths between

1979 and 2002 in Asia (e.g., Massie et al., 2004). These

products should be extended to a longer period by incorpo-

rating data from modern sensors (e.g., MODIS, MISR, OMI,

and others). Such extensions should be built upon our under-

standing and reconciliation of AOD differences among dif-

ferent sensors or platforms. A good deal of effort is needed

to address this fundamental issue. Broadband direct solar

radiation is measured at meteorological stations around the

world. These long-term observations can be used to derive

average aerosol optical depth over the solar spectrum, thus

having the potential to detect changing aerosol conditions on

a decadal scale (Luo et al., 2001). The accuracy of such re-

trieved aerosol optical depth depends on the quality of the

observations, including cloud-screening procedures and pa-

rameterizations of Rayleigh scattering, gaseous absorption,

and aerosol extinction. These aerosol optical depth retrievals

from meteorological stations still need to be evaluated using

independent measurements from other surface observations,

such as AERONET and MFRSR.

Analysis of long-term records of surface solar radiation,

either in clear-sky or all-sky conditions, suggests significant

trends during past decades (e.g., Stanhill and Cohen, 2001;

Wild et al., 2005; Pinker et al., 2005). While a significant and

widespread decline in surface solar radiation occurred up to

1990 (so-called global dimming), a sustained increase has

been observed in the most recent decade. Speculation sug-

gests that such trends result from decadal changes of aerosols

and an interplay of aerosol direct and indirect effects (Stan-

hill and Cohen, 2001; Wild et al., 2005). However, reliable

observations of aerosol trends are needed before these spec-

ulations can be proven. In addition to the aerosol optical

depth, we also need to quantify changes in aerosol composi-

tion because of changes in industrial practices, environmen-

tal regulations, and biomass burning emissions will affect the

aerosol single-scattering albedo and size distribution, which

in turn will affect surface solar radiation. Such data currently

do not exist.

5 Concluding remarks

5.1 Summary

Since the concept of aerosol-radiation-climate interactions

was first proposed around 1970, substantial progress has

been made in determining the mechanisms and magnitudes

of these interactions, particularly in the last ten years. Such

advancement has greatly benefited from significant improve-

ments in aerosol measurements and increasing sophistica-

tion of model simulations. In particular, the establishment

of ground-based aerosol networks such as AERONET and

the execution of intensive field experiments in a variety of

aerosol regimes have collected invaluable datasets that have

been serving as a baseline for constraining and evaluating

satellite retrievals and model simulations. New and enhanced

satellite sensors, such as POLDER, MODIS, and MISR, are

measuring aerosols on a global scale and with good accu-

racy. CERES measures broadband solar and thermal infrared

fluxes that are used to derive aerosol radiative effect and forc-

ing.

As a result of these improvements, we now have a much

improved knowledge of aerosol properties and their inter-

action with solar radiation on a global scale. The multi-

spectral MODIS measures global distributions of aerosol

optical depth (τ) on a daily scale, with high accuracy of

±0.03±0.05τ over oceans. The annual average τ is about

0.14 over the global oceans. Based on the MODIS fine-mode

and background aerosol fraction, about 21% of the 0.14 is

estimated to be contributed by human activities.. The multi-

angle MISR can evaluate the surface reflectance and retrieve

aerosols simultaneously over all kinds of surfaces, includ-

ing bright deserts. MISR derives an annual average AOD of

0.23 over global land with an uncertainty of ∼20% or ±0.05.

A combination of MODIS over-ocean and MISR over-land

retrievals gives a global average of aerosol optical depth of

about 0.17, which is 21% larger than an ensemble average of

0.14 of five global aerosol models. It is possible that such

discrepancy can be largely reduced by correcting cloud con-

tamination in satellite retrievals.

The high-accuracy of MODIS and MISR aerosol products

and broadband flux measurements from CERES, together

with simultaneous improvements in surface and cloud char-

acterizations in these sensors, make it feasible to obtain ob-

servational constraints for the aerosol direct effect. Figure 11

summarizes the measurement- and model-based estimates of

clear-sky annual average DRE at both the TOA and surface.

A number of measurement-based approaches consistently es-

timate the clear-sky DRE (on solar radiation) at the top-of-

atmosphere to be about −5.5±0.2 Wm−2 (median ± stan-

dard error from various methods) over global ocean. At the

ocean surface, the DRE is estimated to be −8.8±0.7 Wm−2

with a combination of MODIS optical depth, AERONET

measurements, and CTM simulations. Over land, deriv-

ing the aerosol direct effect from the flux measurements

such as that from CERES is complicated by a large and

highly heterogeneous surface reflection. An integration of

satellite retrievals and model simulations yields a DRE of

−4.9±0.7 Wm−2 and −11.8±1.9 Wm−2 at the TOA and sur-

face, respectively. Overall, in comparison to that over ocean,

the DRE estimates over land are more poorly constrained by

observations and have larger uncertainties. An ensemble of

five model simulations gives a DRE that is about 30–50%

smaller than the measurement-based estimate. Such discrep-

ancy could be reduced to 15–40% after accounting for cloud
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Fig. 11. Summary of observation- and model-based (denoted as

OBS and MOD, respectively) estimates of clear-sky, annual average

DRE at the TOA (top) and at the surface (bottom). The box and

vertical bar represent median and standard error, respectively.

contamination in satellite retrievals. The integration of satel-

lite and surface measurements into a CTM proves to be a

promising and essential approach to producing an optimal

description of global aerosol distributions.

5.2 Future research

Despite significant achievements in the past decade several

issues associated with measurement-based assessments re-

main open. We hope enhanced measurement capabilities and

a high-level of scientific cooperation will further advance our

knowledge in the following subjects:

– Measurements of aerosol direct effect over land: While

various measurement-based methods derive a consistent

estimate of global aerosol direct effect over ocean, the

direct effect over land is poorly constrained. Deriving

the aerosol direct effect from the broadband flux mea-

surements (e.g., CERES) requires high quality retrievals

of aerosol optical depth and adequate characterization

of the heterogeneity and anisotropy of the land surface

reflection. The aerosol direct effect over land also de-

pends strongly on aerosol absorption. Large uncertain-

ties in spatial and temporal variations of aerosol single-

scattering albedo may constitute the largest source of

uncertainty in aerosol forcing and climate response.

– Measurements of anthropogenic aerosol and direct cli-

mate forcing: Measurement-based assessment of direct

climate forcing by anthropogenic aerosol has been only

applied to oceans because of the limited capability of

satellite sensors in retrieving aerosol size information

over land. The NASA Glory Mission using a multi-

angle, multi-spectral polarimeter will acquire informa-

tion on aerosol size distribution, absorption, and chemi-

cal composition with good accuracy (Mishchenko et al.,

2004). Such new observations could help determine the

anthropogenic contribution of aerosols.

– Quantification of cloud impacts on aerosol direct forc-

ing: The aerosol forcing in cloudy conditions remains

relatively unexplored and quite uncertain because of a

lack of measurements of the diurnal cycle and vertical

profiles of aerosols and clouds. The constellation of

the new-generation satellite sensors (e.g., A-Train) pro-

vides an unprecedented opportunity to improve aerosol

characterization. In particular, satellite-borne lidar sys-

tems in ICESat and CALIPSO will improve aerosol

profiling and assessment of the aerosol direct effect in

cloudy conditions. Networks of surface-based lidars

will also be of value. These new lidar observations can

also help constrain the estimate of the thermal infrared

radiative forcing.

– A synergistic use of data from multiple paltforms:

The constellation of new satellite sensors, the so-called

A-Train, will improve the characterization of global

aerosols, clouds and land properties, and hence the as-

sessment of aerosol forcing. A combination of polar-

orbiting and geostationary satellites would monitor the

daytime cycle of aerosols with a better accuracy than

a geostationary satellite alone, because multi-spectral

measurements from a polar-orbiting satellite can pro-

vide an important constraint to aerosol retrievals from a

geostationary satellite. A good deal of effort is needed

to address this fundamental issue. A merger of aerosol

products from historic and modern satellite sensors is

necessary for examining the long-term trend of aerosols,

and this requires a good understanding and reconcilia-

tion of AOD differences between different sensors or

platforms. More coordinated suborbital measurements

are required for validating and complementing satellite

observations (Anderson et al., 2005a, b). To digest and

make the best use of a pool of measurements from dif-

ferent platforms, a coordinated research strategy and in-

ternational collaboration need to be developed.

– Integration and assimilation of satellite measurements

into models: Aerosol models provide a unique tool for

estimating the past aerosol forcing and projecting fu-

ture climate change. To reduce model uncertainties,

continuous efforts are required for improving the char-

acterization of the aerosol life cycle. It is also impor-

tant to use satellite measurements to constrain model

simulations, including integration and assimilation of

satellite measurements into global models. There have
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been some preliminary efforts that integrate satellite re-

trieved columnar AOD with model simulations (e.g., Yu

et al., 2003). However, it remains difficult to quan-

tify and remove biases associated with both satellite

retrievals and model simulations. A coordinated re-

search strategy needs to be developed for integrating

satellite observed three-dimensional aerosol extinction

into aerosol models. Schemes of surface albedo char-

acterization in global models also need to be evalu-

ated and constrained with emerging measurements from

new-generation satellite sensors.

Finally, aerosol indirect effects on clouds continue to be

an enormous challenge from both the observational and

modeling perspectives, and progress is crucial if we are

to improve our ability to predict climate change.
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Acronyms and symbols.

A

ABC Atmospheric Brown Cloud

ACE Aerosol Characterization Experiment

AD-Net Asian Dust Network

ADEOS Advanced Earth Observation Satellite

ADM Angular Dependence Models

AERONET Aerosol Robotic Network

AOD (τ) Aerosol optical depth

AVHRR Advanced Very High Resolution Radiometer

B

BASE-A Biomass Burning Airborne and Spaceborne Experiment Amazon and Brazil

BRDF Bidirectional Reflectance Distribution Function

C

CALIPSO Cloud Aerosol Infrared Pathfinder Satellite Observations

CCRI Climate Change Research Initiative

CCSP Climate Change Science Program

CERES Clouds and the Earth’s Radiant Energy System

CLAMS Chesapeake Lighthouse and Aircraft Measurements for Satellite campaign

CMDL Climate Modeling and Diagnostic Laboratory (NOAA)

D

DAAC Distributed Active Archive Center

DCF Direct climate forcing (anthropogenic aerosols)

DRE Direct radiative effect (total aerosols)

E

EARLINET European Aerosol Research Lidar Network

ERBE Earth Radiation Budget Experiment

Eτ Radiative efficiency (DRE normalized by aerosol optical depth τ)

G

GEOS Goddard Earth Observing System

GFDL Geophysical Fluid Dynamics Laboratory (NOAA)

GISS Goddard Institute for Space Studies (NASA)

GLAS Geoscience Laser Altimeter System

GOCART Goddard Global Ozone Chemistry Aerosol Radiation and Transport

GOES Geostationary Operational Environmental Satellite

GSFC Goddard Space Flight Center (NASA)

H

HG phase function Henyey-Greenstein phase function

I

ICARTT International Consortium for Atmospheric Research on Transport and Transformation

ICESat Ice, Cloud, and Land Elevation Satellite

IMPROVE Interagency Monitoring of Protected Visual Environments

INCA INteractions between Chemistry and Aerosol (LMDz model)

INDOEX Indian Ocean Experiment

INTEX-NA Intercontinental Transport Experiment – North America

IPCC Intergovermental Panel on Climate Change

ISCCP International Satellite Cloud Climatology Project

L

LACE 98 Lindenberg Aerosol Characterization Experiment 1998 (Germany)

LBA Large-Scale Biosphere-Atmosphere Experiment in Amazonia

LMDZ Laboratoire de Météorologie Dynamique with Zoom

LOA Laboratoire d’ Optique Atmosphérique

M

MFRSR Multifilter Rotating Shadowband Radiometer

MINOS Mediterranean Intensive Oxidant Study

MISR Multi-angle Imaging SpectroRadiometer

MODIS Moderate Resolution Imaging Spectroradiometer

MPLNET Micro Pulse Lidar Network

N

NASA National Aeronautics and Space Administration

NEAQS New England Air Quality Study

NOAA National Oceanography and Atmosphere Administration

O

OMI Ozone Monitoring Instrument

P

PEM-West Western Pacific Exploratory Missions

POLDER Polarization and Directionality of the Earth’s Reflectance

PRIDE Puerto Rico Dust Experiment

R

RH Relative Humidity

RT Radiative Transfer

S

SAFARI South African Regional Science Experiment

SCAR-A Smoke, Clouds, and Radiation – America

SCAR-B Smoke, Clouds, and Radiation – Brazil

SeaWiFS Sea-viewing Wide Field-of-view Sensor

SHADE SaHAran Dust Experiment

SMOCC Smoke, Aerosols, Clouds, Rainfall and Climate

SPRINTARS Spectral Radiation-Transport Model for Aerosol Species

SSA (ω0) aerosol Single-Scattering Albedo

T

TARFOX Tropospheric Aerosol Radiative Forcing Observational Experiment

TOA Top-Of-Atmosphere

TOMS Total Ozone Mapping Spectrometer

TRACE-A TRAnsport and Chemical Evolution over the Atlantic

TRACE-P TRAnsport and Chemical Evolution over the Pacific

U

UAE2 United Arab Emirates Unified Aerosol Experiment
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L. A., Tanré, D., Slutsker, I., and Holben, B. N.: A

spatio-temporal approach for global validation and analysis of

MODIS aerosol products, Geophys. Res. Lett., 29(12), 8006,

doi:10.1029/2001GL013206, 2002.

Ichoku, C., Remer, L. A., and Eck, T. F.: Quantitative evaluation

and intercomparison of morning and afternoon MODIS aerosol

measurements from Terra and Aqua satellites, J. Geophys. Res.,

110, D10S03, doi:10.1029/2004JD004987, 2005.

Ignatov, A. and Stowe, L. L.: Aerosol retrievals from individual

AVHRR channels: I. Retrieval algorithm and transition from

Dave to 6S radiative transfer model, J. Atmos. Sci., 59, 313–334,

2002.

Intergovernmental Panel on Climate Change (IPCC): Radiative

forcing of climate change, in Climate Change 2001, Cambridge

Univ. Press, New York, Cambridge University Press, 2001.

Jacob, D. J., Crawford, J. H., Kleb, M. M., Connors, V. S., Bendura,

R. J., Raper, J. L., Sachse, G. W., Gille, J. C., Emmons, L., and

Heald, C. L.: The Transport and Chemical Evolution over the

Pacific (TRACE-P) aircraft mission: design, execution, and first

results, J. Geophys. Res., 108, 9000, 10.1029/2002JD003276,

2003.

Jacobson, M. Z.: A physically-based treatment of elemental carbon

optics: Implications for global direct forcing of aerosols, Geo-

phys. Res. Lett., 27, 217–220, 2000.

Jacobson, M. Z.: Strong radiative heating due to the mixing state

of black carbon in atmospheric aerosols, Nature, 409, 695–697,

2001.

Jin, Z., Charlock, T. P., and Rutledge, K.: Analysis of broadband

solar radiation and albedo over the ocean surface at COVE, J.

Atmos. Oceanic Technol., 19, 1585–1601, 2002.

Jin, Z., Charlock, T. P., Smith Jr., W. L., and Rutledge, K.: A pa-

rameterization of ocean surface albedo, Geophys. Res. Lett., 31,

L22301, doi:10.1029/2004GL021180, 2004.

Kahn, R., Gaitley, R., Martonchik, J. V., Diner, D. J., Crean, K. A.,

and Holben, B. N.: MISR global aerosol optical depth valida-

tion based on two years of coincident AERONET observations,

J. Geophys. Res., 110, D10S04, doi:10.1029/2004JD004706,

2005a.

Kahn, R., Li, W.-H., Martonchik, J. V., Bruegge, C., Diner, D. J.,

Gaitley, B., Abdou, W., Dubovik, O., Holben, B., Smirnov, A.,

Jin, Z., and Clark, D.: MISR low-light-level calibration, and im-

plications for aerosol retrieval over dark water, J. Atmos. Sci.,

62(4), 1032–1052, 2005b.

Kahn, R., Ogren, J. A., Ackerman, T. P., et al.: Aerosol data sources

and their roles within PARAGON, Bull. Amer. Meteorol. Soc.,

85, 1511–1522, 2004a.

Kahn, R., Anderson, J., Anderson, T. L., et al.: Environmental

snapshots from ACE-Asia, J. Geophys. Res., doi:2003JD004339,

2004b.

Kahn, R., Banerjee, P., and McDonald, D.: The sensitivity of mul-

tiangle imaging to natural mixtures of aerosols over ocean, J.

Geophys. Res., 106, 18 219–18 238, 2001.

Kalashnikova, O. V., Kahn, R., Sokolik, I. N., and Li, W-H.: The

ability of multi-angle remote sensing observations to identify and

distinguish mineral dust types: Optical models and retrievals

of optically thick plumes, J. Geophys. Res., 110, D18S14,

doi:10.1029/2004JD004550, 2005a.

Kaufman, Y. J., Setzer, A., Ward, D., Tanré, D., Holben, B. N.,
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and Eck, T.F.: Will aerosol measurements from Terra and Aqua

polar orbiting satellites represent daily aerosol abundance and

properties?, Geophys. Res. Lett., 27, 3861–3864, 2000.
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A., and Takemura, T.: Aerosol anthropogenic component es-

timated from satellite data, Geophys. Res. Lett., 32, L17804,

doi:10.1029/2005GL023125, 2005a.

Kaufman, Y. J., Remer, L. A., Tanré, D., Li, R.-R., Kleidman, R.,
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