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2.1. Introduction

Opver the past decade and since the IPCC TAR in particular, a great deal of effort has gone into improv-
ing measurement data sets (as summarized in Yu et al., 2006; Bates et al., 2006; Kahn et al., 2004a),
including

* Execution of intensive field experiments examining aerosol processes and properties in various
aerosol regimes around the globe;

* Establishment and enhancement of ground-based networks measuring aerosol properties and
radiative effects;

* Development and deployment of new and enhanced instrumentation, importantly aerosol mass
spectrometers examining size dependent composition, and;

* Development and implementation of new and enhanced satellite-borne sensors examining aero-
sol effects on atmospheric radiation.

These dedicated efforts make it feasible to shift the estimates of aerosol radiative effect and climate
forcing from largely model-based as in IPCC TAR to increasingly measurement-based as in the IPCC
Fourth Assessment Report (AR4) (IPCC 2007). Satellite measurements that are evaluated, supple-
mented, and constrained by ground-based remote sensing measurements and in-situ measurements
from intensive field campaigns, provide the basis for the regional- to global-scale assessments. Chemi-
cal transport models (CTM:s) are used to interpolate and supplement the data in regions/conditions
where observational data are not available or to assimilate data from various observations for constrain-
ing and thereby improving model simulations of aerosol impacts. These developments have played
an important role in advancing the scientific understanding of aerosol direct and indirect forcing as
documented in the IPCC AR4 (Forster et al., 2007).

In this chapter we review the capabilities of acrosol measurements developed over the past decade,
describe the synergies between different measurements and models, and discuss outstanding issues.

2.2. Overview of Aerosol Measurement Capabilities
2.2.1. Intensive Field Campaigns

Over the past two decades, more than a dozen intensive field experiments have been conducted to
study the physical, chemical, and optical properties and radiative effects of acrosols in a variety of aero-
sol regimes around the world, as listed in Table 2.1. These experiments have been designed with aero-
sol characterization as the main goal or as one of the major themes in more interdisciplinary studies.

Several of these experiments have been designed to characterize regional aerosol properties in marine
environments downwind of known continental aerosol source regions, including:

* The first Aerosol Characterization Experiment (ACE 1) which took place in the Southern Ocean

environment south of Australia to characterize background, clean marine aerosol upon which
anthropogenic forcings could be imposed (Bates et al., 1998)
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Table 2.1: List of major intensive field experiments that are relevant to acrosol research in a variety of aerosol regimes
around the globe conducted in the past two decades (adapted from Yu et al., 2006).

Aerosol Regimes

Intensive Field Experiments

Major References

Name Location Time
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
Industrial Pollution from INTEX-NA, .
North America and West ICARTT North America Summer 2004 Fehsenfeld et al., 2006
R ACE-2 Nt Abints 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 ]la9n9u9ary - February, Bates et al., 2001
INDOEX iﬁiiﬁ;;ﬁcg;tei:gm Jl;r;%agiél}gg;’ Ramanathan et al., 2001b
Brown Haze in South Asia N 4
ABC South and East Asia ongoing gggganat an and Crutzen,
EAST-AIRE China March-April, 2005 Lietal, 2007
. . Huebert et al., 2003; Seinfeld
ACE-Asia e zlissia.gnd Norch- | April, 2001 etal.. 2004
. . est Pacific
POléutIOX :'md dust mixture | TRACE-P ™ March - April, 2001 | Jacob et al., 2003
in East Asia
September-October,
PEM-West Western Pacific off East | 1991 :
A&B Asia February-March, Hoell et al., 1996; 1997
1994
BASE-A Brazil 1989 Kaufman et al., 1992
SCAR-B Brazil ‘;‘;‘g;‘“ - Septembets | oifman et al., 1998
LBA-SMOCC Amazon basin f’g’ tze(r)r(l)l;er—Novem— Andreae et al., 2004
Biomass burning smoke in
the tropics SAFARI2000 FUEITS SRR | ol AR
South Africa and South | 2000
Atlantic _ -
SAFARI92 EZE“;‘;‘;’;‘ D= s i el 19596
TRACE-A South Atlantic ?;%tzember—Octobcr, Fishman et al., 1996
SHADE X‘er?t coast of North September, 2000 Tanré etal., 2003
Mineral dusts from North rea
Africa and Arabian Penin- PRIDE Puerto Rico June — July, 2000 Reid et al., 2003
sula
UAE? Arabian Peninsula gggzsr - September, Reid et al., 2008
Remote Oceanic Aerosol ACE-1 Southern Oceans December, 1995 Bates et al., 1998; Quinn and

Coffman, 1998
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Table 2.2: Summary of major surface networks for the tropospheric aerosol characterization and climate forcing research.

Surface Network Measured/derived parameters Spatial coverage Temporal
Loading Size, shape Absorption Chemistry coverage
NASA AERO- fine-mode ~200 sites over global 1993 onward
NET fraction, land and islands
Angstrom single-scattering
exponents, albedo, absorp-
DOE ARM . asymmetr tion optical 6 sites and 4 mobile 1989 onward
ot dlgpin faZtor, pthe depth,p refractive [ facilities in North
function, indices America, Europe, and
non-spherical Asia
fraction
NOAA GMD near-surface Angstrom single-scattering | chemical 4 baseline stations, 1976 onward
extinction coef- | exponent, albedo, absorp- | composi- several regional stations,
ficient, optical upscatter frac- | tion coefficient tion in aircraft and mobile
depth, CN/ tion, asym- selected platforms
CCN number | metry factor, sites and
concentrations | hygroscopic periods
growth
AERONET- optical depth N/A N/A N/A global ocean 2004-present
MAN (periodically)
NASA MPL vertical distribu- | N/A N/A N/A ~30 sites in major conti- | 2000 onward
tions of back- nents, usually collocated
scatter/extinc- with AERONET and
tion coefficient, ARM sites and major
optical depth field experiments
IMPROVE near-surface fine and single-scattering | ions, am- 156 national parks and | 1988 onward
mass concen- coarse sepa- albedo, absorp- | monium wilderness areas in the
trations and rately tion coefficient sulfate, U.S.
extinction ammonium
coefficients by nitrate,
species organics,
elemental
carbon, fine
soil

* The second Aerosol Characterization Experiment (ACE 2) which took place in the subtropical
northeast Atlantic Ocean and focused on the European aerosol plume (Raes et al., 2000).

* The Indian Ocean Experiment (INDOEX) which characterized the plumes emanating from the
Indian subcontinent and nearby regions as they were transported out over the Indian Ocean
(Ramanathan et al., 2001).

* The Asia Aerosol Characterization Experiment (ACE-Asia) which focused on the plume down-
wind of Asia (Huebert et al., 2003) as did the Transport and Chemical Evolution over the Pacific
(TRACE-P) experiment (Jacob et al., 2003).

* The International Consortium for Atmospheric Research on Transport and Transformation
(ICARTT) experiment, Tropospheric Aerosol Radiative Forcing Observational Experiment
(TARFOX) and several other experiments that focused on the eastern U.S. plume (Fehsenfeld et
al., 2006; Russell et al., 1999; Quinn and Bates, 2003).

* The South African Regional Science Initiative (SAFARI) experiment which investigated how
the biomass burning smoke from South Africa influences atmospheric chemistry, the radiation
budget, and climate (King et al., 2003).

* The SaHAran Dust Experiment (SHADE), Puerto Rico Dust Experiment (PRIDE), and the
United Arab Emirates Unified Aerosol Experiment (UAE2) which focused on dust plumes from
North Africa and the Arabian Peninsula (Tanré et al., 2003; Reid et al., 2003).
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* The DOE Aecrosol Intensive Operating Period (AIOP) field studies under the Atmospheric Ra-
diation Measurement (ARM) program that targeted at characterizing aerosol optical properties
and radiative influence (Ferrare et al., 20006).

* Field studies that examine aerosol formation and near source evolution in urban regions (Solo-
mon et al., 2003; Zhang et al., 2004; Salcedo et al., 2006).

During each of these comprehensive experiments, aerosols were studied in great detail, using com-
binations of in-situ and remote sensing observations of physical and chemical properties from vari-
ous platforms (e.g., air-
craft, ship, satellite, and
ground-based  networks)
and numerical modeling.
In spite of their relatively
short duration, these field
experiments have acquired
comprehensive data sets of
regional aerosol properties
that can be compared and
compiled to understand

the complex interactions
of aerosols within the earth

Figure 2.1: Geographical coverage of active AERONET sites in 2006.

and atmosphere system.
2.2.2. Ground-based Remote Sensing and In-Situ Measurement Networks

Major surface networks for the tropospheric aerosol characterization and climate forcing research are
listed in Table 2.2.

2.2.2.1. Ground-based remote sensing.

The Aerosol Robotic Network (AERONET) program is a federated ground-based remote sensing net-
work of well-calibrated sun photometers and radiometers (http://acronet.gsfc.nasa.gov). AERONET
includes about 200 sites around the world, covering all major tropospheric aerosol regimes (Holben et
al., 1998; 2001), as illustrated in Figure 2.1. Spectral measurements of sun and sky radiance are cali-
brated and screened for cloud-free conditions (Smirnov et al., 2000). AERONET stations provide:

* direct, calibrated measurements of spectral aerosol optical depth (AOD or t) (normally at wave-
lengths of 440, 670, 870, and 1020 nm) with an accuracy of +0.015 (Eck et al. 1999), and

* inversion-based retrievals of a variety of effective, column-mean properties, including aerosol
single-scattering albedo (SSA4 or ® 0), size distributions, fine-mode fraction, the degree of non-
sphericity, phase function, and asymmetry factor (Dubovik et al., 2000; Dubovik and King,
2001; Dubovik et al., 2002; O’Neill, et al., 2004). These retrieved parameters are systematically
validated by comparison to emerging in-situ measurements with improved accuracy (e.g., Hay-
wood et al., 2003; Magi et al., 2005; Leahy et al., 2007).

21



Climate Change Science Program SAP 2.3

Recent developments associated with AERONET algorithms and data products include:

* simultaneous retrieval of aerosol and surface properties using combined AERONET and satel-
lite measurements (Sinyuk et al., 2007);

e the addition of ocean color and high frequency solar flux measurements;

* the establishment of the Maritime Aerosol Network (MAN) component to monitor aerosols
over the World oceans (Smirnov et al., 2006); and

* the extension of observations of cloud optical properties and cloud cover (Marshak et al., 2004;
Kaufman and Koren, 20006).

Because of consistent calibration, cloud-screening, and retrieval methods, uniform data are available
for all stations, some of which have operated for over 10 years. These data constitute 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, 2006; Remer et al., 2005; Kahn et al., 2005a). In addition,
AERONET retrievals of acrosol size distribution and refractive indices have been used in algorithm
development for satellite sensors (Remer et al., 2005; Levy et al., 2007a).

AERONET measurements have been complemented by other ground-based aerosol networks with
less geographical or temporal coverage, such as the Atmospheric Radiation Measurement (ARM) net-
work (Ackerman and Stokes, 2003) and other networks with multifilter rotating shadowband radiom-
eter (MFRSR) (Harrison et al., 1994; Michalsky et al., 2001), the NOAA Global Monitoring Division
(GMD) network (e.g., Delene and Ogren, 2002; Sheridan and Ogren, 1999), the Interagency Moni-
toring of Protected Visual Environment (/MPROVE) (Malm et al., 1994), and several lidar networks
including

* NASA Micro Pulse Lidar Network (MPLNET) (Welton et al., 2001; 2002);

* Regional East Atmospheric Lidar Mesonet (REALM) in North America (Hoff et al, 2002; 2004);

* European Aerosol Research Lidar Network (EARLINET) (Matthias et al., 2004); and

e Asian Dust Network (AD-Net) (e.g., Murayama et al., 2001).

* The aerosol extinction profiles derived from these lidar networks with state-of-the-art techniques
(Schmid et al., 2006) are pivotal to a better assessment of aerosol climate forcing and atmo-
spheric responses.

2.2.2.2. In-situ measurement networks.

Long-term in-situ measurements of aerosol optical properties and chemical composition have been
made in several of the regions where recent intensive field campaigns have been conducted. These
measurements are part of the NOAA GMD aerosol monitoring program (Delene and Ogren, 2002;
Sheridan and Ogren, 1999; Quinn et al., 2000). The measurement protocols are similar to those used
during the intensive campaigns and the measurement periods often encompass the intensive campaign
time periods. Hence, they provide a longer-term measure of the means and variability of aerosol prop-
erties and context for the shorter duration measurements of the intensive field campaigns.
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2.2.3. Satellite Remote Sensing

A measurement-based characterization of aerosols on a global scale can only be realized through sat-
ellite remote sensing, due to the large spatial and temporal heterogeneities of aerosol distributions.
Monitoring aerosols from space has been performed for over two decades and is planned for the com-
ing decade with enhanced capabilities (King et al., 1999; Foster et al., 2007; Lee et al., 2006; Mish-
chenko et al., 2007a). Table 2.3 summarizes major satellite measurements currently available for the
tropospheric aerosol characterization and climate forcing research.

Early aerosol monitoring from space relied on sensors that were designed for other purposes. The Ad-
vanced Very High Resolution Radiometer (AVHRR), intended as a weather satellite, provides radiance
observations in the visible and near infrared wavelengths that are sensitive to aerosol properties over the
ocean (Husar et al., 1997; Mishchenko et al., 1999). Originally intended for ozone monitoring, the
ultraviolet channels used for the Total Ozone Mapping Spectrometer (7OMS) are sensitive to acrosol
absorption with little surface interferences, even over land (Torres et al., 1998). TOMS has proved to
be extremely successful 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, the Ozone
Monitoring Instrument (OM]I) aboard Aura, has improved on such advantages. Such historical sensors
have provided multi-decadal climatology of aerosol optical depth that has significantly advanced the
understanding of acrosol distributions and long-term variability (e.g., Geogdzhayev et al., 2002; Torres
et al., 2002; Massie et al., 2004; Mishchenko et al., 2007b).

Opver the past decade, satellite acrosol retrievals have become increasingly sophisticated. Now, satellites
measure the angular dependence of polarization and radiance in multiple wavelengths in the ultravio-
let (UV) through the infrared (IR) at fine temporal and spatial resolution. From these observations,
retrieved aerosol products include not only optical depth at one wavelength, but spectral optical 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 and onboard calibration
is now widely available. Examples of such new and enhanced sensors include MODerate resolution
Imaging Spectroradiometer (MODIS, see Box 2.1), Multi-angle Imaging SpectroRadiometer (MISR,
see Box 2.2), Polarization and Directionality of the Earth’s Reflectance (POLDER), OMI, among oth-
ers. The Clouds and the Earth’s Energy System (CERES, see Box 2.3) measures broadband solar and
terrestrial radiances. These radiation measurements in combination with satellite retrievals of aerosol
can be used to deduce observational-based aerosol direct effect and forcing.

Complementary to these passive sensors, active remote sensing from space is also making promising
progress (see Box 2.4). Both the Geoscience Laser Altimeter System (GLAS) and the Cloud and Aero-
sol Lidar with Orthogonal Polarization (CALIOP) are collecting essential information about aerosol
vertical distributions. Furthermore, the constellation of six afternoon-overpass spacecrafts (as illus-
trated in Figure 2.2), so-called A-7rain (Stephens et al., 2002) makes it possible for the first time to
conduct near simultaneous (within 15-minutes) measurements of aerosols, clouds, and radiative luxes
in multiple dimensions with sensors with complementary capabilities.
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Table 2.3: Summary of major satellite measurements currently available for the tropospheric aerosol characterization and
climate forcing research.

Category Properties | Sensor/platform Parameters Spatial coverage Temporal coverage
Column- Loading AVHRR/NOAA- | optical depth global ocean 1981-present
integrated series

TOMS/Nimbus, global land+ocean 1979-2001
ADEOSI, EP
POLDER-1, -2, 1997-present
PARASOL
MODIS/Terra, 2000-present (Terra)
Aqua 2002-present (Aqua)
MISR/Terra 2000-present
OMI/Aura 2005-present
Size, shape | AVHRR/NOAA- | Angstrom expo- global ocean 1981-present
series nent
POLDER-1, -2, | fine-mode frac- global land+ocean 1997-present
PARASOL tion, Angstrom
exponent, non-
spherical fraction
MODIS/Terra, fine-mode frac- global land+ocean (better 2000-present (Terra)
Aqua tion quality over ocean) 2002-present (Aqua)
Angstrom expo-
nent
Effective radius global ocean
Asymmetry factor
MISR/Terra Angstrom expo-
nent global land+ocean 2000-present
Non-spherical
fraction
Absorption | TOMS/Nimbus, | Absorbing aerosol | global land+ocean 1979-2001
ADEOSI, EP index, single-
OMI/Aura scattering albc{do, 2005-present
absorbing optical
depth
MISR/Terra Single-scattering 2000-present
albedo
Vertical- Loading, GLAS/ICESat Extinction/back- | global land+ocean, 16-day 2003-present (~3months/
resolved size, and scatter repeating cycle, single-nadir | year)
shape CALIOP/CALIP- | Extinction/ measurement 2006-present
SO backscatter, color
ratio, depolariza-
tion ratio
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Box 2.1: MODerate resolution Imaging Spectroradiometer

MODIS performs near global daily observations of atmospheric acrosols. Seven of 36 channels (between 0.47
and 2.13 pm) are used to retrieve aerosol properties over cloud and surface-screened areas (Martins et al., 2002;
Li et al., 2004). Over vegetated land, MODIS retrieves aerosol optical depth at three visible channels with high
accuracy of £0.0520.2t (Kaufman et al., 1997; Chu et al., 2002; Remer et al., 2005; Levy et al., 2007b). Most
recently a deep-blue algorithm (Hsu et al., 2004) has been implemented to retrieve aerosols over bright deserts
on an operational basis. Because of the greater simplicity of the ocean surface, MODIS has the unique capability
of retrieving not only acrosol optical depth with greater accuracy, i.e., £0.03+0.05t (Tanré et al., 1997; Remer et
al., 2002; 2005), but also quantitative acrosol size parameters (e.g., effective radius, fine-mode fraction of AOD)
(Kaufman et al., 2002a; Remer et al., 2005; Kleidman et al., 2005). The fine-mode fraction has been used as a tool
for separating anthropogenic aerosol from natural ones and estimating the anthropogenic aerosol direct climate
forcing (Kaufman et al., 2005a,b). Figure 2.3 shows composites of MODIS AOD and fine-mode fraction that
illustrate seasonal and geographical variations of aerosol types. Clearly seen from the figure is heavy pollution
over East Asia in both months, biomass burning smoke over South Africa, South America, and Southeast Asia in
September, heavy dust storms over North Africa and North Atlantic in both months and over northern China in
March, and a mixture of dust and pollution plume swept across North Pacific in March.

(a) March 2006

(b) September 2006

Figure 2.3: Left panel: 7-year climatology of aerosol optical depth at 550 nm. Right panel: A composite of
MODIS observed aerosol optical depth (at 550 nm) and fine-mode fraction that shows spatial and seasonal
variations of aerosol types. Industrial pollution and biomass burning aerosols are predominated by small particles
(shown as red), while mineral dust consists of a large fraction of large particles (shown as green). Bright red and
bright green indicate heavy pollution and dust plumes, respectively. The plots are generated from MODIS/Terra
Collection 5 data.
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Box 2.2: Multi-angle Imaging SpectroRadiometer

MISR, aboard the sun-synchronous polar orbiting satellite Terra, measures upwelling solar radiance in four visible
spectral bands and at nine view angles spread out in the forward and aft directions along the flight path (Diner
et al., 2002). It acquires global coverage about once per week. A wide range of along-track view angles makes it
feasible to more accurately evaluate the surface contribution to the TOA radiances and hence retrieve aerosols over
both ocean and land surfaces, including bright desert and sunglint regions (Diner et al., 1998; Martonchik et al.,
1998a; 2002; Kahn et al., 2005a). MISR AOD:s are within 20% or +0.05 of coincident AERONET measure-
ments (Kahn etal., 2005a; Abdou et al., 2005). 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., 2005). These quantities are of interest in—and-of themselves for identifying aero-
sol airmass types, and should also help further refine aerosol retrieval algorithms. MISR also retrieves altitudes of
aerosol plumes (biomass burning smoke, volcanic effluent, and mineral dust) where the plumes have discernable
spatial contrast (Kahn et al., 2007). Figure 2.4 is an example that illustrates MISR’s capability of characterizing
the load, optical properties, and stereo height of near-source fire plumes.

Figure 2.4: Oregon fire on September 4, 2003 as observed by MISR: (a) MISR nadir view of the fire plume, with
five patch locations numbered and wind-vectors superposed in yellow; (b) MISR aerosol optical depth at 558 nm;
and (c) MISR stereo height without wind correction for the same region (taken from Kahn et al., 2007).

Box 2.3: Clouds and the Earth’s Radiant Energy System

CERES measures broadband solar and terrestrial radiances 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 (ADM:s) 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 expected flux for an
aerosol-free atmosphere, in conjunction with measurements of aerosol optical depth from other sensors (e.g.,
MODIS, and MISR) to derive the aerosol direct effect and climate forcing (Loeb and Manalo-Smith, 2005;
Zhang and Christopher, 2003; Zhang et al., 2005b; Christopher et al., 2006). The derived instantaneous value
is then scaled to obtain a daily average. 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 overcome this limita-
tion (Loeb and Manalo-Smith, 2005; Zhang et al., 2005b).
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Box 2.4: Active Remote Sensing of Aerosols

Following a demonstration aboard the U.S. Space Shuttle mission in 1994, the Geoscience Laser Altimeter Sys-
tem (GLAS) was launched in early 2003 to become the first polar orbiting satellite lidar. It provides global aerosol
and cloud profiling for a one-month period out of every three-to-six months. It has been demonstrated that
GLAS is capable of detecting and discriminating multiple layer clouds, atmospheric boundary layer aerosols, and
elevated acrosol layers (e.g., Spinhirne et al., 2005). The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO), launched on April 28, 2006, is carrying a lidar instrument (Cloud and Aerosol Lidar
with Orthogonal Polarization - CALIOP) that has been collecting profiles of the attenuated backscatter at visible
and near-infrared wavelengths along with polarized backscatter in the visible channel (Winker et al., 2003). Fly-
ing in formation with the Aqua, AURA, POLDER, and CloudSat satellites, this vertically resolved information is
expected to greatly improve passive acrosol and cloud retrievals as well as allow the development of new retrieval
products (see Kaufman et al., 2003; Léon et al., 2003).

Figure 2.2: A constel- E
lation of six spacecrafts S The A-Train
with afternoon over- - T ——

e

pass, so-called A-Train,
will provide an unprec-
edented opportunity of
studying aerosols and
clouds from the space
in multiple dimensions
with sensors with com-
plimentary  capabili-
ties. The formation of
A-Train is expected to
complete when OCO
is launched in 2008.

The high accuracy of aerosol products (mainly aerosol optical depth) from these new-generation sen-
sors, together with improvements in characterizing the earth’s surface and clouds, can help reduce the
uncertainties associated with the aerosol direct radiative effect (Yu et al., 2006; and references therein).
The retrieved aerosol size parameters can help distinguish anthropogenic aerosols from natural aerosols
and hence help assess the anthropogenic aerosol radiative forcing (Kaufman et al., 2005a, b; Bellouin
et al., 2005; Christopher et al., 2006; Yu et al., 20006).

Finally, algorithms are being developed to retrieve aerosol absorption or single-scattering albedo from
satellite observations (e.g., Kaufman et al., 2002b; Torres et al., 2005). The NASA Glory mission,
scheduled to launch in 2008 and to be added to the A-Train, will deploy a multi-angle, multi-spectral
polarimeter to determine the global distribution of aerosol and clouds. It will also be able to infer mi-
crophysical properties, and chemical composition by source type (e.g., marine, dust, pollution, etc.)
of aerosols with accuracy and coverage sufficient for improving quantification of the aerosol direct and
indirect effects on climate (Mishchenko et al., 2007b).

27



Climate Change Science Program SAP 2.3

2.2.4. Synergy of Measurements and Model Simulations

As discussed earlier, aerosols and their climate forcing have been observationally studied through the
establishment and enhancement of ground-based networks, the development and implementation of
new and enhanced satellite sensors, and the execution of intensive field experiments. However, none
of these approaches alone is adequate to characterize large spatial and temporal variations of acrosol
physical and chemical properties and to address complex aerosol-climate interactions. Individual ap-
proaches have their own strengths and limitations, and are usually complementary. For example, while
ground-based networks and intensive field experiments provide the most accurate information about
aerosol properties that is required for evaluating and constraining satellite retrievals and model simula-
tions, they are lacking in spatial and/or temporal coverage. Satellite remote sensing can augment the
ground networks and field experiments by expanding the temporal and spatial coverage, but can only
offer limited retrievable parameters (as determined by sensor’s wavelength channels, viewing angles,
and polarization capability) and usually only under cloud free conditions. Therefore, the best strategy
for characterizing aerosols is to integrate measurements from different satellite sensors with comple-
mentary capabilities from sub-orbital measurements.

Models are versatile, although imperfect tools for studying aerosols in both clear and cloudy conditions
and providing information on chemical composition that can not be directly observed from satellites.
Model simulation is also an indispensable tool for estimating past aerosol forcing and projecting fu-
ture climate due to changes in atmospheric aerosols. On the other hand, model simulations have large
uncertainties because of the difficulties in realistically representing the aerosol life cycle. Along with
improving representation of various processes within models, observations are essential for constrain-
ing model simulations of aerosol climate impacts through data synthesis.

In the following, we discuss several synergistic approaches to studying aerosols and their climate forc-
ing, including closure studies involving multiple independent data sets, constraint of model aerosol
optical properties with in-situ measurements, and integration of satellite observations into models.

Closure Studies: During intensive field experiments, multiple platforms and instruments are deployed
to sample the same air mass through a well-coordinated experimental design. Often, several different
independent methods are used to measure or derive a single aerosol property or radiative effect. This
combination of methods can be used to identify inconsistencies in the measurements and to quantify
uncertainties in aerosol characterization and estimates of aerosol radiative effects. This approach, often
referred to as a closure study, has been widely employed on both individual measurement platforms
(local closure) and in studies involving vertical measurements through the atmospheric column by one
or more platforms (column closure) (Quinn et al., 1996; Russell et al., 1997).

As summarized in Bates et al. (2000), acrosol closure studies reveal that the best agreement between
measurements occurs for submicrometer, spherical aerosol particles. For submicrometer sulfate/carbo-
naceous aerosol, measurements of aerosol optical properties and optical depths agree within 10 to 15%
and often better. Larger particle sizes present inlet collection efficiency difficulties and non-spherical
particles (e.g., dust) lead to differences in instrumental response. Comparisons of optical depth for an
aerosol dominated by dust reveal disagreements between methods of up to 35%. Closure studies on
DRE reveal uncertainties of about 25% for sulfate/carbonaceous aerosol and 60% for dust. Future
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closure studies are needed to integrate surface- and satellite-based radiometric measurements of AOD
with in-situ optical, microphysical, and aircraft radiometric measurements. There is also a need to
maintain consistency in comparing results and expressing uncertainties (Bates et al., 2000).

Constraining models with in-situ measurements: In-situ measurements of aerosol chemical, micro-
physical, and optical properties, with a known accuracy based, in part, on closure studies, can be used
to constrain regional CTM simulations of acrosol DRE and DCE as described by Bates et al. (2006).
A key step in the approach is assigning empirically derived optical properties to the individual chemi-
cal components generated by the CTM for use in a Radiative Transfer Model (RTM). Specifically,
regional data from focused, short-duration field programs can be segregated according to aerosol type
(sea salt, dust, or sulfate/carbonaceous) based on measured chemical composition and particle size.
Corresponding measured optical properties can be carried along in the sorting process so that they,
too, are segregated by aerosol type. The so-derived intensive aerosol properties for individual aerosol
types, including mass scattering efficiency, single-scattering albedo, and asymmetry factor, and their
dependences on relative humidity, are used in place of @ priori values in CTMs. Bates et al. (2006)
show that such constraint leads to about a 30% increase in DRE and DCEF estimates in a regional and
a global CTM, compared to model calculations based on @ priori optical properties. Data from short-
term, focused experiments are limited in their ability to constrain model-simulated extensive proper-
ties of aerosols, such as concentration and AOD, as these properties are much more heterogeneous
in space and time than the intensive properties. Long-term in-situ measurements as well as satellite
observations are more suited for constraining extensive aerosol properties.

Integration of satellite measurements into model simulations: Global measurements of acrosols
(mainly AOD) from satellites can also be used to improve the performance of aerosol model simu-
lations and hence the assessment of the acrosol direct radiative effect through data assimilation or
objective analysis process (e.g., Collins et al., 2001; Yu et al., 2003; 2004, 2006; Liu et al., 2005).
Both satellite retrievals and model simulations have uncertainties. The goal of data integration is to
minimize the discrepancies between them, and to form an optimal estimate of aerosol distributions by
combining them with weights inversely proportional to the square of the errors of individual descrip-
tions. Such integration can fill gaps in satellite retrievals and generate global distributions of aerosols
that are consistent with ground-based measurements (Collins et al., 2001; Yu et al., 2003, 2006; Liu
et al., 2005). Recent efforts have focused on retrieving global sources of acrosol from satellite obser-
vations using inverse modeling which may be potentially valuable for reducing large uncertainties of
aerosol simulations (Dubovik et al., 2007).

2.3. Assessments of Aerosol Characterization and Climate Forcing

In this section we focus on the assessment of measurement-based aerosol characterization and its use
in improving estimates of the direct radiative effect and climate forcing on regional and global scales.
In-situ measurements provide highly accurate aerosol chemical, microphysical, and optical properties
on a regional basis and for the particular time period of a given experiment. Remote sensing from satel-
lites and ground-based networks provide spatial and temporal coverage that intensive field campaigns
lack. Both in-situ measurements and remote sensing have been used to determine key parameters for
estimating aerosol direct climate forcing including aerosol single scattering albedo, asymmetry factor,
optical depth, and direct radiative effect. Remote sensing has also been providing simultaneous mea-
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Figure 2.5. Locations of field campaigns that served as the source of data used to constrain model estimates of DRE and
DCEF in the Bates et al. (2006) study. Solid boxes show the regional CTM domains. Shaded areas show the regions use for
the DRE and DCEF calculations.

surements of aerosol and radiative fluxes that can be combined to derive aerosol direct radiative effect
and climate forcing at the TOA with relaxed requirement for characterizing aerosol intensive proper-
ties. We also discuss progress in using both satellite and surface-based remote sensing measurements to
study aerosol-cloud interactions and indirect effects.

2.3.1. The Use of Regional Aerosol Chemical and Optical Properties to Improve Model Estimates of DRE
and DCF

The wide variety of acrosol data sets from intensive field campaigns provide a rigorous “test bed” for
model simulations of aerosol distributions and estimates of DRE and DCE, as demonstrated in Bates
etal. (2006). The approach taken by Bates et al. to constrain estimates of DRE and DCEF is as follows.
CTMs were used to calculate dry mass concentrations of the dominant aerosol species (sulfate, organic
carbon, black carbon, sea salt, and dust). In-situ measurements were used to calculate the correspond-
ing optical properties for each acrosol type for use in a radiative transfer model (RTM). Aerosol DRE
and DCF estimated by using the empirically derived and a priori optical properties were then com-
pared. In addition, in-situ and ground-based remote measurements were used to check or validate both

the CTM and the RTM output.

Here we discuss the details of the acrosol chemical and optical properties in the three regions consid-
ered by Bates et al. (see Figure 2.5) and the use of these empirically-determined properties in improv-
ing model estimates of aerosol burdens, DRE, and DCE These regions include:

* the Northern Indian Ocean (NIO) where INDOEX took place in 1999.

* the Northwestern Pacific Ocean (NPO) where ACE-Asia took place in 2001.

e the Northwestern Adantic Ocean (NWA) where the New England Air Quality Study
(NEAQS-2002) occurred in 2002 and ICARTT occurred in 2004.

The NIO, NPO, and NWA each have distinct aerosol properties due to differences in upwind sources.
Variability in aerosol mass concentration and chemical composition for the three regions is shown
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in Figure 2.6 for the submicrometer (acrodynamic diameter between 0.1 and 1 pm) and supermi-
crometer (aerodynamic diameter between 1 and 10 pm) aerosol. The data in Figure 6 are based on
measurements onboard the NOAA RV Ronald H. Brown using standardized sampling protocols which
minimizes sampling biases and, hence, allows for a direct comparison of the data from all three experi-
ments (Quinn and Bates, 2005).

Although the mean submicrometer acrosol mass concentrations were similar between the three regions
(15 to 20 pg m?), the aerosol composition differed. INDOEX took place during the dry winter mon-
soon season, which is characterized by large-scale subsidence and northeasterly flow from the Indian
subcontinent to the northern Indian Ocean. Submicrometer aerosol was dominated by sulfate and
dust/fly ash with a significant contribution from BC. Emissions of BC from India result primarily
from residential combustion (biofuel) with contributions from industry and transportation.

ACE-Asia took place during the spring when dust outbreaks over the Gobi desert are most frequent
and intense. The submicrometer aerosol measured during ACE-Asia was primarily sulfate, POM, and
dust while the supermicrometer aerosol was dominated by dust. The large supermicrometer mass
concentrations measured during ACE-Asia indicate the large aerosol loadings that result from the
springtime dust outbreaks.

Sub-micrometer acrosol mass concentrations measured during ICARTT were uniquely dominated by
POM and sulfate. Based on modeling studies and statistical comparisons to gas phase volatile organic
tracer compounds, the POM appears to be mainly of anthropogenic origin (de Gouw et al., 2005;
Quinn et al., 20006).

Several factors contribute to the uncertainty of CTM calculations of size distributed aerosol com-
position including emissions, aerosol removal by wet deposition, chemical processes involved in the
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Figure 2.6: Submicrometer aerosol a) mass concentrations and b) mass fractions of the dominant chemical components
measured during INDOEX, ACE-Asia, and ICARTT onboard Ronald H. Brown. Similarly, supermicrometer acrosol c)
mass concentrations and d) mass fractions of the dominant chemical components measured during INDOEX, ACE-Asia,
and ICARTT onboard Ronald H. Brown. Values are shown at the measurement RH of 55+5%.
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Figure 2.7: Comparison of the mean concentration (pg m*) and standard deviation of the modeled (STEM) aerosol chemi-
cal components with those observed on the RV Ronald H. Brown during INDOEX, ACE-Asia, and ICARTT. After Bates
et al. (20006).

formation of secondary aerosols, vertical transport, and meteorological fields including the timing and
amount of precipitation, formation of clouds, and relative humidity. In-situ measurements made dur-
ing the intensive field campaigns described above provide a point of comparison for the CTM gener-
ated aerosol distributions at the surface and at discrete points above the surface. Such comparisons are
useful for identifying areas where the models need improvement.

The submicrometer, supermicrometer, and sub-10 micrometer aerosol chemical components mea-
sured during INDOEX, ACE-Asia, and ICARTT are compared with those calculated with the Sulfate
Transport and dEposition Model (STEM) (e.g., Carmichael et al., 2002, 2003; Tang et al., 2003,
2004; Bates et al., 2004; Streets et al., 20006a), as shown in Figure 2.7. To directly compare the mea-
sured (RV Ronald H. Brown) and modeled values, the model was sampled at the times and locations of
the shipboard measurements every 30 min along the cruise track. The best agreement is found for sub-
micrometer sulfate and BC. Large discrepancies between the modeled and measured values occur for
submicrometer POM (INDOEX), dust (ACE-Asia), and sea salt (all regions). In the super-micrometer
size range, large disagreements occur for dust (INDOEX) and sea salt INDOEX and ACE-Asia). The
total mass of the supermicrometer aerosol is underestimated by the model by about a factor of 3.

A comparison of the modeled and measured
mass fractions of the chemical components
for the three size ranges is shown in Figure
o 2.8. The model is able to duplicate the mea-
surements to the degree that the sub-mi-
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Figure 2.8. Mass fractions of the acrosol chemical components for
INDOEX, ACE-Asia, and ICARTT based on shipboard measure- ..
ments and STEM model calculations. Left panel is submicrom- emission models used for the components.
eter aerosol, middle panel is supermicrometer aerosol, and righe ~ Uncertainties in the column amounts of sea
panel is sub-10 micrometer aerosol. After Bates et al. (20006). salt and dust are Signiﬁcant as both compo-
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nents contribute substantially to AOD and DRE. In addition, both of these components can interact
with gas and particle phase species thereby impacting concentrations and size distributions of anthro-
pogenic aerosol components.

Further comparisons made by Bates et al. (2006) between STEM and aircraft-derived component con-
centrations revealed that 1) model results are better at altitudes less than 2 km due to the uncertainties
in modeling vertical transport and removal processes; 2) dust and sea salt are underestimated, likely
due to errors in model-calculated emissions and parameterizations of removal processes; and 3) the
agreement is best for sulfate due to greater accuracy in emissions, chemical conversion, and removal
for this component.

Empirically determined optical properties of interest in the calculation of DRE and DCF are com-
pared for the three regions in Figure 2.9. The dependence of these parameters on particle size (sub-
micrometer vs. super-micrometer) and wavelength (450, 550, and 700 nm) is indicated. Single scat-
tering albedo shows a strong dependence on both wavelength and particle size. Values are the lowest
for sub-micrometer aerosol measured during INDOEX which corresponds with the relatively large
sub-micrometer BC mass fractions observed in NIO region (as shown in Figure 7). Although there is
a strong wavelength-dependence of acrosol scattering efficiency, values of mass scattering efficiency are
similar among the three geographical regions, indicating that the variability in aerosol size distribution
(modal diameter and width) or particle shape is not large enough to lead to significant regional dif-
ferences (Quinn and Bates, 2005). The hemispheric backscattered fraction, b, derived from measure-
ments made with an integrating nephelometer, is a complex function of particle size and shape.

SN

1.00
0.95
0.80
©0.85
® 0.804

0.75 ’

0.70 L+

1

" ACE Asia ICARTT
= b

|7 ACE Asia ICARTT

T obex

o m2 g1
=3 I LR E =00
Lol olalal,ll

03.  INDOEX
0.2 TR q_u ‘ —
® g1, 4k oo E%EF:LH"['*

0.0-9—

p
T T T T 1 1 T

T T T T
INDOEX ACE Asia

ICARTT

Figure 2.9: Mean and variability in single scattering albedo (w, ), mass scattering efficiency (o), and backscattered fraction
(b) for INDOEX, ACE-Asia, and ICARTT. Submicrometer values are solid bars, supermicrometer values are open bars.
Wavelength is indicated by color (blue = 450 nm, green = 550 nm, red = 700 nm). The horizontal lines in the box denote
the 25", 50, and 75" percentiles. The whisker denotes the 5* and 95" percentiles. The x denotes the 1* and 99" percentile.
The square denotes the mean. Values are shown at the measurement RH of 55 + 5%.
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While the data discussed here (chemical composition shown in Figure 2.6 and optical properties
shown in Figure 2.9) are representative of conditions in the marine boundary layer during intensive
field campaigns, they can be extended to cover a broader spatial and temporal scale through com-
parisons with surface-based observations and aircraft data during the campaigns, as well as long-term
surface network measurements (Bates et al., 2000).

A key step in the Bates et al. approach is assigning empirically derived optical properties to the individual
chemical components generated by the CTM for use in the RTM. Carrying the individual components
through the RTM calculations (rather than the total aerosol) is required to attribute DRE and DCF to
specific aerosol components. However, aerosol optical properties measured during field campaigns are,
in general, characteristic of the total aerosol, not the individual species. In order to use the measure-
ments to derive optical properties of individual components, the following assumptions were made: 1)
aerosol mass over the ocean regions is present in an accumulation and a coarse mode, 2) sea salt and/or
dust are present as external mixtures in the coarse mode (or supermicrometer size range), and 3) sulfate,
OC, BC, and ammonium are internally mixed and exist entirely in the accumulation mode (submi-
crometer size range). Data for the NIO, NWP and N'WA were segregated according to acrosol type (sea
salt, dust, or sulfate/carbonaceous) based on measured chemical composition and particle size thereby
isolating the sulfate/carbonaceous accumulation mode aerosol from the dust and sea salt coarse mode.
Measured optical properties were carried along in the sorting process so that they, too, were segregated
by aerosol type. As a result of this analysis, optical properties were estimated based on measurements as
a function of aerosol size, type (composition), relative humidity, and wavelength.

One outcome of the Bates et al. analysis was a formal parameterization of the enhancement in light
scattering due to the uptake of water vapor by aerosol particles [f, (RH)] for sulfate/carbonaceous
aerosol mixtures. Prior to this analysis, both model and measurement studies revealed that POM
internally mixed with water soluble salts can reduce the hygroscopic response of the aerosol, which
decreases its water content and ability to scatter light at elevated relative humidities (e.g., Saxena et al.,
1995; Carrico et al., 2005). Measurements made during INDOEX, ACE-Asia, and ICARTT revealed
a substantial decrease in £, SP(RH) with an increasing mass fraction of POM in the accumulation mode.
Based on these data, a relationship between f, SP(RH) and the POM mass fraction was developed for
accumulation mode sulfate-POM aerosol (Quinn et al., 2005). The relationship is given by

Joy ®H, RH ) = 0, (RH)/ 0 (RH, ) = [(100 -~ RH, )/(100 — RH)] * (1)
where
Y,=0.9-0.6"F )
and
F =C/(C,+C) 3).
C, and C; are the measured mass concentrations of submicrometer POM and sulfate, respectively.

The radiative transfer calculations of Bates et al. used the CTM output of C, and C_ in Equation (3)
to determine y .
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To compare the results using the @ priori and empirically-derived optical properties, Bates et al. calcu-
lated DRE and DCEF once using the optical properties built into the radiation code (4 priori) and once
using the observed properties (constrained). In addition, two RTMs (GFDL AM2 (GAMDT, 2004)
and the University of Michigan (Liu et al., 2007)) were run with input from two different CTMs
(STEM and MOZART). Results of the comparison of @ priori versus constrained RTM runs include
the following. The constrained optical properties derived from measurements increased the calculated
AOD (34 + 8%), TOA DRE (32 + 12%), and TOA DCEF (37 + 7%) relative to runs using the a priori
values. These increases are due to the larger values of the constrained mass extinction efficiencies rela-
tive to the @ priori values. In addition, differences in AOD due to using the aerosol loadings from
MOZART versus those from STEM are much greater than differences resulting from the a priori vs.
constrained RTM runs. This result reflects the fact that DRE and DCEF are linearly proportional to the
amount of aerosol present.

The use of empirically-derived aerosol properties to assess model output (both CTM and RTM) and
to serve as input to RTM calculations revealed that 1) uncertainties in calculated AOD and DRE are
large and due primarily to the large uncertainties in the emissions and burdens of dust and sea salt,
2) the choice of aerosol optical properties (a priori or constrained) is a much smaller source of un-
certainty in estimates of AOD, DRE, and DCF than is the choice of chemical transport model that
determines the aerosol field for use in the radiative transfer calculations, and 3) the use of constrained
optical properties led to values of AOD that were about 30% larger than those based on a priori opti-
cal properties. Similarly, the use of constrained optical properties led to about a 30% increase in TOA
DRE and DCEF indicating that AOD, DRE, and DCE for these experimental regions, may be greater
than previously estimated.

2.3.2. Intercomparisons of Satellite Measurements and Model Simulation of Aerosol Optical Depth

Given the fact that DRE and DCEF are proportional to the amount of aerosol present, it is of first order
importance to improve the spatial characterization of aerosol optical depth (AOD) on a global scale.
This requires an evaluation of the various remote sensing data sets of AOD and comparison with mod-
el-estimates of AOD. The latter comparison is particularly important if we are to use models to predict
future climate states. Both remote sensing and model simulation have uncertainties and satellite-model
integration is needed to obtain an optimum description of aerosol distribution.

Figure 2.10 shows an intercomparison of annual average aerosol optical depth at 550 nm from two re-

cent aerosol-oriented satellite sensors (MODIS and MISR), five model simulations (GOCART, GISS,

35



Climate Change Science Program SAP 2.3

100% - .
Figure 2.11: Percentage contributions of in-  80% -:. . . .: =SS
dividual aerosol components (SU — sulfate, . DU
BC - black carbon, POM - particulate or- 60% T— T POM
ganic matter, DU — dust, SS — sea-salt) to  40% +— . — |mBC
the total acrosol optical depth (at 550 nm) - — | su
on a global scale simulated by the five models 20% 1— T
(data taken from Kinne et al., 20006). 0%
A
I G
691/ 01' @é 00
% & K

SPRINTARS, LMDZ-LOA, LMDZ-INCA) and three satellite-model integrations (MO_GO, MI_
GO, MO_MI_GO). These model-satellite integrations are conducted by using an optimum interpo-
lation approach (Yu et al., 2003) to constrain GOCART simulated AOD with that from MODIS,
MISR, or MODIS over ocean and MISR over land, denoted as MO_GO, MI_GO, and MO_MI_
GO, respectively. MODIS values of AOD are from Terra Collection 4 retrievals and MISR AOD is
based on early post launch retrievals. MODIS and MISR retrievals give a comparable average AOD
on the global 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:
AOD from MODIS is 0.02-0.07 higher over land but 0.03-0.04 lower over ocean than the AOD
from MISR. These differences are being reduced by the new MODIS aerosol retrieval algorithms in
Collection 5 (Levy et al., 2007b) and the improved radiance calibration in MISR retrievals (Kahn et
al., 2005b).

The annual and global average AOD from the five models is 0.19+0.02 (mean + standard deviation)
over land and 0.13+0.05 over ocean, respectively. Clearly, the model-based mean AOD is smaller than
both MODIS- and MISR-derived values (except the GISS model). A similar conclusion has been
drawn from more extensive comparisons involving more models and satellites (Kinne et al., 2006). On
regional scales, satellite-model differences are much larger. These differences could be attributed, in
part, to cloud contamination and 3D cloud effects in satellite retrievals (Kaufman et al., 2005b; Wen
et al., 2006) or to models missing important aerosol sources/sinks or physical processes (Koren et al.,
2007a). The satellite-model integrated products are generally in-between the satellite retrievals and the
model simulations, and agree better with AERONET measurements (e.g., Yu et al., 2003).

As in the case of in-situ/model comparisons, there appears to be a relationship between uncertainties
in the representation of dust in models and the uncertainty in AOD, and its global distribution. For
example, the GISS model generates more dust than the other models (Fig. 2.11), resulting in a closer
agreement with MODIS and MISR in the global mean (Fig. 2.10). However, the distribution of AOD
between land and ocean is quite different from MODIS- and MISR-derived values.

Figure 2.11 shows larger model differences in the simulated percentage contributions of individual
components to the total aerosol optical depth on a global scale, and hence in the simulated aerosol
single-scattering properties (e.g., single-scattering albedo, and phase function), as documented in
Kinne et al. (20006). This, combined with the differences in aerosol loading (i.e., optical depth) deter-
mines the model diversity in simulated aerosol direct radiative effect and forcing, as discussed later.
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However, current satellite remote sensing capability is not sufficient to constrain model simulations
of aerosol components.

2.3.3. Remote Sensing Based Estimates of Aerosol Direct Radiative Effect

AERONET and other surface networks usually provide a set of aerosol optical properties that can
be used to calculate the aerosol direct radiative effect (Procopio et al., 2004; Zhou et al., 2005). The
calculated aerosol radiative effect can be used to evaluate both satellite remote sensing measurements
and model simulations (e.g., Yu et al., 20006). Figure 2.12 shows the diurnally averaged, normalized
aerosol direct effect based on the AERONET data that represent different aerosol types, geographical
locations, and surface properties (Zhou et al., 2005). The normalized aerosol direct effect is referred to
as radiative efficiency (E_), defined as a ratio of DRE to T at 550 nm (Anderson et al., 2005a). The quan-
tity of £_ is mainly governed by aerosol size distribution and chemical composition (determining the
aerosol single-scattering albedo and phase function), surface reflectivity, and solar irradiance, and also
to some degree depends on the optical depth because of multiple scattering. The figure demonstrates
how the aerosol direct solar effect is determined by a combination of aerosol and surface properties.
For example, the radiative effect by South African biomass burning smoke differs significantly from
that by South American smoke because of the much stronger light absorption due to smoke generated
in South Africa (Dubovik et al., 2002; Eck et al., 2003). Mineral dust from North Africa and the Ara-
bian Peninsula exert a radiative perturbation with a factor of -2 difference in magnitude, due mainly
to considerable spatial variability of surface reflectance in the region (Tsvetsinskaya et al., 2002).
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Figure 2.12: The clear-sky radiative efficiency E_, defined as the aerosol direct radiative effect (W m™) per unit aerosol opti-
cal depth (t) at 550 nm, at the TOA and the surface for typical aerosol types and over different geographical regions, which
is calculated from AERONET aerosol climatology. The vertical bars represent one standard deviation of Et for individual
aerosol regimes. o is surface broadband albedo. The figure demonstrates how the aerosol direct solar effect is determined
by a combination of aerosol and surface properties. The radiative effect by South African biomass burning smoke differs
significantly from that by South America smoke because of stronger absorption of smoke in South Africa. Mineral dust
from North Africa and the Arabian Peninsula exerts much different magnitude of radiative perturbation due mainly to
considerable spatial variability of surface reflectance in the region (adapted from Zhou et al., 2005)
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Table 2.4: Summary of approaches to estimating the acrosol direct radiative effect in three categories: (A) satellite retrievals;
(B) satellite-model integrations; and (C) model simulations. (adapted from Yu et al., 2006)

Category Product Brief Descriptions Identified Sources of Major References
Uncertainty

MODIS Using MODIS retrievals of a linked Radiance calibration, cloud- | Remer and Kaufman,
set of AOT, 5 and phase function aerosol discrimination, 2006
consistently in conjunction with a instantaneous-to-diurnal
radiative transfer model (RTM) to scaling, RTM parameteriza-
calculate TOA fluxes that best match tions
the observed radiances.

MODIS_A Splitting MODIS AOD over ocean Satellite AOD and FMF Bellouin et al., 2005
into mineral dust, sea-salt, and retrievals, overestimate due
biomass-burning and pollution; using | to summing up the compo-

AERONET measurements to derive sitional direct effects, use of
the size distribution and single-scatter- | a single AERONET site to
. ing albedo for individual components. | characterize a large region
A. Satellite
et als CERES_A Using CERES fluxes in combination | Calibration of CERES Loeb and Manalo-
with standard MODIS aerosol radiances, large CERES foot- | Smith, 2005 ; Loeb and

CERESLB| [ Using CERES/uzes in combination | Pttt satellite AOD setrieyal, || Kato, 2002
with NOAA NESDIS acrosol from | 2diance-to-flux conversion
MODIS radiances (ADM), instantaneous-to-

diurnal scaling, narrow-to-

CERES_C Using CERES fluxes in combination | broadband conversion Zhang et al, 2005a,b ;
with MODIS acrosol with new angular Zhang and Christopher,
models for aerosols 2003; Christopher et al.,

2006

POLDER Using POLDER AOD in combination | Similar to MODIS Boucher and Tanré,
with prescribed aerosol models (similar 2000 ; Bellouin et al.,
to MODIS) 2003

MODIS_G Using GOCART simulations to fill Propagation of uncertainties | * Aerosol single-scatter-

MISR G AOD gaps in satellite retrievals associated with both satellite | ing albedo and asymme-

= retrievals and model simula- | try factor are taken from

MO_GO Integration of MODIS and GOCART | (jons (but the model-satellite | GOCART simulations;

B. Satellite- AOT integration approach does *Yu et al, 2003, 2004,
modelinte- | MO_MI_ | Integration of GOCART AOD with | result in improved AOD 2006
grations GO retrievals from MODIS (Ocean) and quality for MO_GO, and

MISR (Land) MO_MI_GO)

SeaWiFS Using SeaWiFS AOD and assumed Similar to MODIS_G and Chou et al, 2002
aerosol models MISR_G, too weak aerosol

absorption

GOCART Offline RT calculations using monthly | Emissions, parameteriza- Chin et al., 2002; Yu et
average aerosols with a time step of 30 | tions of a variety of sub-grid | al., 2004
min (without the presence of clouds) aerosol processes (e.g., wet

SPRINTARS | Online RT calculations every 3 hrs and dry.dep osition, cloud Takemura et al, 2002,
(cloud fraction=0) convection, aqueous-phase 2005

oxidation), assumptions
C. Model GISS Online model simulations and on aerosol size, absorption, Koch and Hansen,
simulations weighted by clear-sky fraction mixture, and humidification | 2005; Koch et al., 2006
LMDZ- Online RT calculations every 2 hrs of particles, meteorology Balkanski et al., 2007;
INCA (cloud fraction = 0) fields, not fully evaluated Schulz et al., 2006;
surface albedo schemes, RT Kinne et al., 2006
- ) parameterizations

LMDZ-LOA | Online RT calculations every 2 hrs Reddy et al., 2005a, b

(cloud fraction=0)
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Figure 2.13: Geographical patterns of season-
ally (MAM) averaged acrosol optical depth at
550 nm (left panel) and the diurnally averaged
clear-sky aerosol direct solar effect (Wm-2) at
the TOA (right panel) derived from satellite
(Terra) retrievals (MODIS, Remer et al., 2005;
Remer and Kaufman, 2006; MISR, Kahn et
al., 2005a; and CERES_A, Loeb and Manalo-
Smith, 2005), GOCART simulations (Chin
et al., 2002; Yu et al., 2004), and GOCART-
MODIS-MISR  integrations (MO_MI_GO,
Yu et al., 2006) (taken from Yu et al., 2006).

O 050 32 3 4 5 8 B L -30-20 -U5 -0 -A -8 -4 -2 0 5 W¥m*

Table 2.4 summarizes approaches to estimating the aerosol direct solar effect, including a brief descrip-
tion of methods, identifies major sources of uncertainty, and provides references. These estimates fall
into three broad categories, namely (A) satellite-based, (B) satellite-model integrated, and (C) model-
based. Since satellite aerosol measurements are generally limited to cloud-free conditions, we focus
here on assessments of clear-sky aerosol direct radiative effect and forcing and defer a discussion on
complex influences of clouds on the acrosol direct effect and forcing to section 2.4.

Figure 2.13 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) based
on the different approaches. The direct effect at the surface follows the same pattern as that at the
TOA but is significantly larger in magnitude because of aerosol absorption. It appears that different
approaches agree on large-scale patterns of aerosol optical depth and the direct effect on solar radia-
tion. 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 tropical Atlantic. In the tropical Atlantic, TOA cooling as large
as -10 Wm™ 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 pollution and biomass burning in the
south, and dust outbreaks in the north. The impacts from Asia also extend to the North Pacific, with a
TOA cooling of more than -10 Wm™. 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 for-
ties” in the Southern Hemisphere, high winds generate a large amount of sea-salt. Such elevation of
optical depth, along with high solar zenith angle and hence large backscattering to space, results in a
band of TOA cooling of more than -4 Wm™. Some differences exist between different approaches. For
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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. The “roar-
ing forties” are a difficult region for remote sensing of acrosol and may be affected by cloud artifacts.

Figure 2.14 shows seasonal and annual mean AOD (first row), clear-sky DRE at the TOA (second
row) and surface (third row) derived from averaging the satellite-based estimates and satellite-model
integrations (i.e., category A and B in Table 2.4) with an equal weight over 13 regions, ocean and land
separately. Correspondingly the probability distribution functions of seasonal and regional DREs are
shown in Figure 2.15. These figures highlight large seasonal and regional variations of aerosol direct
radiative effect. The DRE is relatively narrowly distributed at the TOA and over ocean, compared to

that at the surface and over land

Figure 2.16 summarizes the measurement- and model-based estimates of clear-sky annually- averaged
DRE at both the TOA and surface from 60°S to 60°N. Seasonal DRE values for individual estimates
are summarized in Table 2.5 (Box 2.5) and Table 2.6 (Box 2.6), for ocean and land, respectively.
Mean, median and standard error € (¢=0/(n-1)"?), where O is standard deviation and n is the number
of methods) are calculated for measurement- and model-based estimates separately. Note that while
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Figure 2.14: Observational-based AOD (first row in each section) and clear-sky DRE (Wm?) at the TOA (second row) and
surface (third row) over 13 oceanic (a) and continental (b) sections (i.e., shadowed areas) derived from equally-weighted
average of satellite-based and satellite-model integration-based estimates listed in Table 2. The lower-right boxes are for

global oceanic and continental averages, respectively.
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Figure 2.15: Frequency distribution of seasonal and regional average DRE for (a) Ocean and (b) Land, based on sectional
and seasonal average data shown in Figure 2.14.

the standard deviation or standard error reported here is not a fully rigorous measure of a true experi-
mental uncertainty, it is indicative of the uncertainty because independent approaches with indepen-
dent sources of errors are used (see Table 2.4).

For the aerosol direct effect at the TOA and over ocean, a majority of measurement-based and satellite-
model integration-based estimates agree with each other within about 10%. On annual average, the
measurement-based estimates give the DRE of -5.5+£0.2 Wm™ (medianze) at the TOA and -8.8+0.7
Wm at the surface. This suggests that the ocean surface cooling is about 60% larger than the cooling

at the TOA.

Model simulations give wide ranges of DRE estimates at both the TOA and surface. The ensemble of
five models gives the annual average DRE (median + €) of -3.520.6 Wm™and -4.8+0.8 Wm™ at the
TOA and surface, respectively. On average, the surface cooling is about 37% larger than the TOA cool-
ing, 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 various
aerosol processes and meteorological fields, which are documented under the AEROCOM and Global
Modeling Initiative (GMI) frameworks (Kinne et al., 2006; Textor et al., 2006; Liu et al., 2007).

de o T B
B

OCERN OCERN LAND

Figure 2.16: Summary of observation- and model-based (denoted as OBS and MOD, respectively) estimates of clear-sky,
annual average DRE at the TOA and at the surface. The box and vertical bar represent median and standard error, respec-
tively. (taken from Yu et al., 2000)
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Box 2.5 (Table 2.5): Summary of seasonal and annual average clear-sky DRE (Wm?) at the TOA
and the surface (SFC) over global OCEAN derived with different methods and data.

Sources of data: MODIS (Remer & 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), MODIS_G, MISR_G, MO_GO, MO_MI_GO (Yu et al., 2004; 2006), SeaWiES (Chou
et al., 2002), GOCART (Chin et al., 2002; Yu et al., 2004), SPRINTARS (Takemura et al., 2002), GISS (Koch
and Hansen, 2005; Koch et al., 2006), LMDZ-INCA (Kinne et al., 2006; Schulz et al., 2006), LMDZ-LOA
(Reddy et al., 2005a, b). Mean, median, standard deviation (0), and standard error () are calculated for observa-
tions (Obs) and model simulations (Mod) separately. The last row is the ratio of model median to observational
median. (taken from Yu et al., 2006)
JF MAM JIA SON ANN
Products TOA | SFC | TOA | SFC | TOA | SFC | TOA | SFC | TOA SFC
MODIS -39 - -5.8 - -6.0 - -38 - -3.9 -
MODIS A * -6.0 -82 -6.4 -89 -6.5 -93 -6.4 -89 -6.4 -89
CERES_A =52 - -6.1 - =54 - =51 = =55 =
CERES B 38 | - -43 | - 35 | - 36 | - -3.8 -
CERES C 53 |- 54 | - -52 | - . . -53 -
MODIS G -35 -0.1 -5.7 -10.4 | -6.0 -106 | 3.5 -0.8 -5.7 -10.0
MISR_G ** =h .4 =103 | -6.5 -11.4 | =70 119 | -3 =109 | 65 =11.1
MO_GO 49 | -78 | -51 | -93 |-54 | -94 | -50 |-87 | -5l -3.8
MO_MI_GO -49 -7.9 -5.1 92 | -35 -2.5 -3.0 -8.6 -3 -8.7
POLDER | - - R - | - . ...
SeaWiks -6.0 -6.6 -5.2 -58 | 49 -5.6 -33 -3.7 -5.4 -5.9
Obs. Mean =54 -83 =56 82 -56 -9.4 -54 -8.8 =535 -8.7
Obs Median | .55 [ 81 |-57 |93 |-55 [-95 |-54 |88 | -55 88
Obs. o 0.72 1.26 0.64 1.89 0.91 2.10 0.79 1.74 0.70 1.65
Obs. e 0.23 0.56 0.20 0.85 0.29 0.94 0.26 0.78 0.21 0.67
GOCART BN  EEE O EER B 6.9
SFRINTARS -1.5 =25 -1.5 =25 -19 =33 -15 =25 -l.6 -2.7
GIss 33 |-41 | -35 |46 |-35 | -49 | -38 |-54 | -35 -4.8
LMDZ-INCA | -46 |-56 |-47 | -59 |-50 |63 |-48 |-55 | -47 -5.8
IMDZ-LOA | 22 | 41 | 22 | 37 |25 | -a4 | 22 | -41 | 23 41
Mod. Mean =30 =44 32 -4.8 =35 =54 -33 -49 -32 -4.9
Mod Median | -33 | 41 | -35 | 46 | -35 | 49 | -38 | -54 | 35 | 48
Mod. o 1.21 1.32 1.31 1.84 1.35 1.82 1.36 1.63 1.28 1.6
Mod. e 0.61 0.66 | 0.66 092 | 0.67 0.91 0.68 | 0.81 0.64 (.80
Mod./Obs. 060 | 051 | 061 | 050 | 064 | 052 | 070 | 061 | 0.64 0.55
*  High bias may result from adding the DRE of individual components to derive the total DRE
(Bellouin et al., 2005).
** High bias most likely results from an overall overestimate of 20% in early post-launch MISR optical
depth retrievals (Kahn et al., 2005).
*** 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.
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Box 2.6 (Table 2.6): Summary of seasonal and annual average clear-sky DRE (Wm?) at the TOA
and the surface over global LAND derived with different methods and data.

Sources of data: MODIS_G, MISR_G, MO_GO, MO_MI_GO (Yu et al., 2004, 2006), GOCART (Chin et
al., 2002; Yu et al., 2004), SPRINTARS (Takemura et al., 2002), GISS (Koch and Hansen, 2005; Koch et al.,
2006), LMDZ-INCA (Balkanski et al., 2007; Kinne et al., 2006; Schulz et al., 2006), LMDZ-LOA (Reddy et al.,
2005a, b). Mean, median, standard deviation (0), and standard error (g) are calculated for observations (Obs) and

model simulations (Mod) separately. The last row is the ratio of model median to observational median. (taken
from Yu et al., 2006)

DJF MAM JJA SON ANN

Products TOA SFC | TOA SFC TOA | SFC TOA SFC TOA SFC
MODIS G -41 | 91 | -58 |-149 | -66 |-174 | -54 | -128 | 55 | -135
MISR G -39 | 87 | 51 |-130 | -58 |-146 | 46 | -107 [ 49 | -118
MO GO -35 -7.5 -5.1 -129 | -58 -149 | 48 -109 | 48 -11.6
MO MI GO |-34 | -74 [ -47 |-118 |-53 |-135] 43 | 97 | 44 | -106
Obs. Mean -37 | 82 | 52 |-132 | -59 |-151 | -48 | -11.0 | 49 | -119
Obs.Median | -37 | -81 | -51 | -130 | -58 | -148 | -47 | -108 | 49 | -117
Obs. © 033 | 085 | 046 | 129 | 054 | 165 | 046 | 129 | 045 | 120
Obs. ¢ 017 | 049 | 026 | 074 | 031 |o085 | 027 | 075 | 026 | 070
GOCART 29 | 61 | 44 | -109 | -48 |-123 | 43 | 93 |41 |97
SPRINTARS -14 -4.0 -1.5 4.6 =20 -6.7 -1.7 -5.2 -1.7 -5.1
GISS -16 |39 [ 32 |79 |36 |93 | 25 | 66 |28 |-72
LMDZ-INCA | -30 | 58 | 40 | 92 |-60 |-135| -43 | 82 | 43 | 92
LMDZ-LOA [ .13 | 54 | -18 |64 |-27 |-89 | 21 | -67 | 20 | -69
Mod. Mean 20 | 50 | 30 | 78 |-38 |-101 | 30 | -72 |30 |-76
Mod Median | -16 | 54 | 32 |79 |-36 |-93 | 25 | 67 | -28 |-72
Mod. o 0.84 1.03 1.29 244 1ol 2.74 1.24 1.58 1.19 1.86
Mod. & 042 | 051 | 065 | 122 | 080 | 137 | 062 | 079 | 059 | 093
Mod.Obs. 0.43 0.67 0.63 0.61 0.62 0.63 0.53 0.62 0.58 0.62

Clearly 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 contamination of thin cirrus and clouds in general (Kaufman et al., 2005b). Such
overestimation of optical depth would result in a comparable overestimate of the aerosol direct radia-
tive effect. Other satellite AOD data may have similar contamination, which however has not yet been
quantified. For simplicity, we assume a cloud contamination of 10-15% in the measurement-based av-
erage DRE. With this correction of cloud contamination, the discrepancy between the measurement-
based and model-based estimates of DRE and radiative efficiency would be reduced to 15-40%. On
the other hand, the observations may be measuring enhanced AOD and DRE due to processes not
well represented in the models including humidification and enhancement of aerosols in the vicinity of
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clouds (Koren et al., 2007a). From the perspective of model simulations, uncertainties associated with
a number of factors will contribute to the measurement-model discrepancy. Factors determining the
AOD should be major reasons for the DRE discrepancy and the constraint of model AOD with well
evaluated and bias reduced satellite AOD through a data assimilation approach can reduce the DRE
discrepancy significantly. Other factors (such as model parameterization of surface reflectance, and
model-satellite differences in single-scattering albedo and asymmetry factor due to satellite sampling
bias toward cloud-free conditions) should also contribute, as evidenced by the existence of a large dis-
crepancy in the radiative efficiency (Yu et al., 2006). Significant endeavor is demanded in the future to
conduct comprehensive assessments.

Currently, satellite measurements alone are not adequate to characterize complex aerosol properties
over complex surfaces and hence can not be used to derive the acrosol direct effect over land with high
accuracy. As such, DRE estimates over land have to rely on model simulations and satellite-model in-
tegrations. On a global and annual average, the satellite-model integrated approaches derive a median
DRE of -4.9 Wm™at the TOA and -11.7 Wm™ at the surface respectively. The surface cooling is about

2.4 times larger than the TOA cooling because of aerosol absorption.

An ensemble of five model simulations derives a DRE (median + €) over land of -2.8+0.6 Wm? at the
TOA and -7.2+0.9 Wm™ at the surface, respectively. These are about 40% smaller than the measure-
ment-based estimates. The measurement-model differences are a combination of differences in aerosol
amount (optical depth), single-scattering properties, surface albedo, and radiative transfer schemes (Yu
et al., 2006). Seasonal variations of DRE over land, as derived from both measurements and models,
are larger than those over ocean.

2.3.4. Sarellite Based Estimates of Anthropogenic Aerosol Direct Climate Forcing

Satellite instruments do not measure the aerosol chemical composition needed to discriminate anthro-
pogenic from natural acrosol components. Because anthropogenic aerosols are predominately sub-
micron, the fine-mode fraction derived from POLDER, MODIS, or MISR might be used as a tool for
deriving anthropogenic aerosol optical depth. This could provide a feasible way to conduct measure-
ment-based estimates of anthropogenic aerosol forcing (Kaufman et al., 2002a). The MODIS-based
estimate of anthropogenic AOD is about 0.033 over oceans, consistent with model assessments of
0.03-0.036 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 models. The anthropogenic fraction
of AOD should be much larger over land (i.e., 47+9% from a composite of several models) (Bellouin
et al., 2005), comparable to the 40% estimated by Yu et al. (2006). Similarly, the non-spherical frac-
tion from MISR or POLDER could also be used to separate dust from anthropogenic aerosol (Kahn
et al., 2001).

In Kaufman et al. (2005a), it was assumed that all biomass burning aerosol is anthropogenic and all
dust aerosol is natural. The better determination of anthropogenic aerosols requires a quantification of
biomass burning ignited by lightning (natural origin) and mineral dust due to human induced changes
of land cover/land use and climate (anthropogenic origin), which remains uncertain. Recent modeling
(Tegen et al., 2004) suggests that the anthropogenic sources of dust contribute less than 10% of the
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Table 2.7: Estimates of anthropogenic aerosol optical depth (tant) and clear-sky DCF at the TOA from model simulations
(Schulz et al., 2006) and approaches constrained by satellite observations (Kaufman et al., 2005; Bellouin et al., 2005,
2008; Chung et al., 2005; Yu et al., 2006; Christopher et al., 2006; Matsui and Pielke, 2006; Quaas et al., 2008; Zhao et
al., 2008).

Data Sources Ocean Land Global Estimated uncertainty or
= DCF = DCF = DCF model diversity for DCF
| (W) ] (wm) ] (W)
Kaufman et al. (2005) 0.033 |-1.4 - - - - 30%
Bellouin et al. (2005) 0.028 |-0.8 0.13 - 0.062 |-1.9 15%
Chung et al. (2005) - - - - = -1.1 -
Yu et al. (2006) 0.031 |[-1.1 0.088 |[-1.8 0.048 |-1.3 47% (ocean), 84% (land), and
62% (global)
Christopher et al. (2006) | - -1.4 - - - - 65%
Matsui and Pielke (2006) | - -1.6 - - - - 30°S-30°N oceans
Quaas et al. (2008) = -0.7 - -1.8 - -0.9 45%
Bellouin et al. (2008) 0.021 |-0.6 0.107 |[-3.3 0.043 |-1.3 Update to Bellouin et al. (2005)
with MODIS Collection 5 data
Zhao et al. (2008) - -1.25 - - - - 35%
Schulz et al. (2006) 0.022 |[-0.59 0.065 |-1.14 0.036 |-0.77 30-40%; same emissions pre-

scribed for all models

total dust optical depth, although early studies speculated the fraction to be between 0% (Ginoux et
al., 2001) and 50% (Tegen and Fung, 1995).

To improve satellite estimates of anthropogenic acrosols and their direct forcing, satellite programs
should concentrate on validating and improving retrievals of the aerosol Angstrém exponent, and
suborbital measurements should be used to derive relationships between the Angstrbm exponent and
fine-mode fraction to allow interpretation of the satellite derived fine-mode optical depth (Anderson
et al., 2005b).

There have been several estimates of DCF by anthropogenic aerosols in recent years. Table 2.7 lists
such estimates of TOA DCEF that are from model simulations (Schulz et al., 2006) and constrained to
some degree by satellite observations (Kaufman et al., 2005a; Bellouin et al., 2005, 2008; Chung et al.,
2005; Christopher et al., 2006; Matsui and Pielke, 2006; Yu et al., 2006; Quaas et al.,2008; Zhao et
al., 2008). The satellite-based clear-sky DCF by anthropogenic aerosols is estimated to be -1.1 + 0.37
Wm™ over ocean, about a factor of 2 stronger than model simulated -0.6 Wm™. Similar DCF estimates
are rare over land, but a few studies do suggest that the DCF over land is much more negative than that
over ocean (Yu et al., 2006; Bellouin et al., 2005, 2008). On global average, the measurement-based
estimate of DCF ranges from -0.9--1.9 Wm?, again stronger than the model-based estimate of -0.8
Wm™. Similar to DRE estimates, satellite-based DCF estimates are rare over land. DCF estimates have
larger uncertainty than DRE estimates, particularly over land.

An uncertainty analysis (Yu et al., 2006) partitions the uncertainty for the global average DCF between

land and ocean more or less evenly. Five parameters, namely fine-mode fraction (f) and anthropogenic
fraction of fine-mode fraction (f ) over both land and ocean, and T over ocean, contribute nearly 80%
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of the overall uncertainty in the DCF estimate, with individual shares ranging from 13-20% (Yu et al.,
2006). We should point out that these uncertainties presumably represent a lower bound because the
sources of error are assumed to be independent. Uncertainties associated with several parameters are
also not well defined. Nevertheless, such uncertainty analysis is useful for guiding future research and
documenting advances in our understanding.

On global average, anthropogenic aerosols are generally more absorptive than natural aerosols. As such
the surface DCF is much more negative than the TOA DCE. Several observation-constrained studies
estimate the global average clear-sky DCF at the surface of -4.2 - -5.1Wm™ (Yu et al., 2004; Bellouin
etal., 2005; Chung et al., 2005; Matsui and Pielke, 2006), which is about a factor of 2 larger in mag-
nitude than the model estimates (e.g., Reddy et al., 2005b).

2.3.5. Remote Sensing Studies of Aerosol-Cloud Interactions and Indirect Effects

Satellite views of the Earth inevitably show a planet covered, not by aerosols, but by clouds. The bright
white clouds overlying darker oceans or vegetated surface demonstrate the significant effect that clouds
have on the Earth’s radiative balance. Low clouds reflect incoming sunlight back to space, acting to
cool the planet, while high clouds can trap outgoing terrestrial radiation and act to warm the planet.
Changes in cloud cover, in cloud vertical development, and cloud optical properties will have strong
radiative and therefore, climatic impacts. Furthermore, factors that change cloud development will
also change precipitation processes. These changes can alter amounts, locations and intensities of local
and regional rain and snowfall, creating droughts, floods and severe weather.

Aerosol particles act as cloud condensation nuclei (CCN). Every cloud droplet consists of water con-
densing onto one or more of these CCN. Thus, for the same amount of liquid water in a cloud, more
available CCN will result in a greater number but smaller size of droplets (Twomey, 1977). A cloud
with smaller but more numerous droplets will be brighter and reflect more sunlight to space. This
is the aerosol indirect radiative effect. However, because the droplets are smaller they may inhibit
collision-coalescence in the cloud, suppressing particle growth that stops drizzle and other precipita-
tion and extends cloud lifetime (Albrecht et al. 1989). In a cloud with strong updrafts, the cloud may
eventually precipitate, but only after higher altitudes are reached that result in taller cloud tops, more
lightning and greater chance of severe weather (Rosenfeld and Lensky, 1998; Andreace et al., 2004).

On the other hand, because aerosols themselves are radiatively active, they can change atmospheric
conditions (temperature, stability) that also influences cloud development and properties (Hansen et
al, 1997; Ackerman et al., 2000). Thus, acrosols affect clouds both through changing cloud droplet
size distributions, and by changing the atmospheric environment of the cloud.

The AVHRR satellites have observed relationships between columnar aerosol loading and retrieved
cloud microphysics and cloud brightness over the Amazon Basin that are consistent with the theories
explained above (Kaufman and Nakajima, 1993; Kaufman and Fraser, 1997; Feingold et al., 2001).
Other studies have linked cloud and aerosol microphysical parameters or cloud albedo and droplet
size using satellite data applied over the entire global oceans (Wetzel and Stowe, 1999; Nakajima et
al., 2001; Han et al., 1998). Using these correlations with estimates of aerosol increase from the pre-
industrial era, estimates of anthropogenic aerosol indirect radiative forcing fall into the range of -0.7
to -1.7 Wm™ (Nakajima et al., 2001).
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Introduction of the more modern instruments (POLDER and MODIS) have allowed more detailed
observations of relationships between aerosol and cloud parameters. Cloud cover can both decrease
and increase with increasing aerosol loading (Koren et al., 2004; Kaufman et al., 2005; Koren et al.,
2005; Sekiguchi et al., 2003; Yu et al., 2007). Aerosol absorption appears to be an important factor in
determining how cloud cover will respond to increased aerosol (Kaufman and Koren, 2006; Jiang and
Feingold, 2006). Different responses of cloud cover to increased aerosol could also be correlated with
atmospheric thermodynamic and moisture structure (Yu et al., 2007). Observations in the MODIS
data show that aerosol loading correlates with enhanced convection and greater production of ice an-
vils in the summer Atlantic Ocean (Koren et al., 2005), which conflicts with previous results that used
AVHRR and could not isolate convective systems from shallow clouds (Sekiguchi et al., 2003).

In recent years, surface-based remote sensing has also been applied to address aerosol effects on cloud
microphysics. This method offers some interesting insights, and is complementary to the global satel-
lite view. Surface remote sensing can only be applied at a limited number of locations, and therefore
lacks the global satellite view. However, these surface stations yield high temporal resolution data and
because they sample aerosol below, rather than adjacent to clouds they do not suffer from “cloud con-
tamination”. With the appropriate instrumentation (lidar) they can measure the local aerosol entering
the clouds, rather than a column-integrated aerosol optical depth.

Feingold et al. (2003) used data collected at the Atmospheric Radiation Measurement (ARM) site to
allow simultaneous retrieval of aerosol and cloud properties, with the combination of a Doppler cloud
radar and a microwave radiometer to retrieve cloud drop effective radius r_profiles in non-precipitating
(radar reflectivity Z < -17 dBZ), ice-free clouds. Simultaneously, sub-cloud aerosol extinction profiles
were measured with a lidar to quantify the response of drop sizes to changes in aerosol properties. The
microwave radiometer made it possible to sort the cloud data according to liquid water path (ZWP),
consistent with Twomey’s (1977) conceptual view of the aerosol impact on cloud microphysics. With
high temporal/spatial resolution data (on the order of 20’s or 100’s of meters), realizations of acrosol-
cloud interactions at the large eddy scale were obtained. Moreover, by examining updrafts only (using
the radar Doppler signal), the role of updraft in determining the response of r_to changes in aerosol
(via changes in drop number concentration N,) was examined. Analysis of data from 7 days showed
that turbulence intensifies the aerosol impact on cloud microphysics.

In addition to radar/microwave radiometer retrievals of aerosol and cloud properties, surface based
radiometers such as the MFRSR ( Michalsky et al., 2001) have been used in combination with a mi-
crowave radiometer to measure an average value of r_during daylight when the solar elevation angle is
sufficiently high (Min and Harrison, 1996). Using this retrieval, Kim et al. (2003) performed analyses
of the r_response to changes in aerosol at the same continental site, and instead of using extinction
as a proxy for CCN, they used a surface measurement of the acrosol light scattering coefficient. Their
analysis spanned much longer time periods and their data included a range of different aerosol condi-
tions. A similar study was conducted by Garrett et al. (2004) at a location in the Arctic. The advantage
of the MFRSR/microwave radiometer combination is that it derives r_from cloud optical depth and
LWP and it is not sensitive to large drops as the radar is. Its drawback is that it can only be applied to
clouds with extensive horizontal cover during daylight hours.

In conclusion, observational estimates of aerosol indirect radiative effects are still in their infancy. Ef-
fects on cloud microphysics that result in cloud brightening have to be balanced by effects on cloud
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lifetime, cover, vertical development and ice production. Aerosol type and specifically the absorption
properties of the aerosol may cause different cloud responses. Early estimates of observationally based
aerosol indirect forcing range from -0.7 to -1.7 Wm™ (Nakajima et al, 2001) and -0.6 to -1.2 Wm™
(Sekiguchi et al., 2003), depending on the estimate for aerosol increase from pre-industrial times and
whether aerosol effects on cloud fraction are also included in the estimate.

2.4. Outstanding Issues

Despite substantial progress in the assessment of the acrosol radiative effect and forcing as summa-
rized in section 2.2 and 2.3, several important issues remain, and significant efforts are required to
address them.

2.4.1. Aerosol Vertical Distributions

Vertical distributions of aerosols are crucial to quantifying the aerosol direct effect in the thermal
infrared and in cloudy conditions, interpreting the satellite observed aerosol-cloud correlations, and
understanding the atmospheric response to aerosol radiative forcing.

Due to its large size, mineral dust can cause warming in the thermal infrared, both at the TOA and at
the surface. Therefore, estimates of aerosol direct effect on solar radiation should represent an upper
bound of the aerosol net direct effect (on total radiative fluxes). The warming effect could be signifi-
cant, as suggested by a few observational studies (Highwood et al., 2003; Haywood et al., 2005; Zhang
and Christopher, 2003; Slingo et al., 2006). However, current estimates of the warming effects in the
thermal infrared remain highly uncertain, because of lack of observations of vertical distributions of
aerosol in the thermal infrared range (Sokolik et al., 2001; Lubin et al., 2002). In addition, the scatter-
ing effect in the thermal infrared domain is generally neglected in most GCMs, which may lead to an
underestimate of the thermal infrared aerosol effect (Dufresne et al., 2002).

Calculations of the cloudy-sky aerosol direct effect require an adequate characterization of vertical distribu-
tions of aerosols and three-dimensional fields of clouds, especially for absorbing aerosols. The surface cook
ing in climatologically cloudy conditions is comparable to that under clear conditions, while the TOA ef
fect could switch from cooling in clear conditions to warming in overcast conditions (Keil and Haywood,
2003). Note that substantial differences currently exist in simulations of aerosol vertical distributions
(Penner et al., 2002; Textor et al., 2006) and limited measurements do not suffice for the estimate of the
cloudy-sky DRE and DCE This is manifested by a large diversity in the calculated whole-sky to clear-sky
ratio for the TOA DCF (Schulz et al., 2006; Chung et al., 2005; Reddy and Boucher, 2004; Takemura et
al., 2001; Jacobson, 2001), as summarized in Figure 2.17. The ratio ranges from +0.5 to -0.1 (i.e., shifting
from clear-sky cooling to whole-sky warming), with an average of 0.26, and standard deviation of 0.17.

The emerging ground-based aerosol lidar networks and spaceborne lidars and radars (Stephens et al.,
2001) will help improve the understanding of the aerosol direct forcing in cloudy conditions and the
thermal infrared range. The lidar measurements can also well constrain the aerosol-induced atmo-
spheric heating rate increment that is essential for assessing atmospheric responses to the aerosol radia-
tive forcing (e.g., Yu et al., 2002; Feingold et al., 2005; Lau et al., 2006).
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2.4.2. Aerosol Direct Forcing over Land

The land surface reflection is large, heterogeneous, and anisotropic, which complicates aerosol retriev-
als and determination of the acrosol direct effect. For example, the lack of a dust signal over the deserts
(Hsu et al., 2000) is apparently attributable to the large heterogeneity of surface reflectance as docu-
mented by high-resolution MODIS land albedo retrievals (Tsvetsinskaya et al., 2002). The current-
generation satellite sensors like MODIS and MISR are improving the characterization of land surface
reflection by measuring its wavelength dependence and angular distribution at high resolution. This
offers a promising opportunity for inferring the aerosol direct effect over land from satellite measure-
ments of radiative fluxes (e.g., CERES) and from critical reflectance techniques (Fraser and Kaufman,
1985; Kaufman, 1987). Such satellite-based estimates should be comprehensively evaluated against
those calculated from AERONET measurements (Zhou et al., 2005) and intensive field experiments
(as summarized in Yu et al., 20006).

2.4.3. Aerosol Absorption

Aerosol absorption and single-scattering albedo are strong functions of the size of particles, the state of
mixture, the shape, the wavelength and the relative humidity. A characterization of aerosol absorption
or SSA is complicated by instrumental errors and modeling inadequacies, as summarized in Heintzen-
berg et al. (1997), Reid et al. (2005), and Bond and Bergstrom (2006). The global assessment of aero-
sol absorption and SSA represents a major challenge in efforts to quantify the direct forcing (Yu et al.,
2006) and aerosol-cloud interactions (Kaufman and Koren, 20006).

Instrument calibration for acrosol absorption measurements is challenging, because aerosol absorption
typically has a much smaller magnitude than aerosol scattering (Heintzenberg et al., 1997; Bond and
Bergstrom, 2006). Determining aerosol absorption by subtracting measured scattering from measured
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Figure 2.17: Summary of model-based estimates of whole-sky to clear-sky ratio for the TOA DCEF. Model simulations are
taken from Schulz et al. (2006), except otherwise specified.
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extinction could have large uncertainties. Recent employment of photoacoustic methods (Arnott et
al., 1997) and cavity ring down extinction cells (Strawa et al., 2002) will significantly improve the ac-
curacy of SSA measurement. In-situ measurements are generally conducted at low relative humidity
and effects of water uptake on aerosol absorption are poorly understood (Redemman et al., 2001).

Model simulations of aerosol compositions have large diversities, as shown in Figure 2.11. It is neces-
sary to constrain model simulations with optical models consistent with in-situ measurements of aero-
sol physical and optical properties (Bond and Bergstrom, 2006). While nonabsorbing aerosols don’t
directly contribute to aerosol absorption, it is necessary to better characterize the evolution of nonab-
sorbing aerosols such as hydrophilic sulfate and their interactions with black carbon (BC) in models
(Stier et al., 2006). The mixing of sulfate and BC can turn initially hydrophobic BC to a hydrophilic
state and hence enhance removal by wet scavenging and decrease BC abundance and absorption. In
addition, the presence of sulfate also can increase the BC absorption efficiency through internal mixing
and increasing the amount of diffuse solar radiation. The first mechanism prevails in remote regions,
reducing aerosol absorption. Near source regions, the second mechanism could prevail and hence en-
hance the solar absorption (Stier et al., 2006).

Inverse methods have been widely used in both ground and satellite remote sensing, providing aerosol
absorption information over large geographical areas and during long time periods. 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 uncertainty for absorptive optical depth is
0.01 (Dubovik and King, 2000; Dubovik et al., 2001). It is important to pursue validation against
independent measurements because a recent study has shown a factor of 2-4 discrepancy between the
AERONET retrievals and the simulated absorptive optical depths (Sato et al., 2003). This discrepancy
would imply significant errors in the global burden of black carbon and/or the absorptive efficiency
of black carbon (perhaps related to acrosol mixing state, morphology, or size distribution) (Sato et al.,
2003; Martins et al., 1998; Jacobson, 2000; 2001). On the other hand, a comparison of in-situ to
AERONET absorption over the Chesapeake Bay indicated that the latter may be biased high (Magi
et al., 2005). AERONET Version 2 retrievals of acrosol SSA are expected to be more accurate due to
improved characterization of seasonal, spectral, and BRDF of surface reflection and the SSA retrievals
over bright surfaces are substantially lower than that in Version 1 (Leahy et al., 2007). This warrants a
reexamination of discrepancies/agreements between AERONET retrievals and in-situ measurements
(Haywood et al., 2003; Magi et al., 2005). It is essential to pursue a better understanding of the uncer-
tainty of in-situ measured and remote sensing inversed SSA in a robust way and accordingly a synthe-
sis of different data sets for yielding regional characterization of acrosol absorption with well-defined
uncertainty (Leahy et al., 2007).

Satellite methods for quantifying SSA and absorption have been developed and partially validated at
UV wavelengths (Torres et al., 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. Examining satellite images in dusty conditions (Kaufman et al., 2001;
Moulin et al., 2001) suggests that mineral dust absorption could be much weaker than previously be-
lieved (e.g., Patterson et al., 1977) and widely used in model simulations, corroborated by in-situ and
ground-based remote sensing measurements (e.g., Clarke and Charlson, 1985; Dubovik et al., 2002;
Cattrall et al., 2003; Haywood et al., 2003). This finding could partly explain the measurement-model
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discrepancies in aerosol direct radiative effect (e.g., Yu et al., 2004). It is thus important to reevaluate
and improve model simulations of mineral dust aerosol radiative effect by explicitly accounting for the
dependence on mineralogy and morphology of dust (Sokolik and Toon, 1999; Sokolik et al., 2001;
Balkanski et al., 2007). Views in and out of sunglint can be used to retrieve total aerosol extinction
and scattering, respectively, thus constraining aerosol absorption over oceans (Kaufman et al., 2002b).
However, the technique requires highly accurate retrievals of aerosol scattering properties including
the real part of the refractive index. Only a polarization instrument can provide that information. The
technique will be applied to the collocated MODIS and PARASOL data in the A-Train. The technique
will also be applied to APS data from the Glory mission.

2.4.4. Diurnal Cycle

Significant efforts are demanded to capture the diurnal cycle of acrosol direct forcing in order to better
assess aerosol impacts on climate. 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 remote sensing, the diurnal variation of aerosols can be better characterized
by geostationary satellites (GOES) (Christopher and Zhang, 2002b; Wang et al., 2003). However,
these satellites generally lack the information required to characterize aerosol types. The synergistic use
of low earth orbit (for characterizing aerosol type) and geostationary earth orbit satellite data should be
used to retrieve aerosol optical depth and its diurnal variations (Costa et al., 2004a, 2004b). MODIS
flying on the twin EOS satellites, namely Terra and Aqua, can also be used to some extent to examine
aerosol diurnal variations, i.e., from late morning (10:30 LT) to early afternoon (13:30 LT) (Remer et
al., 2006; Ichoku et al., 2005).

Clouds can modulate the aerosol direct solar effect significantly and daytime variation of clouds needs
to be adequately characterized. The acrosol direct effect also depends on surface reflection, and the
anisotropy of surface reflection further complicates the calculation of the diurnal cycle of the aerosol
radiative effect (Yu et al., 2004). With satellite 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 complexity 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, 20006).

2.4.5. Aerosol-Cloud Interactions and Indirect Forcing

Remote sensing estimates of aerosol indirect forcing are still rare and uncertain. Basic processes still
need to be understood on regional and global scales. Uncertainties will likely increase before they de-
crease as new processes and their feedbacks become known. Remote sensing observations of aerosol-
cloud interactions and aerosol indirect forcing are now simple correlations between variables, in which
cause-and-effects are inferred. However, such inferences are not proven. The most difficult aspect of
inferring aerosol effects on clouds from the observed relationships is separating aerosol effects from
meteorological effects when aerosol loading itself is often correlated with the meteorology. While sat-
ellite studies provide indispensable information on aerosol-cloud interaction, future work will need to
combine satellite observations with in-situ validation and modeling interpretation.
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2.4.6. Long-term Trends of Aerosols and Radiative Fluxes

To detect long-term trends of acrosols, satellite retrievals of aerosol optical depth should have high ac-
curacy and a synergy of aerosol products from multiple sensors (historical sensors and modern sensors)
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 in Asia (e.g., Massie et al., 2004) and
over global ocean (Mishchenko et al., 2007b). These products should be extended to a longer period
by incorporating data from modern sensors (e.g., MODIS, MISR, OMI, and others). Such extensions
should be built upon our understanding and reconciliation of AOD differences among different sen-
sors or platforms (Jeong et al., 2005). A good deal of effort is needed to address this fundamental issue.
An emerging 7-year climatology of high quality AOD data from modern sensors, though not as long
as records from historic sensors, has been used to examine the interannual variations of aerosol (Koren
et al., 2007b) and shall contribute significantly to the study of acrosol trends.

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 hav-
ing the potential to detect changing aerosol conditions on a decadal scale (Luo et al., 2001). However
such aerosol optical depth retrievals 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 suggests significant trends during past decades
(e.g., Stanhill and Cohen, 2001; Wild et al., 2005; Pinker et al., 2005). While a significant and wide-
spread decline in surface solar radiation occurred up to 1990 (so-called dimming), a sustained increase
has been observed in the most recent decade. Speculation suggests that such trends result from decadal
changes of acrosols and an interplay of aerosol direct and indirect effects (Stanhill and Cohen, 2001;
Wild et al., 2005; Streets et al., 2006b; Norris and Wild, 2007). Other studies suggest that the mea-
sured changes in surface solar radiation are local, not global in nature (Alpert et al., 2005). However,
reliable observations of aerosol trends are needed before these speculations can be proven or disproven.
In addition to the aerosol optical depth, we also need to quantify changes in aerosol composition
because of changes in industrial practices, environmental regulations, and biomass burning emissions
(Novakov et al., 2003; Streets et al., 2004; Streets and Aunan et al., 2005). Such compositional changes
will affect the aerosol single-scattering albedo and size distribution, which in turn will affect the surface
solar radiation (e.g., Qian et al., 2007). However such data are currently rare and subject to large un-
certainties. A better understanding of aerosol-radiation-cloud interactions is badly needed to attribute
the observed radiation changes to aerosol changes with less ambiguity.

2.5. Concluding Remarks

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, par-
ticularly in the last ten years. Such advancement has greatly benefited from significant improvements
in aerosol measurements and increasing sophistication of model simulations. In particular, the estab-
lishment of ground-based aerosol networks such as AERONET and the execution of intensive field
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experiments in a variety of aerosol regimes have collected invaluable datasets that serve 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 accuracy. CERES measures broadband solar and thermal infrared fluxes that are used to derive
the aerosol direct radiative effect and forcing,.

As a result of these improvements, we now have a much improved knowledge of aerosol properties
and their interaction with solar radiation on regional and global scale. Intensive field campaigns con-
ducted in major aerosol regimes around the globe and the emerging ground-based aerosol networks
have resulted in better characterization of regional aerosol, including its chemical, microphysical, and
radiative properties. Uncertainties associated with them can be well understood through conducting
closure studies of over-determined data from multiple platforms and instruments. Aerosol closure
studies reveal that for submicrometer, spherical (e.g., sulfate, carbonaceous aerosol) meaurements of
aerosol optical properties and optical depths agree within 15% and often better. For dust dominated
aerosol, measurements of aerosol optical depth disagree by up to 35% between methods, due to inlet
collection efficiency and instrumental response difficulties resulting from its larger particle size and
non-sphericity. Closure studies on DRE reveal uncertainties of about 25% for sulfate/carbonaceous
aerosol and 60% for dust (Bates et al., 2006)

The accumulated comprehensive data sets of regional aerosol properties provide a rigorous “test bed”
and strong constraint for satellite retrievals and model simulations of aerosols and their direct radia-
tive effect and climate forcing. In Bates et al. (2000), in-situ measurements from three major aerosol
characterization experiments were used to derive optical properties for individual aerosol types (i.e.,
sulfate/carbonaceous, dust, and sea-salt aerosol) that are of interest in the calculation of aerosol direct
radiative effect, including wavelength-dependent mass extinction efficiency, single-scattering albedo,
backscatter and asymmetry factor, and humidification factor for acrosol scattering. Such empirically
determined aerosol optical properties were then used to constrain calculations of AOD and DRE in
two CTM models. The so-constrained AOD and DRE increase by about 30%, compared to calcula-
tions based on the a priori optical properties.

For all of their advantages, field campaigns are inherently limited by their relatively short duration and
small spatial coverage. Satellite remote sensing can augment field campaigns by expanding the temporal
and spatial coverage. Surface networks provide high temporal resolution records but also benefit from
the expanded spatial resolution provided by satellites. The multi-spectral MODIS measures global dis-
tributions of aerosol optical depth (t) on a daily scale, with high accuracy of +0.03+0.05t over oceans.
The annual average T at 550 nm 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 ac-
tivities. The multi-angle MISR can evaluate the surface reflectance and retrieve aerosols simultaneously
over all kinds of surfaces, including bright deserts. MISR derives an annual average AOD of 0.23 at
550 nm 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 acrosol optical depth of about 0.17 at 550 nm,
which is 20% 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 artifacts in satellite retrievals, and by in-
cluding complex cloud-aerosol physical processes in models.
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The high-accuracy of MODIS and MISR aerosol products and broadband flux measurements from
CERES, together with simultaneous improvements in surface and cloud characterizations in these
sensors, make it feasible to obtain observational constraints for the aerosol direct effect. A number of
measurement-based approaches consistently estimate the cloud-free DRE (on solar radiation) at the
top-of-atmosphere to be about -5.5+0.2 Wm™ (median + standard error from various methods) over
global ocean. At the ocean surface, the DRE is estimated to be -8.8+0.7 Wm™. Over land, deriving 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 simula-
tions yields a DRE of -4.9+0.7 Wm?and -11.8+1.9 Wm™ at the TOA and surface, respectively. Over-
all, in comparison to that over ocean, the DRE estimates over land are more poorly constrained by
observations and have larger uncertainties. At regional scales, differences between measurement-based
approaches or between measurements and models are larger than those at a global scale.

An ensemble of five model simulations gives a DRE that is about 30-50% smaller than the mea-
surement-based estimate. Such discrepancy could be reduced to 15-40% after accounting for cloud
contamination in satellite retrievals. The integration of satellite and surface measurements into a C7M
proves to be a promising and essential approach to producing an optimal description of aerosol distri-
butions and hence aerosol radiative.

Using the quantitative separation of fine and coarse aerosol in enhanced new-generation satellite sensors,
the cloud-free DCF by anthropogenic aerosols is estimated to be -1.1£0.37 Wm™ over ocean, about a
factor of 2 stronger than model simulated -0.6 Wm. Similar DCF estimates are rare over land, but a few
studies do suggest that the DCF over land is much more negative than that over ocean. On global average,
the measurement-based estimate of DCF ranges from -0.9- -1.9 Wm?, again stronger than the model-
based estimate of -0.8 Wm™. Overall, DCF estimates have larger uncertainty than DRE estimates do.

The use of high-quality aerosol measurements from remote sensing and in-situ techniques, along with
the improved performance of model simulations in the past decade, has resulted in a new estimate of
aerosol climate forcing with reduced uncertainties in IPCC AR4. The aerosol direct climate forcing is
estimated to be -0.5+0.4 Wm?with a medium-low level of scientific understanding. The indirect forc-
ing due to the cloud albedo effect for liquid water clouds is estimated to be -0.7 (ranging from -1.1 to
+0.4) Wm™, with a low level of scientific understanding (Forster et al., 2007). In fact, such progress
in quantifying the aerosol direct and indirect forcing plays an exclusively important role in the more
definitive assessment of the global anthropogenic radiative forcing as virtually certainly positive and

conversely exceptionally unlikely negative in IPCC AR4 (Haywood and Schulz, 2007).

Despite the substantial progress, several important issues remain, such as measurements of aerosol size
distribution, particle shape, absorption, and vertical profiles, and detection of aerosol long-term trend
and establishment of its connection with the observed trends of solar radiation reaching the surface.
Significant efforts are needed to address them. Current observational capability needs to be continued
to construct a long-term data record with consistent accuracy and high quality that can be used to
detect long-term trends of acrosol. Along with algorithm refinement for better aerosol optical depth
retrievals, future measurements should focus on improved retrievals of such aerosol properties as size
distribution, particle shape, absorption, and vertical distribution. Coordinated sub-orbital measure-
ments need to be conducted in context of evaluating and validating remote sensing measurements.
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These new measurements are essential to reducing uncertainties associated with the estimate of aerosol
climate forcing, in particular the anthropogenic fraction of aerosol, acrosol TOA forcing over land,
aerosol forcing at the surface, and aerosol induced increment of atmospheric heating rate profile. Co-
ordinated research strategy need to be developed to synthesize measurements from multiple platforms
and sensors for a better characterization of complex aerosol system and to integrate remote sensing
measurements into models for a stronger constraint of model simulations.

Finally, aerosol-cloud interactions 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.
The relatively short lifetimes of aerosol particles (order of days), in addition to the even shorter times-
cales for cloud formation and dissipation (10s of minutes) make this a particularly difficult challenge.
Moreover, the problem requires addressing an enormous range of spatial scales, from the microscale to
the global scale. A methodology for integrating observations (in-situ and remote) and models at the
range of relevant temporal/spatial scales is crucial if we are to make progress on this problem.
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Acronyms and Symbols

ABC Asian Brown Cloud

ACE Aerosol Characterization Experiment

AD-Net Asian Dust Network

ADEOS Advanced Earth Observation Satellite

ADM Angular Dependence Models

AeroCom Aerosol model and observation intercomparison project
AERONET  Aerosol Robotic Network

Al Aerosol Index

AIOP Aerosol Intensive Operative Period

AOD (1) Aerosol optical depth

APS Aerosol Polarimetry Sensor

AR4 IPCC Forth Assessment Report

ARM Atmospheric Radiation Measurements

AVHRR Advanced Very High Resolution Radiometer

A-Train Constellation of six afternoon overpass satellites
BASE-A Biomass Burning Airborne and Spaceborne Experiment Amazon and Brazil
BRDF Bidirectional Reflectance Distribution Function

CALIOP Cloud and Aerosol Lidar with Orthogonal Polarization
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CALIPSO
CCN
CCRI
CCSp
CERES
CLAMS
CTM
DAAC
DCF

DRE
EARLINET
EAST-AIRE
EOS
ERBE

Et

GCM
GEOS
GFDL
GHGs
GISS
GLAS
GMD
GMI
GOCART
GOES
GSFEC
ICARTT
ICESat
IMPROVE
INCA
INDOEX
INTEX-NA
IPCC

IR

LBA
LMDZ
LOA
LOSU
LWP
MAN
MFRSR
MINOS
MISR
MODIS
MPLNET
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Cloud Aerosol Infrared Pathfinder Satellite Observations
Cloud Condensation Nuclei

Climate Change Research Initiative

Climate Change Science Program

Clouds and the Earth’s Radiant Energy System

Chesapeake Lighthouse and Aircraft Measurements for Satellite campaign
Chemical Transport Model

Distributed Active Archive Center

Direct climate forcing (anthropogenic aerosols)

Direct radiative effect (total aerosols)

European Aerosol Research Lidar Network

East Asian Studies of Tropospheric Aerosols: An International Regional Experiment
Earth Observing System

Earth Radiation Budget Experiment

Radiative Efficiency (aerosol radiative effect normalized by AOD)
General Circulation Model

Goddard Earth Observing System

Geophysical Fluid Dynamics Laboratory (NOAA)
Greenhouse Gases

Goddard Institute for Space Studies (NASA)

Geoscience Laser Altimeter System

Global Modeling Division (NOAA)

Global Modeling Initiative

Goddard Chemistry Aerosol Radiation and Transport
Geostationary Operational Environmental Satellite
Goddard Space Flight Center (NASA)

International Consortium for Atmospheric Research on Transport and Transformation
Ice, Cloud, and Land Elevation Satellite

Interagency Monitoring of Protected Visual Environment
Interactions between Chemistry and Aerosol (LM Dz model)
Indian Ocean Experiment

Intercontinental Transport Experiment — North America
Intergovermental Panel on Climate Change

Infrared radiation

Large-Scale Biosphere-Atmosphere Experiment in Amazon
Laboratoire de Météorologie Dynamique with Zoom
Laboratoire d” Optique Atmosphérique

Level of Scientific Understanding

Liquid Water Path

Maritime Aerosol Network

Multifilter Rotating Shadowband Radiometer
Mediterranean Intensive Oxidant Study

Multi-angle Imaging SpectroRadiometer

Moderate Resolution Imaging Spectroradiometer

Micro Pulse Lidar Network
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NASA
NEAQS
NOAA
NPOESS
NPP

OMI
PARASOL

PEM-West
POLDER
POM
PRIDE
REALM
RH

RTM
SAFARI
SCAR-A
SCAR-B
SeaWiFS
SHADE
SMOCC

SPRINTARS

SSA (@)
STEM
TAR
TARFOX
TOA
TOMS
TRACE-A
TRACE-P
UAE?

uv
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National Aeronautics and Space Administration

New England Air Quality Study

National Oceanography and Atmosphere Administration

National Polar-orbiting Operational Environmental Satellite System
NPOESS Preparatory Project

Ozone Monitoring Instrument

Polarization and Anisotropy of Reflectance for Atmospheric Science coupled with

Observations from a Lidar

Western Pacific Exploratory Mission

Polarization and Directionality of the Earth’s Reflectance
Particulate Organic Matter

Pueto Rico Dust Experiment

Regional East Atmospheric Lidar Mesonet

Relative Humidity

Radiative Transfer Model

South Africa Regional Science Experiment

Smoke, Clouds, and Radiation — America

Smoke, Clouds, and Radiation - Brazil

Sea-viewing Wide Field-of-view Sensor

Saharan Dust Experiment

Smoke, Aerosols, Clouds, Rainfall and Climate
Spectral Radiation-Transport Model for Aerosol Species
Aerosol Single-Scattering Albedo

Sulfate Transport and Deposition Model

IPCC Third Assessment Report

Tropospheric Aerosol Radiative Forcing Observational Experiment
Top-Of-Atmosphere

Total Ozone Mapping Spectrometer

Transport and Chemical Evolution over the Atlantic
Transport and Chemical Evolution over the Pacific
United Arab Emirates Unified Aerosol Experiment
Ultraviolet radiation
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