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ABSTRACT

The School of Graduate Studies

The University of Alabama in Huntsville

Degree    Doctor of Philosophy                Department      Atmospheric Science_________

Name of Candidate_________________Jianglong Zhang__________________________

Title___Satellite Remote Sensing of Aerosol Direct Radiative Forcing_over Global

Oceans

The Clouds and the Earth's Radiant Energy System (CERES) instrument on

NASA’s Terra satellite has been successfully used for examining the impact of clouds

and aerosols on the earth-atmosphere system. In aerosol studies, in cloud free conditions,

the differences in the CERES reflected shortwave (~<5µm) fluxes without and with the

presence of aerosols is a measure of the direct radiative forcing of aerosols (SWARF).

However, the CERES instrument does not measure the shortwave fluxes directly and

angular distribution models (ADMs) are needed to relate CERES observed radiances to

fluxes.

A new empirical method for obtaining the shortwave aerosol ADM from CERES

data over cloud-free oceans is developed as functions of near-surface ocean wind speed,

Moderate Resolution Imaging SpectroRadiometer (MODIS) aerosol optical depth and the

ratio of fine mode to total aerosol optical depth that is an indicator of aerosol type.

Results show that a 10% uncertainty will be induced in the derived SWARF values over

cloud free oceans if the ADMs are constructed without considering aerosol darkening
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effect over glint regions or without considering the variations in aerosol properties. Using

this new ADM and ten months of observations from the MODIS and CERES, the

SWARF is studied over the global oceans. The spatial and seasonal distributions of

aerosol optical depth and the independently derived SWARF show a high degree of

correlation. The instantaneous top of atmosphere SWARF during the satellite overpass

time is -6.4 ± 2.4 Wm-2. Accounting for sample biases and diurnal averaging we estimate

the SWARF over cloud free oceans to be -5.2 ± 1.2 Wm-2 that is consistent with previous

studies. However our study requires no radiative transfer calculations to convert the

retrieved aerosol optical thickness to SWARF values and is entirely a measurement-based

assessment of aerosol radiative forcing.

Although this study was conducted over the global oceans, we also provide the

framework for calculating aerosol radiative forcing over land using three sensors on

NASA's Terra satellite using multi-angle, multi-spectral, and broadband CERES

measurements. The results from this dissertation suggest that multiple satellite sensors are

required to reduce uncertainties in climate forcing studies.

Abstract Approval:   Committee Chair     __________________________________

Department Chair   __________________________________

 Graduate Dean       __________________________________
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CHAPTER 1

INTRODUCTION

1.1 Overview

The global averaged surface temperature has increased 0.6 degrees Celsius over

the last century and is likely to rise even more in the coming decades [e.g., Anderson

et al., 2003].  Studies have attributed part of this apparent warming trend in surface

temperature to increased emission in green house gases such as CO2, CH4, N2O, and

halocarbons [IPCC, 2001].  The climate warming from greenhouse gases are estimated as

1.46 Wm-2, 0.48 Wm-2, 0.15 Wm-2 and 0.34 Wm-2 for CO2, CH4, N2O, and halocarbons,

respectively.  The incorporation of greenhouse warming gases into Global Circulation

Models, however, does not explain the observed climate change for the last century.  It is

only recently that scientists have quantitatively studied the effect of aerosols (small

suspended particles in the air) on regional and global climate [e.g., Charlson et al., 1992;

Hansen et al., 1998; Haywood et al., 1999; Haywood and Boucher, 2000; IPCC, 2001;

Kaufman et al., 2002a; Ramanathan et al., 2002].

Aerosols perturb the radiation balance of the earth-atmosphere system through

two different mechanisms.  Through the direct effect, atmospheric aerosols scatter and
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absorb incoming solar radiation.  The scattering of solar energy increases the earth’s

planetary albedo, thereby cooling the earth’s surface.  The absorption of solar energy by

aerosols changes the atmospheric heating rate, thereby influencing atmospheric

circulation.  Through the indirect effect, aerosols modify the short wave reflective

properties of clouds, increase the lifetime of clouds and suppress drizzle formation

[Kaufman and Fraser, 1997; Kaufman, 1995; Hansen et al., 1997; Rosenfeld, 2000;

Koren et al., 2004].  The study of aerosol radiative forcing also is critical because it could

counteract the warming effect due to greenhouse gases [Hansen et al., 1998; IPCC,

2001].

Aerosols, however, continue to be one of the largest sources of uncertainty in

climate change studies [IPCC, 2001].  Recent estimates of the aerosol direct forcing for

anthropogenic sulfate aerosols range from –0.26 to –0.82 Wm-2, 0.16 to 0.42 Wm-2 for

fossil fuel black carbon, -0.02 to –0.04 Wm-2 for fossil fuel organic carbon, and -0.14 to

-0.74 Wm-2 for biomass burning.  For mineral dust, the radiative forcing values range

from 0.09 to –0.46 Wm-2 [Haywood and Boucher, 2000].  The levels of understanding for

all types of aerosol forcing are considered to be either low or very low [IPCC, 2001] and

even the sign of the radiative forcing of aerosols is not well established.  The lack of

quantitative understanding is not only due to the large variations in aerosol physical and

optical properties, but is also due to the large variations in the spatial and temporal

distributions of aerosols.  Recent reports by the National Aerosol-Climate Interactions

Program (NACIP) and National Research Council (NRC) have called for developing

strategies to minimize uncertainties in our understanding of aerosols.  The new paradigm

as suggested by NACIP is to study the aerosol climate forcing problems from an
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observational basis and to use these observations to bring the models closer to reality.

This research effort responds directly to these reports by developing new strategies for

studying aerosol forcing using a synergistic multi-sensor satellite approach to improve

our quantitative understanding of aerosol effects on climate.

There are several methods for calculating the shortwave aerosol direct radiative

forcing (SWARF), which is the portion of incoming solar energy reflected or absorbed by

aerosols.  Except for mineral dust, aerosols have a negligible effect on the longwave

radiation at day time [Ramanathan et al., 2002] and are therefore not the focus of this

dissertation.  A commonly used approach for estimating SWARF and its uncertainties is

to use the radiative transfer equation with the optically thin aerosol layer approximation

[Penner et al., 1992; Chylek and Wong, 1996].  In this approach, the SWARF is

expressed as functions of aerosol source strength, aerosol optical properties, lifetime of

aerosols, surface albedo and fractional cloud coverage.  For each given quantity, the

central value as well as the uncertainty range are studied and are used in estimating

SWARF for sulfate and biomass-burning aerosols over the global area [IPCC, 2001].

However, there are numerous assumptions in this study and even the spatial distributions

of aerosol optical properties are not considered, and, although used widely, this method is

only an approximation.  The SWARF also can be estimated using General Circulation

Models (GCMs) [Haywood et al., 1999, 2000; Tegen et al., 1996; Hansen et al., 1998].

The global distribution of aerosols and their optical properties that are required by the

GCMs are derived from chemistry-aerosol-transport models.  In these approaches,

determining the source strengths of various aerosols, and characterizing the spatial and
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temporal distribution of aerosol physical and optical properties, remains a challenging

problem [IPCC, 2001].

As an alternative, recent studies have used satellite observations to study the

SWARF.  Haywood et al. [1999] compared monthly mean TOA shortwave (SW) fluxes

derived from the Earth Radiation Budget Experiment (ERBE) and a GCM model over

global oceans to study the radiative effect of aerosols.  The discrepancies in the spatial

distribution of ERBE and GCM modeled TOA SW flux were explained by including

sulfate, organic carbon, black carbon, dust and sea salt aerosols in GCMs.  Although they

concluded that sea salt is the dominant aerosol type that contributes to the TOA SW

radiation over global oceans, they used a broadband data set that has severe cloud

contamination.  To avoid cloud-contamination in the broadband data such as the CERES,

Christopher et al. [2000], studied the radiative effect of biomass burning aerosols over

Central America for several case studies by using collocated Clouds and Earth's Radiant

Energy System (CERES) and Visible Infrared Scanner (VIRS) measurements from the

Tropical Rainfall Measuring Mission (TRMM) platform.  The averaged instantaneous

SWARF is estimated to be -68 Wm-2 for a mean aerosol optical depth of 1.2 at 0.63 µm.

These instantaneous values are useful for validating regional numerical model

simulations.  Loeb and Kato [2002] have extended this approach over the tropical oceans

to study the direct radiative forcing of aerosols.  The TRMM angular distribution models

(ADMs) were used to convert CERES measured radiance to fluxes.  The SWARF is

studied as a function of the European Center for Medium range Weather Forecasting

(ECMWF) wind speed and VIRS retrieved aerosol optical depth and is estimated to be
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-4.6 Wm-2 over tropical oceans.  This method takes the instantaneous SWARFs and

applies a model for obtaining diurnal averages.

This SWARF approach is very similar to the cloud radiative forcing method [e.g.,

Ramanathan et al., 1989].  In this technique, if aerosols are properly identified, the

difference between clear and aerosol broadband fluxes derived from satellite

measurements such as ERBE and CERES are called shortwave aerosol radiative forcing.

Although this approach is conceptually direct and easy to evaluate from satellite

measurements, several outstanding issues exist, among which include proper

representation of clear-sky fluxes, angular models for aerosols, cloud contamination,

surface wind speeds, land bi-directional reflectance and diurnal averaging from

instantaneous measurements.

With the launch of NASA’s Terra and Aqua satellites, a new era in aerosol remote

sensing has begun.  One of the primary roles of the MODIS and the MISR instruments on

board Terra is to study the role of aerosols on climate [Kaufman et al., 2002a; Diner

et al., 2001].  The MODIS, with its advanced multi-spectral (36 channels) capabilities,

has improved spectral, spatial and radiometric resolution when compared with previous

imagers [King et al., 1992] and has been used to detect aerosols and retrieve aerosol

optical depth and particle size information [Remer et al., 2002b; Chu et al., 2002].

Recent studies show that the MODIS provides accurate retrievals of the spatial

distribution of aerosols and their optical properties [e.g., Remer et al., 2002b; Chu et al.,

2002].  The MISR, with multi angle and limited spectral measurement capabilities

(9 cameras/four channels), has also been successfully used to identify aerosols and

retrieve aerosol properties such as size and optical depth [Diner et al., 2001; Kahn et al.,
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2000].  The CERES, a well-calibrated broadband instrument on Terra, measures the top

of atmosphere (TOA) outgoing short wave (SW) and long wave (LW) radiances

[Wielicki et al., 1996].  The CERES and its predecessor, ERBE, have been highly

successful in examining not only the role of the overall radiation balance of the earth-

atmosphere system but also the effect of clouds and aerosols on regional and global

climate [e.g., Satheesh and Ramanthan, 2001; Christopher and Zhang, 2002b].  The

CERES, however, has a large footprint on the order of ~20 km at nadir [Wielicki et al.,

1996].  Therefore, it is difficult to separate CERES pixels into either totally clear, aerosol

polluted or cloudy scenes using CERES observations alone.  On the contrary, MODIS

and MISR, which are on the same satellite platform as CERES, have a finer resolution

(0.25-1 km) [Kaufman et al., 1997].  Therefore the MODIS and MISR can be used to

distinguish aerosols, retrieve optical properties and detect cloud contamination within the

CERES footprints.  Then the SWARF from CERES can be quantified as a function of

aerosol optical properties such as optical depth, particle size and aerosol types that will

serve as a benchmark for modeling studies that attempt to simulate the role of aerosols on

climate.

Since the CERES does not directly measure flux, which is defined as the

integrated radiance over all observing angles for a given reflecting surface, the measured

radiances must be converted into SW and LW fluxes using the Angular Distribution

Models (ADMs) that relate radiance to flux at a given viewing geometry and atmospheric

conditions [Wielicki et al., 1989].  However, aerosol optical properties are not included

as one of the empirical parameters for existing ADMs.  Li et al. [2000] recomputed

CERES SW fluxes by using a modeled smoke ADM and showed a 10% relative
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difference in estimating SWARF over land.  One of the major goals of this research is to

develop a new set of SW aerosol ADMs over cloud free oceans that could be specifically

used for SWARF studies.

It is important to note that a merged satellite data set called the single satellite

footprint (SSF) is currently available at NASA Langley (personal communication,

Dr. N.G. Loeb).  The NASA SSF product contains spatially and temporally collocated

aerosol parameters from MODIS within a CERES footprint [Loeb and Kato, 2002].  In

this study, using 10 months (November 2000-October 2001) of the CERES SSF data we

study the SWARF over cloud free oceans.

1.2 Outline of This Study

In this dissertation, four major studies were conducted.  First, a new set of aerosol

ADMs over cloud free oceans was developed.  Second, seasonal, regional, as well as

global mean SWARF were studied over cloud free oceans.  Third, to verify the quality of

the SSF data, one month (September 2000) of pixel-level CERES were collocated with

MODIS aerosol product using the CERES point spread function [Wielicki et al., 1996]

and further used to study global mean SWARF (Appendix A).  Finally, using CERES,

MODIS and MISR data, we provide the framework for studying aerosol forcing over land

(Appendix B).

1.3 Significance of This Study

The purpose of this research is to study the aerosol direct radiative forcing over

cloud free oceans and examine the possibilty of studying aerosol climate impact using
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satellite retrieved properties alone.  This study requires no radiative transfer calculations

to convert the retrieved aerosol optical thickness to SWARF values and is a

measurement-based assessment of cloud-free aerosol radiative effect.  Moreover, this

study provides uncertainty estimations of the derived SWARF that was not easy to derive

in other studies.  This study provides the first estimation of SWARF over near global

oceans using space-based measurements alone and can be used as a validation tool for

numerical models that simulate climate.
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CHAPTER 2

AEROSOL ANGULAR DISTRIBUTION MODELS (ADMs)

2.1 Introduction

The Earth Radiation Budget Experiment (ERBE) and the Clouds and Earth's

Radiant Energy System (CERES) were designed to monitor the top of atmosphere (TOA)

short wave (SW) and long wave (LW) radiative energy fluxes of the earth-atmosphere

system [e.g., Wielicki et al., 1996].  Among many successful implementations of CERES

and ERBE data [e.g., Ramanathan et al., 1989; Wielicki et al., 1996], include the study of

short wave aerosol direct radiative forcing (SWARF).  For example, Haywood et al.

[1999] compared top-of-atmosphere (TOA) SW fluxes derived from ERBE and a GCM

model to study the radiative effect of aerosols.  Satheesh and Ramanathan [2002] derived

aerosol direct forcing over the Kaashidhoo Climate Observatory using aerosol optical

properties measured from sun-photometer and TOA SW energy measured from CERES.

Christopher et al. [2000] studied the radiative effect of biomass burning over Central

America using collocated CERES and Visible Infrared Scanner (VIRS) measurements

from the Tropical Rainfall Measuring Mission (TRMM) platform.  Using VIRS and

CERES data, Loeb and Kato [2002] have extended this approach to study the direct
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radiative forcing of aerosols over tropical oceans.  Christopher and Zhang [2002a] used a

month of satellite observations from Moderate Resolution Imaging Spectroradiometer

(MODIS) and CERES onboard Terra, and showed promising results for studying aerosol

SW direct forcing for cloud free regions over global oceans.  This approach is very

similar to the cloud radiative forcing method [e.g., Ramanathan et al., 1989].  In this

technique, if aerosols are properly identified, the difference between clear and aerosol

TOA fluxes derived from satellite measurements such as ERBE and CERES is called

short wave aerosol radiative forcing.

Broadband instruments such as CERES, however, do not measure outgoing

radiative fluxes directly.  The angular distribution models (ADMs), that represent the

angular characteristics of TOA SW and LW radiances, are used to invert the radiances

observed at narrow solid angles to hemispherical fluxes.  The ADMs are represented by

the anisotropic factor (R) at specific viewing geometry, and are defined as the ratio

between the assumed Lambertian and the actual flux [Suttles et al., 1988].  The ADMs

are known to be one of the largest uncertainties in deriving SW and LW fluxes from

broadband instruments [Wielicki et al., 1996] and are also one of the largest uncertainties

in the SWARF studies that use ERBE/CERES measurements [Loeb and Kato, 2002].

The angular characteristics of the TOA outgoing radiation fields are dependent on the

observed scene and are shown to be sensitive to both the cloud optical properties and

surface characteristics [e.g., Loeb et al., 2002].  Moreover, both theoretical calculations

[Li et al., 2000] and empirical analysis (Section 2.3.1 of this dissertation) also show that

the angular characteristics of reflected SW radiances are sensitive to aerosols and their

optical properties.  Therefore, to accurately study SWARF using broadband observations,
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it is necessary to develop aerosol ADMs over cloud free oceans that account for the

variations in TOA SW radiation fields due to aerosols.

The commonly used short wave ADMs are from the ERBE program [Suttles

et al., 1988] that were constructed for 12 different scene types [Suttles et al., 1988] by

partitioning the measured broadband radiances using a maximum likelihood estimation

technique [Wielicki and Green, 1989].  Over oceans, the ERBE ADMs are defined for

four different scene types: clear, partially cloudy, mostly cloudy and overcast skies

[Suttles et al., 1988].  However due to the large footprint of ERBE pixels, accurate

identification of scene types using broadband observations is not possible and no aerosol

identification was included in ERBE ADMs.

Recently, new ADM's have been developed using spatially and temporally

collocated VIRS and CERES measurements from the Tropical Rainfall Measuring

Mission (TRMM) with the majority of the emphasis on clouds [Loeb et al., 2003].  The

CERES on TRMM has a larger footprint on the order of 10 km at nadir view.  Also on

board TRMM, the VIRS instrument has a much finer spatial resolution of 2 km.

Therefore, using collocated VIRS observations, the scene identification capability for the

CERES pixels was greatly improved.  Compared with ERBE ADMs, TRMM ADMs

were constructed for several hundred scene types and are more "sensitive to parameters

that strongly influence anisotropy" [Loeb et al., 2003].  For example, over cloudy oceans,

the TRMM SW ADMs were created for more than ten cloud optical depth and cloud

fraction ranges [Loeb et al., 2003].  Over cloud free oceans, the TRMM ADM's were

constructed as a function of wind speed, using data provided by the satellite assimilated

European Center Medium-Range Weather Forecasts (ECMWF) and account for the
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aerosol effect using theoretical model calculations that assume only one maritime tropic

aerosol model [Hess et al., 1998] for all aerosol optical depth ranges.  A high single

scattering albedo of 0.998 at 0.55 µm is used in the maritime tropic aerosol model.

Currently, there is, however, no empirical aerosol ADMs that account for the variations

in aerosol properties.  

One major difficulty that prevents the construction of empirical aerosol ADMs

from TRMM is that the CERES was not designed for aerosol retrievals and, therefore,

relies on narrow band instrument such as the VIRS to identify aerosol properties within a

CERES footprint.  The VIRS has a total of 5 spectral channels with only one channel

(0.63 µm) that is sensitive to all aerosol types.  Additionally, the VIRS has a larger

footprint of about 2 km comparing with other narrow band instruments such as MODIS

(250 m to 1 km), and, therefore, it is not best suited for aerosol studies.  Moreover, VIRS

observes only within ±37° latitude and does not provide global data.

The recently launched Terra and Aqua satellites provided a good opportunity for

studying the effect of aerosols on the angular distribution pattern of TOA SW energy.

Both the Terra and Aqua satellites include a narrowband instrument (MODIS), as well as

a broadband instrument (CERES).  The MODIS instrument has advanced multi-spectral

(36 channels) capabilities, with improved spectral, spatial and radiometric resolution

when compared with previous imagers [King et al., 1992], and has been used to detect

aerosols, and to retrieve aerosol optical depth and particle size information [Remer et al.,

2002b; Chu et al., 2002].  Recent studies have shown that MODIS provides more

accurate aerosol optical depth retrievals when compared to previous imagers such as the

VIRS and AVHRR [e.g., Remer et al., 2002b; Chu et al., 2002].  Additionally, MODIS
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observations can now be used in separating fine mode from coarse mode aerosols that

was previously not possible [Kaufman et al., 2004].

In this study, we used the Terra CERES SSF data, which contains collocated

CERES and MODIS observations, to construct aerosol SW ADMs over cloud free

oceans.  For regions with τ0.55 < 0.2, the aerosol ADMs were built not only as a function

of τ0.55 but also as a function of near surface wind speed.  For τ0.55  > 0.2, the aerosol

ADMs were built as functions of τ0.55 and fraction of fine mode aerosol [Tanre et al.,

1997] to total aerosol optical depth (η).  The parameter η has been used in distinguishing

dust from fine mode aerosols that are largely anthropogenic in nature [Kaufman et al.,

2004], and is used to account for the variations in aerosol optical properties to the

anisotropy of the reflected SW energy.

Currently there are no aerosol retrievals available within 40° glint angles over

oceans where the surface reflectance is high [Tanre et al., 1997].  However, the SSF

rotational azimuth plane (RAP) scan mode data has different viewing geometry when

compared with cross track MODIS scanner.  Therefore, for a given region over cloud free

oceans and for the RAP scan mode, CERES could scan at a glint angle (ψ) of < 40° while

the MODIS scans at a glint angle of > 40° and produces valid aerosol retrievals for the

same region.  Therefore, the CERES RAP scan mode data could provide both radiance

and aerosol information for CERES observations within 40° glint angles.  Within 20°

glint angles, however, only limited RAP pixels are available, and the number of these

pixels is not sufficient for the construction of ADMs.  Therefore monthly and daily mean

MODIS aerosol products are used in estimating aerosol optical properties over glint

regions.
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2.2 Data

Four different data sets from November 2000 to August 2001 are used in this

study.  The Terra CERES Single Scanner Footprint (SSF) data are used to provide

instantaneous broadband SW radiance and collocated MODIS aerosol optical properties.

The MODIS daily and monthly gridded data are used to provide 1-degree (Latitude,

Longitude) averaged aerosol optical depth and the ratio of fine mode to total aerosol

optical depth (η).  Finally, the SSM/I data is used for near surface wind speed values.

The CERES instrument on Terra operates in three modes: the cross-track scan

mode that is similar to the one used in ERBE; the along-track scan mode that is used for

validation of instantaneous fluxes; and the rotational azimuth plane (RAP) scan mode that

has cross track scan direction rotationally varying with respect to the along the track

direction [Wielicki et al., 1996].  In this study, both the cross-track and RAP scan mode

data are used.  The CERES on Terra, however, has a large footprint on the order of 20 km

at nadir, and therefore, precise scene-identification using CERES observations are not

possible.  Therefore observations from MODIS, that have a much finer resolution of on

the order of 250 - 1000 m, are used to identify cloud and aerosol properties within a

CERES observation.  It is important to note that a new CERES product, the CERES

Single Scanner Footprint (SSF), has been available for Terra since 2002.  The CERES

SSF product collocates both the CERES along-track and RAP scan mode data with

MODIS observations using the CERES point spread function (PSF), where the MODIS

derived aerosol and cloud properties are averaged to represent the mean aerosol and

cloud properties of a CERES pixel.
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The CERES SSF data provides the TOA shortwave (0.3-5 µm) radiance and flux,

as well as Point Spread Function (PSF) averaged MODIS cloud fraction, τ0.55 and fine

mode τ0.55 [Loeb and Kato, 2002].   In the MODIS aerosol retrieval algorithm over

oceans, aerosols are assumed to have a bimodal distribution [Tanre et al., 1997].  The

total aerosol optical depth is assumed to be the result of two aerosol modes: the fine/small

mode that represents aerosols from anthropogenic sources and gas-to-particle conversions

and the large mode which represents sea salt and dust aerosols [Tanre et al., 1997].

Based on theoretical studies, the uncertainties in τ0.55 retrievals are estimated to be ± 0.05

± 0.05τ over the ocean [Tanré et al., 1997].  Recent validation efforts using ground based

measurements showed that the uncertainties in MODIS aerosol retrievals are well within

the expected ranges [Remer et al., 2002b].  The MODIS aerosol product contains τ0.55

and the ratio of small to total τ0.55 (η) at three wavelengths [Remer et al., 2002b].  The

spatial resolution for the daily and monthly gridded aerosol product is 1×1 degree.  In

Section 3.3, the uncertainties introduced by using MODIS monthly or daily gridded data

will be discussed.

As shown in Section 2.3.1, wind speed is also an important factor affecting the

angular characteristics of TOA SW radiances over oceans and must be included in the

analysis.  In this study, the near-surface wind speed is obtained from the DMSP Special

Sensor Scanning Microwave Imager (SSM/I) gridded data product averaged over a 0.5°×

0.5° [Wentz, 1997].  Since there is only a one hour time gap between the DMSP F15 and

Terra, we use the use the descending overpass data combined with DMSP-14 data set to

fill data gaps.
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Figure 2.1  a) The CERES bin-averaged SW radiance vs. glint angle for five
MODIS τ range.  b) The CERES bin-averaged SW radiance vs. glint angle
for wind speed range for MODIS τ range of 0.0-0.1.

a

b
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2.3 Methods

We first discuss the necessity for ADM’s followed by the theoretical basis for

constructing ADMs, and finally the specific details in constructing Terra aerosol ADMs

over clear sky oceans.

2.3.1 The necessity for aerosol ADM

Figure 2.1a shows the glint angle (ψ) versus the binned TOA CERES radiance

over cloud free global oceans for four τ0.55 ranges (0.0-0.1, 0.1-0.2, 0.2-0.4 and 0.4-0.6)

for instantaneous MODIS aerosol retrievals for viewing zenith angles < 50° and solar

zenith angles between 36°-60°.  Glint angle (ψ) is defined as the angle of observation

relative to the direction of specular reflection, and is computed using equation (2.1):

ψ = arccos(cos(θo)×cos(θ)+sin(θo)×sin(θ)×cos(ϕ)),     (2.1)

where θo, θ, ϕ are the solar zenith angle, satellite viewing zenith angle, and azimuth angle

respectively.

As shown in Figure 2.1a, for ψ > 15°, the CERES SW radiance increases as

aerosol loading increases.  For ψ < 15°, as τ0.55 increases, the bin averaged SW radiance

decreases.  This is called aerosol darkening effect over glint regions, where aerosols

absorb or scatter solar energy thereby reducing the reflectivity of glint regions [Kaufman

et al., 2002b].  As aerosol loading increases, the TOA angular distribution pattern also

changes significantly (Figure 2.1a).  Since the TOA SW flux is defined as the integration

of radiances at all angles from a reflecting surface, without using aerosol ADMs and
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without considering aerosol darkening effect over glint regions (e.g., ERBE ADMs), the

retrieved SWARF, which is defined as the difference in fluxes at clear and aerosol skies

[Christopher and Zhang, 2002a], will be overestimated at the off-glint angles and

underestimated within the glint regions.

Figure 2.1b shows the glint angle versus binned CERES flux associated at four-

wind speed ranges (0-6, 6-9, 9-12 and 12-40 ms-1) for CERES pixels that have MODIS

τ0.55 < 0.1.  For ψ > 30°, there is no significant difference in bin-averaged CERES SW

radiance for the four wind speed ranges.  However, for ψ < 15°, the bin averaged SW

radiance increases dramatically as wind speed decreases.  For example, at ψ=5°, the

average CERES SW radiance decreases from 150 Wm-2 over regions with 0-3 ms-1 near

surface wind speeds to 70 Wm-2 over regions with near surface wind speeds greater than

12 ms-1.   As a result, wind speed is also an important factor that must be considered

when constructing clear sky aerosol ADMs over the oceans.

As indicated in this section, to accurately invert CERES measured SW radiances

into TOA flux, it is necessary to stratify clear sky ocean ADMs as a function of τ0.55 and

near surface wind speeds.  Therefore, for τ0.55 < 0.2, the ADMs were constructed as

functions of both τ0.55 and wind speed.  For τ0.55  > 0.2, ADMs were built only as

functions of aerosol properties, because there are only 10% CERES cloud free pixels that

have τ0.55 values greater than 0.2 and as a result there are not enough to build ADMS as

functions of both aerosol properties and wind speed.
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2.3.2 Methodology for constructing ADMs

The CERES instrument measures shortwave radiances through a spectral filter.

The filtered radiances are first inverted to unfiltered radiances by correcting for the

optical path of the instrument.  The unfiltered radiances are then converted into short

wave fluxes using ADMs that relate radiance to flux at given observing conditions using

equations (2.2) and (2.3) [Suttles et al., 1988].

∫ ∫
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where M is short wave flux, L is the measured unfiltered radiance and R is the anistropic

factor.  The angular distribution of R changes as surface characteristics and atmospheric

condition changes [e.g., Suttles et al., 1988].  Therefore, ADMs are needed for various

combinations of surface and atmospheric conditions.  In this study, only empirical ADMs

over cloud free oceans are built.  Different from ERBE and TRMM ADMs, the new

ADMs are built as functions of τ0.55, fraction of fine to total τ0.55, and surface wind speeds

from satellite measurements.  For a given range of θo, aerosol loading and near surface

wind speed, equation (2.1) can be rewritten as
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where i, j and k are the indices for θo, θ, and ϕ respectively.  Over clear sky regions,

ADMs are constructed by binning the CERES unfiltered radiances as functions of

MODIS aerosol optical properties, SSM/I wind speed and sun-satellite angles.

2.3.3 Terra aerosol SW ADM

The empirical aerosol SW ADMs are created for three τ0.55 ranges from 0-0.1,

0.1-0.2 and 0.2-0.4.  Between τ0.55 ranges of 0-0.1 and 0.1-0.2, the aerosol ADMs are

created for four wind speed ranges (0-6, 6-9, 9-12 and 12-40 ms-1).  For τ0.55 between 0.2-

0.4, the aerosol ADMs are created for two η ranges; η < 0.6 and η > 0.6.

For a total of 10 months data, there are less than 2% of CERES cloud free pixels

over oceans that have τ0.55 values larger than 0.4.  For these data, there are not enough

pixels to build empirical ADMs, hence the 6S model (second simulation of satellite signal

in the solar spectrum) [Vermote et al., 1997] is used to create theoretical clear sky ocean

ADMs as a function of τ0.55 for seven optical depth ranges (0.3, 0.5,0.8,1.0, 1.5, 2.0, and

3 at 0.55 µm).  Two aerosol models, dust and smoke, are used to represent fine and

coarse mode aerosols respectively.  For dust aerosols, the dust size distributions and

refractive indices are obtained from the Puerto Rico Dust Experiment (PRIDE) [Reid

et al., 2003].  For the smoke aerosol model, the default biomass burning aerosol model in

6S derived from the measured aerosol properties over Amazonia is used [Remer et al.,

1996; Vermote et al., 1997].  In both cases, a wind speed of 7.5ms-1 is assumed.
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To be consistent with the TRMM ADMs, the new Terra aerosol ADMs are

created for 9 viewing zenith angle (θ) bins (every 10°), 10 azimuth angle (ϕ) bins (0°-9°,

9°-30°, 30°-50°, 50°-70°, 70°-90°, 90°-110°, 110°-130°, 130°-150°, 150°-171°, 171°-

180°), and five solar zenith angle bins (cosine θo values of 1-0.9, 0.9-0.8, 0.8-0.7, 0.7-0.6,

0.6-0.5).  There are not enough observations for θo > 60°; therefore, the ADMs are built

only up to 60° solar zenith angle.  For CERES pixels that have θ > 80°, the pixel

footprints cover areas beyond the earth's tangential point [Loeb et al., 2003].  Therefore,

the scene identifications are unreliable.  However, to create ADMs, CERES SW

radiances from all angular bins are needed.  Therefore, for angular bins with θ > 80°,

theoretical calculations from 6S are used with an oceanic aerosol model [WMO, 1983].

2.3.4 Building ADMs

As the first step, CERES SSF pixels that are at least 99.9% cloud free as defined

by MODIS are sorted to angular bins as described above.  The averaged radiance of an

angular bin, however, may not represent the bin average value.  For example, for the

angular bin within the θo range of 36°-45°, data samples could cluster at a small range of 

θo (e.g., θo of 36°-37°).  In such a case, the bin-averaged radiance would be biased

towards the lower end of the solar zenith angle bin.  To account for this, each angular

domain (θo, θ, ϕ) is divided into eight equally spaced sub-angular-domains (1/2 the size

of θo, θ and ϕ bin).  The CERES SSF cloud free data are sorted into the sub-angular-

domains, and the average of the 8 radiance values from sub-angular-domains is used to

represent the mean value for the angular domain.  In this study, we require at least 90%
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of the angular bins (for θ< 80°) to have a valid entry.  A valid entry is defined as having 4

out of 8 sub-angular bins in an angular bin with observed values.

There are two problems associated with obtaining the bin-averaged values in each

sub-angular domain.  The first problem is that over MODIS glint regions (ψ < 35°), there

is no instantaneous aerosol retrieval from MODIS.  Furthermore, the use of SSF

rotational azimuth plane (RAP) scan mode data provides only limited data samples over

these regions.  To obtain enough samples at angular bins within the MODIS glint regions,

one approach would be to approximate aerosol optical properties of the CERES pixels

over these regions by using either the MODIS daily or monthly gridded product.

However, the monthly or daily gridded aerosol product may not represent the true

instantaneous aerosol information for a given scene.  To test the uncertainties associated

with the use of gridded aerosol product, for each τ0.55 range (0-0.1, 0.1-0.2, 0.2-0.4) and

for each sub-angular bin in ADMs, the bin-averaged radiances derived from gridded

aerosol product are compared with bin-averaged radiances derived from the instantaneous

aerosol product.  Our study shows that the use of MODIS daily or monthly mean τ0.55

only produces 0% 2% and 3% uncertainties in the bin averaged CERES SW radiances for

ADMs that are built for 0-0.1, 0.1-0.2 and 0.2-0.4 τ0.55 ranges, respectively.  The second

problem is that even with the use of the MODIS daily and monthly gridded product, not

every sub-angular bin has enough data samples, and the average values could be

irregularly spaced at the sub-angular domains.  Therefore, the Shepard method [Amidror,

2002] is used to interpolate irregularly spaced data into the center of each sub-angular-

domain.  The 8 radiance values interpolated from sub-angular-domains are then averaged

to represent the mean value for the angular domain.  Finally, the aerosol ADMs are  
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Figure 2.2  Clear sky SW ocean ADMs for cosine θo range of 0.9 -1.0.  a) - d)
For MODIS τ range of 0.0-0.1 and for wind speed range of 0-6, 6-9, 9-12 and
12-40 m/s.

a b

c d
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Figure 2.2 Continued.  Clear sky SW ocean ADMs for cosine θo range of 0.9 -1.0.
e) - h) For MODIS τ range of 0.1-0.2 and for wind speed range of 0-6, 6-9, 9-12
and 12-40 m/s.

e f

g h
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Figure 2.2 Continued.  Clear sky SW ocean ADMs for cosine θo range of 0.9 -1.0.
i) For MODIS τ range of 0.1-0.2 and η < 0.6.  j) For MODIS τ range of 0.1-0.2 and
η > 0.6.

i

j
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created by integrating the bin-averaged radiances at all angular domains based on

equation (2.4).

2.4 Results

To demonstrate the effect of aerosol optical properties and wind speed on ADMs,

Figures 2.2a-d show polar plots of aerosol ADMs for τ0.55 between 0.0-0.1 for four wind

speed ranges (0-6, 6-9, 9-12, 12-40 ms-1); Figures 2.2e-h for τ0.55 between 0.1-0.2, and

Figures 2.2i and 2.2j for τ0.55  range between 0.2-0.4 and for η less and greater than 0.6,

respectively.  The solar zenith angle range is between 0°-25° for all 10 figures.  The

radius of the polar plot represents the satellite viewing zenith angle, and the polar angle

represents the relative azimuth.  The center of the polar plot is at satellite nadir view

(0° θ, 0° ϕ) and sun is located at 180° ϕ.

Figures 2.2a-d show the effect of near surface ocean wind speed on the angular

distribution pattern of TOA SW radiance.  All four figures share the common feature, i.e.,

the glint region with maximum R-value is located around 0°-25° θ and near 0° ϕ.  As

wind speed increases from 0-6 to 12-40 ms-1, the intensity of R value at the glint region

decreases while the glint regions broaden.  Outside glint regions, the R value in the

forward direction (ϕ < 90°) increases as wind speed increases while the R value in the

reverse direction (ϕ > 90°) decreases as wind speed increases.  For example, for θ=55°,

the R value increases from 0.83 to 0.98 for ϕ =4.5° for wind speed changes from 0-6 to

12-40 ms-1 and decreases from 0.95 to 0.93 for the same wind speed changes at 175°ϕ.

These variations in sun-glint and non-sunglint angular regions as a function of

wind speed can be explained by the interactions between surface winds and ocean
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surfaces.  When near surface ocean wind speeds are less than 3ms-1, the ocean surfaces

are relatively ‘flat’, and reflect sunlight like a mirror that is often called specular

refection.  The specular reflection of the sun would be observed at near 0° ϕ and at the

viewing zenith angle that is close or equal to the solar zenith angle.  At higher wind

speeds, waves and whitecaps are formed [e.g., Cox and Munk, 1954; Moore et al., 2000],

and ocean surfaces do not behave as a single mirror-like reflector.  Ocean surfaces can be

pictured as a composite of many small water facets [Cox and Munk, 1954] that reflect

sunlight at all directions.  Therefore, the reflectance values at the glint angles are

weakened.  Similarly, sunlight could be specularly reflected by many small water facets

to angles that are outside of the sunglint angle ranges, especially at near 0° ϕ.  Therefore,

the areas of glint angular regions are broadened.

Figures 2.2e-h show wind speed effects on aerosol ADMs for τ0.55 between 0.1-

0.2.  Similar to Figures 2.2a-d, the increase in wind speed weakens the intensity in

maximum R values at glint regions while broadening the glint regions.  One significant

difference between Figures 2.2a-d and Figures 2.2e-h is that the effect of wind speed to

the R value at glint regions is reduced.  For example, as wind speed varies from 0-3 to

12-40 ms-1, the R value at the center of the glint region changes from 2.8 to 1.7 for

ADMs that have τ0.55 values between of 0-0.1 and change from 2.6 to 1.6 for ADMs that

have τ0.55  values between 0.1-0.2.  The reduction in R value at glint regions could be

explained by the increase in aerosol loading.  As τ0.55 increases, more energy is reflected

to space before reaching the ocean surface and therefore, the wind effect to ADMs is

reduced.
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Figure 2.3  a) Satellite viewing zenith angle vs. R for ϕ range of 10°-30° and for five
cosine θo ranges of 0.5-0.6, 0.6-0.7, 0.7-0.8, 0.8-0.9 and 0.9-1.0.  b) Same as 3a
except for ϕ range of 70°-90°.  c) Same as 3a except for ϕ range of 170°-180°.

a

b

c
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Figures 2.2i and 2.2j shows that aerosol ADMs for τ0.55  between 0.2-0.4 and for η

values <0.6 and >0.6 respectively.  Comparing Figures 2.2i with 2.2j, when η increases,

the R values at the glint regions are significantly reduced.  For ϕ =4.5° and  θ = 15°, R is

1.9 for  η>0.6 and 1.6 for η <0.6.  The significant reduction in R value over glint regions

due to the decrease in η can be explained by the characteristics of η.  Areas with η < 0.6

are dominated by dust and sea salt aerosols that have particle sizes on the order of several

µm [Kaufman et al., 2004].  Areas with η > 0.6 are dominated by fine mode aerosols with

sub-micron particle sizes [Kaufman et al., 2004].  Although with the same τ0.55, larger dust

and sea salt particles are more effective in reflecting solar energy back to space.  This is

because larger dust and sea salt particles have smaller Angstrom exponent values and

hence could effectively attenuate solar energy at the whole SW spectrum.  Therefore, the

R is significantly reduced in comparison with R for fine mode aerosols.  It is also

interesting to note that outside glint regions, R increases when η increases at the forward

scattering angles.  At ϕ = 4.5° and θ=65°, the R value is 1.0 for η < 0.6 and is 1.1 for η>

0.6.

Figure 2.2 shows the aerosol ADMs for only one solar zenith angle range of 0°-

25°.  To be complete, Figures 2.3a-c show the variation in R due to changes in θo.

Figure 2.3a shows the θ vs. R relationship for 5 solar zenith angle ranges (as shown in

Section 3.3) for ϕ range of 10°-30° and for θ < 75°.  For cosine θo values between 0.9 to

1.0, the maximum R value of 2 is found around 20° θ.  The maximum R values shifted to

higher θ as cosine θo decrease.  At cosine θo range of 0.5-0.6, the R value reaches to 2.5

at θ of 75°.  The maximum R values in Figure 2.3a are related to strong mirror reflection  



30

Figure 2.4  Intercompare the averaged flux as a function of MODIS τ for CERES
fluxes that are derived using ERBE, TRMM and the new Terra ADMs.
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at glint regions.  At low θ, R values increase as cosine θo ranges increase while at high θ,

R values decrease as cosine θo ranges increase.

In comparison, Figures 2.3b and 2.3c show similar plots to Figure 2.3a except for 

ϕ range of 70°-90° and 171°-180° ranges respectively.  In contrast with Figure 2.3a, both

Figures 2.3b and 2.3c have maximum R values less than 2.  This is because both

Figures 2.3b and 2.3c show the angular distribution patterns that are off the glint regions.

In Figure 2.3b, where observations are perpendicular to the plane of incoming and mirror

reflected light beams, the R-value is increasing as cosine θo range increases.  In

Figure 2.3c, where observations are in the same direction as the incoming light beam, the

R value increases as cosine θo increases at low θ values and decrease as cosine θo

increases at high θ values.

Using the new aerosol ADMs, SW fluxes are retrieved by dividing CERES

unfiltered radiances with R values of the observing scenes.  For CERES observations that

have τ0.55 < 0.2, R values are interpolated from the empirical aerosol ADMs using surface

wind speed and τ0.55.  For CERES observations that have τ0.55 between 0.2-0.4, the R

values from small (Rsmall) and large (Rlarge) mode ADMs are first interpolated and the

final R value is then obtained by using equation (2.5):

R= Rlarge × (1-η) + Rsmall × η.            (2.5)

For CERES pixels that have MODIS τ0.55  > 0.4, the empirical aerosol ADMs for

τ0.55  between 0.2-0.4 are used and theoretical calculations are applied to correct for the

change in anisotropic factor due to increase in aerosol loading.  The R values derived
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from dust and smoke models represent Rlarge and Rsmall respectively.  Figure 2.4 shows the

averaged flux as a function of instantaneous MODIS τ0.55 for CERES fluxes that are

retrieved using ERBE, TRMM and new Terra aerosol ADMs.  Pixels are binned every

0.01 in MODIS τ0.55. Only pixels that have glint angles > 35° are selected.  The major

differences among Terra, TRMM and ERBE ocean clear sky SW ADMs are that ERBE

ADMs are only built as a function of viewing geometry, and variations in anisotropic

factors due to near surface wind and aerosol loading is not included.  The TRMM ADMs

are built as a function of ECMWF wind speed (assimilated using SSMI wind speed), and

account for aerosol effects using theoretical calculations (assuming a maritime tropical

aerosol model for all optical depths).  In comparison, new Terra ADMs are built as

functions of both SSMI near surface wind speed and MODIS retrieved aerosol optical

properties.

The use of ERBE ADMs results in the largest slope between MODIS τ0.55 and

retrieved CERES flux (Figure 2.4).  Since the SWARF is defined as the difference

between CERES flux without and with presence of aerosols, the largest slope implies the

largest SWARF for a given τ0.55 value.  This indicates that without considering the

aerosol-darkening effect over glint regions (like ERBE ADMs), the derived SWARF will

be overestimated.  It is also interesting to note that for a near zero τ0.55 value, the lowest

retrieved flux of 66 Wm-2 is found when using ERBE ADMs.  This is because when

ERBE SW clear sky ocean ADMs were constructed, partially cloudy (0-5% cloud

fraction) pixels were also included [Suttles et al., 1988].  With cloud contamination, the

R values are increased at off-glint regions.  Correspondingly, the retrieved flux is

reduced.
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Figure 2.5  Intercompare the SW radiance vs. glint angle over cloud free oceans using
maritime tropical and smoke aerosol models.
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The mean fluxes retrieved from both Terra and TRMM ADMs match at the

optical depth value of 0.26.  At the optical depth range of 0-0.26, fluxes retrieved from

Terra ADMs are lower than that of TRMM ADMs, and at optical depth range of 0.26-0.6,

fluxes retrieved from Terra ADMs are higher than fluxes retrieved from TRMM ADMs.

The slope of τ0.55 versus CERES flux is lower using TRMM ADMs than using Terra

ADMs.  The difference in slope can be explained using a radiative transfer calculation as

shown in Figure 2.5.  Over cloud free oceans, aerosols were accounted for in TRMM

ADMs using theoretical calculations assuming maritime tropical aerosols model [Hess et

al., 1998].  The maritime tropical aerosol mode has single scattering albedo of 0.998,

asymmetric parameter of 0.778 (0.55µm), and a low Angstrom exponent value of 0.07

and 0.04 between 0.3-0.5 and 0.5 -0.8 µm [Hess et al., 1998].  Figure 2.5 shows

theoretically calculated SW radiance versus glint angle using the maritime tropical and

smoke aerosol models.  The 6S radiative transfer model is used to compute TOA SW

radiance for given aerosol loading, near surface ocean wind speed and viewing

geometries for τ0.55 = 0.3.  For each glint angle the averaged solar and satellite angles

from Figure 2.1a are used.  A standard mid-latitude summer atmospheric profile is

assumed and wind speed is set to 7.5 ms-1.  The maritime tropical aerosol model was used

in building the TRMM ADMs [Loeb et al., 2003], and the smoke model is derived from

the ground based measurements over Amazonia [Remer et al., 1996; Vermote et al.,

1997].  The TOA SW radiances computed from the two aerosol models are similar at

40-50° Ψ (Figure 2.5).  At Ψ < 40°, the TOA SW radiances computed using the smoke

model are higher than that using maritime tropical aerosol model.  A maximum

difference of ~10% is found at 0° Ψ.  For Ψ > 50°, the TOA SW radiances calculated
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from smoke model are smaller than that from maritime tropical aerosol model, and the

difference reaches to ~10% when Ψ reaches 90°.  The difference in TOA SW radiances

as a function of Ψ for the two aerosol models can be explained by the difference in

particle size and single scattering albedo.  The maritime tropical aerosol model represents

large particles such as sea salt on the order of a few µm [Hess et al., 1998] while the

smoke aerosol model represents small aerosol particles on the order of 0.1 µm [Remer et

al., 1996; Vermote et al., 1997].  For the same τ0.55, small particles like smoke aerosols

effectively scatter/absorb solar energy in the visible spectrum and have a much smaller

radiative effect for wavelength larger than 1 µm.   However, large particles such as sea

salt aerosols have smaller Angstrom exponent values and are effective in

scattering/absorbing solar energy in the entire SW spectrum.  Also, the maritime tropical

aerosol model has a high ωo value of 0.998.  Therefore, with the use of maritime tropical

aerosol model when compared with the smoke aerosol model, computed TOA SW

radiances are reduced at glint regions and are increased at non-glint regions.  As a

consequence, the R values at non-glint regions are larger using the maritime tropical

aerosol model.  Therefore, for off-glint regions with the presence of thick smoke aerosols,

if the maritime tropical aerosol model is used to correct for the aerosol effect, as

performed in TRMM ADMs [Loeb et al., 2003], the retrieved τ0.55 vs. CERES SW flux

relationship is “flatter” when compared to the aerosol correction performed using a

smoke aerosol model.

For τ0.55 < 0.06, the dominant aerosol type is background maritime aerosol

[Kaufman et al., 2004].  For MODIS τ0.55 > 0.06,  the column aerosols are mixture of

heterogeneous aerosols such as smoke, polluted aerosol and dust aerosols [Kaufman
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et al., 2004].  Therefore, the use of the maritime tropical aerosol model to correct the

aerosol effect at high aerosol loading scene (τ0.55 > 0.1) could induce an underestimation

in aerosol forcing efficiency (which is proportional to the slope of τ vs. CERES flux) as

well as SWARF.  Hence, to accurately study SWARF, it is imperative to use empirical

aerosol ADMs.

The major uncertainties of this study are due to following reasons: (1) estimating

CERES SW radiance over glint regions using daily and monthly gridded aerosol product

instead of instantaneous retrievals; (2) interpolating/extrapolating bin averaged SW

radiance using the Shepard model; (3) lack of observation for satellite viewing zenith

angles > 80°; (4) uncertainties inherited from MODIS aerosol retrievals; and (5) cloud

contamination.  In the satellite aerosol radiative forcing studies, however, the SWARF is

derived from the difference in TOA SW fluxes with and without the presence of aerosols,

and therefore, partial cancellation for some of these factors is possible.  Furthermore, the

derived SWARF and SW aerosol forcing efficiency are overestimated using ERBE

ADMs and underestimated using TRMM ADMs.  Therefore, the SWARF values derived

from ERBE and TRMM ADMs could be regarded as the upper and lower bounds of the

derived SWARF due to uncertainties in ADMs.  Averaged over 10 month of data, the

aerosol forcing efficiency (for τ0.55  < 0.4) derived using the new Terra ADMs is

73.0 Wm-2 per τ0.55, and is bounded by 63.1 and 80.5 Wm-2 per τ0.55 that are derived using

TRMM and ERBE ADMs respectively.  A 10% uncertainty is observed without using the

empirical aerosol ADMs that account for the variations of aerosol properties to the TOA

radiance fields.
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2.5 Conclusion

Using CERES observations, recent studies have estimated SWARF by combining

the strength of multiple sensors on board the same satellite platform [e.g., Christopher

and Zhang, 2002a; Loeb and Kato, 2002].  In these studies, the SWARF is represented as

the difference in CERES fluxes between clear and aerosol skies [Christopher and Zhang,

2002a; Loeb and Kato 2002].  The CERES instrument measures SW and LW radiances,

and therefore ADMs are used to invert CERES observed radiances to flux.  Currently,

however, there is no empirical aerosol ADMs available.  In this study, using CERES SSF

data, MODIS daily and month gridded aerosol products, and SSMI data, new Terra

aerosol SW ADMs over cloud free oceans are constructed.

The key results from the study are as follows:

• New aerosol ADMs are constructed over cloud free oceans that are

specific for SWARF studies using satellite observations.  The new ADMs

are constructed as function of τ0.55 and near surface wind speed as well as

the fraction of MODIS small mode ratio.

• The parameter η (ratio of small to large mode τ0.55) is used in the new

aerosol ADMs to account for the variations in aerosol properties to the

anisotropy of TOA radiance fields.

• This study suggests that the SW aerosol forcing efficiency and SWARF

values derived using ERBE and TRMM ADMs are the lower and upper

bounds of the SW aerosol forcing efficiency and SWARF values due to

uncertainties in ADMs.
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• For 10-months of data, the SW aerosol forcing efficiencies (proportional

to slope of τ vs. CERES flux) were 80.5, 63.1, and 73.0 Wm-2 per τ for

flux (derived using ERBE, TRMM and new Terra clear sky ocean ADMs

respectively).
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CHAPTER 3

GLOBAL AND SEASONAL DISTRIBUTION OF SHORTWAVE AEROSOL

DIRECT FORCING OVER GLOBAL OCEANS

3.1 Introduction

Due to their significance in climate change studies [e.g., IPCC, 2001], aerosols

and their radiative effects have been studied extensively through various methods [e.g.,

Hansen et al., 1998; Haywood and Boucher, 2000; Haywood et al., 1999; Charlson et al.,

1992; Kaufman et al., 2002a; Ramanathan et al., 2002].  The common approaches to

study the effect of aerosols on climate use either radiative transfer models [e.g., Penner

et al., 1992; 1994; Chylek and Wong, 1996] or general circulation models [Haywood et

al., 1999, 2000; Tegen et al., 2000; Hansen et al., 1998].  On the other hand, several

studies have used satellite observations to study the short wave aerosol radiative forcing

(SWARF) in cloud free conditions [Haywood et al., 1999; Loeb and Kato, 2002;

Christopher and Zhang, 2002a].  In these studies, satellite broadband observations from

either the Earth Radiation Budget Experiment (ERBE) or Clouds and the Earth's Radiant

Energy System (CERES) are classified into three groups of data including "totally clear,"

"cloud free aerosol skies" and "cloudy" through the use of additional multi-spectral
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satellite observations.  The SWARF over cloud free skies are then derived by removed

the clear sky component from the observed fluxes.  One difficulty of this study is that

since CERES has a large footprint on the order of 20km at nadir, additional finer

resolution satellite observations are needed to discern aerosol and cloud properties within

an ERBE/CERES footprint.

Using a similar approach from the Visible Infrared Scanner (VIRS) and CERES

data on board the Tropical Rainfall Measuring Mission (TRMM), Christopher et al.

[2000] studied the SWARF over both land and ocean over Central America.  Loeb and

Kato [2002] have extended this study using nine months of collocated VIRS and CERES

data, and reported a SWARF of -4.6 Wm-2 over tropical oceans.  However the VIRS was

not designed for aerosol studies and has several limitations including limited number of

channels that are not sensitive to the presence of aerosols (Chapter 2), and coarse spatial

resolution of 2 km [Christopher et al., 2000; Loeb and Kato, 2002] when compared with

other imagers such as Advanced Very High Resolution Radiometer (AVHRR), and

therefore, is not best suitable for aerosol studies.  Also, the TRMM satellite was not

designed for global coverage.

The recently launched Terra satellite provides an excellent opportunity for

studying both aerosol and SWARF using space observations.  On board Terra, the

Moderate Resolution Imaging Spectroradiometer (MODIS) has a total of 36 channels

with improved spatial, spectral and radiometric resolution when compared with previous

imagers [King et al., 1992].  A major goal of MODIS is to characterize the spatial

distribution of aerosols and clouds and their optical properties.  Using a dark target

method, the MODIS is used to retrieve aerosol optical depth over both land and ocean,
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and aerosol particle size information over global oceans [Remer et al., 2002b; Chu et al.,

2002].  The MODIS aerosol retrievals have been intensively validated against ground and

insitu measurements and are currently providing retrievals on the spatial distribution of

aerosols and their optical properties [e.g., Remer et al., 2002b; Chu et al., 2002].  Also on

board Terra is a broad band instrument, CERES that can be used to obtain outgoing

shortwave and longwave fluxes.  The MODIS and CERES has been merged together to

form the CERES Single Scanner Footprint (SSF) data set [Loeb and Kato, 2002], that can

be used to carefully examine the affect of aerosols on the Top-of-Atmosphere (TOA)

radiation field and the TOA SWARF.

Since the CERES does not observe SW fluxes directly, Angular Dependence

Models (ADMs) are used in inverting the observed radiance to flux for a given scene

[Wielicki et al., 1996].  Using ten months of MODIS and CERES data from Terra, new

aerosol ADMs have been developed specifically for satellite SWARF studies (Chapter 2).

The new aerosol ADMs were built for cloud free oceans as functions of MODIS aerosol

optical depth; the ratio of fine mode fraction to total aerosol optical depth that accounts

for the variation in aerosol properties; and Special Sensor Scanning Microwave Imager

(SSM/I) near-surface wind speed.  The new aerosol ADMs account for the variation in

aerosol optical depth and aerosol type to the TOA SW radiance field that the previous

ERBE and TRMM ADMs did not include.

In this section, we examine the SWARF over global cloud free oceans.  The

seasonal and regional distributions of SWARF are studied.  The effects of solar zenith

angle, and the ratio of fine mode to total aerosol optical depth on the satellite derived
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SWARF are investigated and we also estimate the diurnally averaged SWARF to

compare our results against other studies.

3.2 Data Sets

The details of the CERES and MODIS data sets are discussed in detail in

Chapter 2 and only a brief summary is provided here.  We use ten months (November

2000 to August 2001) of the CERES SSF product that contains merged CERES fluxes

and MODIS cloud and aerosol properties.  Also included in the CERES SSF product is

the point spread function weighted aerosol and cloud properties [Loeb et al., 2003]

including the aerosol optical depth and the ratio (η) of fine aerosol to total aerosol optical

depth at 0.47, 0.55 and 0.67 µm [Kaufman et al., 2004; Remer et al., 2002b].  The

MODIS retrieved aerosol optical properties at 0.55 µm are used in this study and recent

studies show that the MODIS retrieved aerosol optical depth values (τ0.55) are within the

expected uncertainties of ± 0.03 ± 0.05 τ0.55 over the global oceans [Remer et al., 2002a,

b].

In CERES SSF data, the cloud properties are identified using collocated MODIS

observations that have much finer resolution.  In this study, only CERES observations

over cloud free oceans are used.  We require the CERES pixels to be at least 99.9% cloud

free as determined by MODIS data.
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3.3 Methods and Results

3.3.1.1 ADMs

In Chapter 2, we describe the Angular Models that were developed for converting

the CERES measured radiances to TOA fluxes for cloud-free pixels.  The new aerosol

ADMs are built as functions of SSM/I wind speed, and MODIS retrieved AOT.  The

MODIS retrieved ratio η is also included in the new aerosol ADMs to account for the

variations of aerosol properties to the SW TOA radiance field.  In previous studies, over

cloud free oceans, there is only one set of ADMs (ERBE ADMs) available and aerosol

darkening effect over glint regions are not considered (Chapter 2).  Therefore, the derived

SWARF is over estimated.  For the TRMM ADMs, only one aerosol model (maritime

tropical aerosol model) for correcting the effects of aerosols on the angular distribution

pattern of TOA SW radiation fields, and therefore, the SWARF could be underestimated.

In this study, we compare the SWARF using ERBE, TRMM, and Terra ADMS over

cloud free oceans and examine the seasonal and spatial distribution of SWARF from the

newly constructed ADM’s.

3.3.1.2 Shortwave Aerosol Radiative Forcing

The SWARF is defined as the difference between the SW flux observed with

(Faero) and without (Fclr) the presence of aerosols [Christopher and Zhang, 2002a; Loeb

and Kato, 2002], where Fclr and Faero represent the CERES observed SW flux for totally

clear skies and cloud free skies with the presence of aerosols respectively.  Both Fclr and

Faero are computed for every 2×2 degree latitude, longitude bins.  Due to the significant
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increase in pixel size as a function of scan angle, only the CERES pixels that have

viewing zenith angle less than 60° and solar zenith angle less than 60° are used.

For each season, the aerosol direct forcing values are computed for every

2×2 degree bins.  The aerosol forcing is derived by subtracting the Fclr of a 2×2 degree

bin from the bin averaged cloud free CERES flux.  Only CERES pixels that have glint

angles larger than 35° are used because over glint regions, the CERES SW radiance

varies dramatically for a slight change in satellite viewing geometry, and very fine

resolution glint ADMs are needed in order to provide accurate flux retrievals over glint

regions [Loeb et al., 2003].

To obtain SWARF, the TOA SW fluxes in aerosol and cloud free sky (Fclr) are

needed since Fclr is defined as the SW flux when MODIS τ0.55=0.  However, it is not

possible to have observed scenes that have zero aerosol loading.  Therefore, in this study,

the Fclr is computed using the following two steps: first, the seasonal mean Fclr values are

constructed as functions of Solar Zenith Angle (θo) and near surface wind speed using the

newly retrieved CERES fluxes.  The Fclr is defined as the TOA SW flux without the

presence of aerosols and clouds.  Due to uncertainties in MODIS aerosol retrievals [e.g.,

Remer et al., 2002b], it is difficult to isolate CERES pixels with zero τ0.55.  Here we

assume that for observations with τ0.55 < 0.2, CERES fluxes and MODIS τ0.55 have a

linear relationship [Christopher and Zhang, 2002a].  For each θo and wind speed bin (ten

θo and four wind speed bins), the linear regression relation (3.1) is computed using all

cloud free CERES pixels that have τ0.55 < 0.2.

SW Flux= Fclr + slope*τ0.55.                            (3.1)
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Figure 3.1  a) Spatial distribution of MODIS τ0.55 over CERES cloud free oceans and
b) the CERES derived SWARF for the Northern hemisphere Winter season
(November, December, 2000, and January and February 2001).
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Figure 3.1 Continued.  c) Spatial distribution of MODIS τ0.55 over CERES cloud free
oceans and d) the CERES derived SWARF for the Northern hemisphere Spring season
(March, April, and May 2001).
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Figure 3.1 Continued.  e) Spatial distribution of MODIS τ0.55 over CERES cloud free
oceans and f) the CERES derived SWARF for the Northern hemisphere Summer
season (June, July, and August 2001).
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Figure 3.2 Scatter plot of MODIS τ0.55 vs. CERES derived SWARF for the three
seasons: Winter, Spring, and Summer.
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The Fclr is obtained by extrapolating the regression relation back to zero τ0.55.

Using this approach, look up tables of Fclr and the slope of SW flux vs. τ0.55 are

established as functions of wind speed and θo.  Therefore, for a given CERES

observation, the Fclr can be obtained using the predetermined LUTs.

Averaging over all solar zenith angle bins and all wind speed bins, the Fclr values

are 70.4, 72.0 and 74.6 Wm-2 for the Northern Hemisphere Summer (June-July-August),

Spring (March-April-May), and Winter (November-December-January-February)

seasons respectively.  Due to variations in oceanic and atmospheric conditions such as

water vapor, Fclr also shows local variations.  To account for these local variations, a

correction factor is computed locally.  For each bin, the averaged flux, τ0.55, θo and wind

speed for CERES pixels that have τ0.55 < 0.2 are computed for each season.  The averaged

θo and wind speed are used as indices to retrieve both Fclr and the slope of the regression

relation from the predetermined LUTs.  Using the retrieved regression relation, a new

flux value is derived by inputting the averaged τ0.55 value.  The difference between the

averaged and derived fluxes (∆F) is assumed to be from local variations and Fclr is

therefore adjusted by adding the correction term ∆F.

3.3.2.1 Spatial Distribution of Instantaneous Cloud Free Sky Aerosol Direct Forcing

Figure 3.1 shows the global distribution of MODIS τ0.55 and CERES derived

aerosol direct forcing over CERES cloud free oceans for Winter, Spring, and Summer

seasons.  These values are called instantaneous because they are derived from the time of

the satellite overpass.  The geographical distribution of τ0.55 and CERES derived aerosol

direct forcing are consistent, and regions with high τ0.55 are associated with regions with
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high SWARF.  For example, in winter, both high aerosol loading and high aerosol

forcing values are observed over the West Coast of Africa, the Indian Ocean and the East

Coast of Asia.  Figure 3.2 shows the scatter plot of τ0.55 vs. SWARF for the three seasons.

The scatter plots for the three seasons show a similar pattern when τ0.55 < 0.6, while for

τ0.55 > 0.6, the SWARF values from spring and winter seasons are higher than that of the

summer season.  The aerosol forcing efficiency, which is defined as the mean SWARF of

the season divided by the mean τ0.55 of the season, are -72, -73 AND -70 Wm-2 per τ0.55

for the Winter, Spring and Summer seasons respectively.  These values are consistent

with other studies [Anderson et al., 1999; Delene and Ogren, 2002].  Also shown in

Figure 3.2 by the thick black line is a second order polynomial fit for all three seasons

where SWARF = 0.05 -74.6τ0.55 + 18.2 τ0.55
2 Wm-2.  The slope of τ0.55 vs. SWARF in this

study is higher than previously reported in Christopher and Zhang [2002a] where

SWARF was studied over cloud free global oceans using collocated MODIS and CERES

data for only September 2000.  The difference in slopes in the two studies may be due to

the seasonal difference in aerosol distributions.

There are, however, significant seasonal differences in the spatial distribution of

τ0.55, and SWARF.  For winter (Figures 3.1a and 3.1b), the dominant aerosol plumes are

over the West Coast of Africa, and Asia.  Over the West Coast of Africa, during this

season, aerosols are from both wind-driven dust aerosols originating from desert areas

[Prospero et al., 2002; Husar et al., 1997; Kaufman et al., 2004], and smoke aerosols from

biomass burning around 10° Latitude [Remer et al., 2002a; Boucher and Tanré, 2000;

Husar et al., 1997].  Over India and China, pollutant aerosols dominate the distribution

[Ramanathan et al., 2001; Husar et al., 1997].  For spring (Figures 3.1c and 3.1d), the
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predominant aerosols are located in the Northern Hemisphere (NH) along the West Coast

of Africa, and India.  Also shown in Figures 3.1c and 3.1d, the strong dust plumes

originating from Asia are transported over the North Pacific Oceans and are observed at

the west coast of North America.  These dust episodes have been extensively studied

during ACE-Asia field experiments [Huebert et al., 2003].  Optically thick aerosol

plumes are also observed around South America, Central America, and the North Atlantic

oceans.  During summer (Figures 3.1e and 3.1f), except for the persistent dust plumes

over the West Coast of North Africa, thick biomass burning plumes are observed over

both East and West Coast of South America when large fire episodes occur [Swap et al.,

2003].  For the same season, aerosol plumes are also observed in north coast of Australia

and Asia.

Table 3.1 Regional averaged τ0.55 and SWARF for three seasons.

Latitude Longitude NDJF SPRING SUMMER
°N °E τ0.55 SWARF

(Wm-2)
τ0.55 SWARF

(Wm-2)
τ0.55 SWARF

(Wm-2)
NA 10 - 30 -60 - -10 0.10 -7.0 0.12 -8.5 0.14 -9.7
SWA -20 - -5 -20 - 20 0.11 -8.2 0.08 -5.5 0.14 -9.3
SEA -30 - -10 30 - 60 0.07 -5.0 0.05 -3.9 0.09 -6.9
CA 10 - 30 -120 - -80 0.08 -6.1 0.15 -10.5 0.11 -7.0
EUS 30 - 45 -80 - -50 0.07 -5.0 0.14 -10.1 0.09 -6.2
INDIA 0 - 30 60 - 100 0.15 -10.6 0.20 -14.0 0.16 -12.3
CHINA 20 - 40 110 - 150 0.16 -12.1 0.23 -16.6 0.12 -8.3
NWP 30 - 50 150 - 180 0.11 -7.5 0.20 -14.9 0.07 -4.9
NEP 30 - 50 -180 - -130 0.09 -5.8 0.15 -10.9 0.06 -4.8
AU -20 - 0 100 - 150 0.08 -5.7 0.07 -5.0 0.10 -7.3
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The aerosol forcing has a strong seasonal and regional dependence (Figure 3.1).

We therefore identified the ocean regions where SWARF aerosol forcing shows strong

seasonal characteristics.  We selected 10 regions including North Africa (NA), South

West of Africa (SWA), South East of Africa (SEA), Central America (CA), Eastern US

(EUS), India, China, North West Pacific (NWP), North East Pacific (NEP), and Australia

(AU).  The seasonal and yearly averaged τ0.55, SWARF and SW forcing efficiency for

each specific region is shown in Table 3.1.

Over NA and SWA regions, the highest SWARF values of -9.7 and -9.3 Wm-2 are

found during summer corresponding to the highest MODIS τ0.55 value of 0.14 for both

regions.  For NA region, smaller SWARF values of -8.5 and -7 Wm-2 are found during

spring and winter.  The dominant aerosol type over NA region is the transported dust

aerosol originating from the Saharan deserts [e.g., Prospero et al., 2002].  The high

SWARF values over NA region for all three regions indicate the persistent dust SW

cooling effect over that region.  For SWA region, during spring, no significant aerosol

plumes are apparent in Figure 3.1, and SWARF is as low as -5.5 Wm-2.  During winter,

due to the biomass burning activities over South Africa which typically starts around

August and lasts until November [Swap et al., 2003], the SWARF in SWA region

increases to -8.2 Wm-2.

Over India and China regions, the averaged SWARF reaches high values of -14

and -16.6 Wm-2 during spring.  High SWARF values are also found during summer and

remain high through the winter for both of the regions.  The fraction of fine mode to the

total aerosol optical depth, as indicated by η is high for India where fine mode aerosol

dominates the spring and winter seasons while coarse mode aerosols such as dust
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Figure 3.3  Ten-month, zonal mean SWARF for Northern (NH) and Southern (SH)
hemisphere for the period of November 2000 to August 2001.
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aerosols transported from NA region, dominate the summer season.  Over China, the fine

mode aerosols dominate at all seasons although during spring the η value is the lowest.

The highest τ0.55 and SWARF over China region is found during the spring season, and is

associated with the large dust, biomass, and pollution episodes that occurred during April

2001 [Huebert et al., 2003].  Similarly, the highest SWARF values of -15 and -11 Wm-2

are also found over NWP and NEP regions for the same period.  It is interesting to note

that SWARF values are gradually reduced from source to NWP and NEP, which

indicates the direction of aerosol transport.  In the other two seasons, both NWP and NEP

regions have low SWARF values.

Another significant result during the spring season is that both CA and EUS have

high τ0.55 and SWARF values compared with other seasons.  Over CA, the SWARF

values are -7, -10.5 and -6 Wm-2 for summer, spring and winter respectively.  The high

SWARF and τ0.55 value during spring are associated with biomass burning events during

that season over Central America [Christopher et al., 2000].

3.3.2.2 Hemispheric Contrast

Figure 3.3 shows the zonal mean SWARF over cloud free oceans calculated from

the time of the satellite overpass.  In the Southern Hemisphere (SH), the minimum

SWARF values are found near -20° to -40° latitude with a SWARF peak of -7.5 Wm-2

between -40° to -60°N.  These peak values are associated with the "roaring 40’s" where

strong winds inject large amount of sea salt aerosols into the air [Fitzgerald, 1991].  In the

Northern Hemisphere (NH), two SWARF peaks are observed, one at 0°-20° N and

another at 40°-50° N.  The first is associated with the dust/biomass aerosols originated
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from North Africa, and are transported around the equatorial region [Kaufman et al.,

2004; Prospero et al., 2002; Swap et al., 2003].  The latter one is associated with

anthropogenic and dust aerosols originated from Asia that are transported across the

Pacific Ocean [Huebert et al., 2003].  The averaged SWARF over SH is -5.3 Wm-2, and is

lower than the averaged value of -7.9 Wm-2 for the NH.  Similarly, Chou et al. [2002]

also found a higher SWARF value over NH.  However, the ratio of NH to SH SWARF

values is smaller as reported in Chou et al. [2002] but similar to the values reported by

Loeb and Kato [2002].  The mean τ0.55 for SH and NH over CERES cloud free skies are

0.07 and 0.11 respectively.  Although both τ0.55 and SWARF show a hemispheric

difference, the instantaneous SW aerosol forcing efficiency (SWARF/τ0.55) is similar for

both the NH and SH and is on the order of -70 Wm-2 per τ0.55.

Table 3.2 The effect of η to the SWARF.

η > 0.8 η < 0.6
τ0.55 SWARF

(Wm-2)
SWARF/τ0.55 τ0.55 SWARF

(Wm-2)
SWARF/τ0.55

WINTER 0.060 -3.97 -66.09 0.091 -6.82 -74.80
SPRING 0.066 -4.59 -69.17 0.100 -7.50 -74.68

SUMMER 0.075 -5.11 -68.32 0.073 -5.11 -69.94

3.3.2.3 The η Effect

In MODIS aerosol retrieval over oceans, the ratio (η) of fine mode to total τ0.55 is

also derived.  The factor η has been used for separating dust from background and
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Figure 3.4  The averaged MODIS τ0.55 vs. CERES derived SWARF as a function of
solar zenith angle.
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anthropogenic aerosols [Kaufman et al., 2004].  Therefore, we studied the effect of η to

SWARF derived in this study.  Two groups of data are used.  The first group of data has

η > 0.8 and represents fine mode aerosols [Kaufman et al., 2004] and the second group

data has η < 0.6 and represents coarse mode aerosols [Kaufman et al., 2004].  The

SWARF values are derived for both groups of data using the method described in

Chapter 2.  The  seasonal mean MODIS τ0.55, SWARF, and SW forcing efficiency

(defined as SWARF/τ0.55) for the three seasons for η < 0.6 and η > 0.8 are shown in

Table 3.2.  Both τ0.55 and SWARF show a larger variation for all three seasons when η <

0.6 compared to the cases when η > 0.8.  For example, when η <0.6, SWARF varies

from -5.1 to -7.5 Wm-2 for all three seasons while SWARF values have a smaller

variation of -4.0 to -5.1 Wm-2 for η > 0.8.  Furthermore, in all three seasons, the aerosol

forcing efficiency is smaller for η > 0.8 comparing with data for η < 0.6.  Small η values

relate to large particles such as sea salt and dust particles [Tanre et al., 1997; Kaufman et

al., 2004] while larger η values relate to smaller particles like smoke and pollutant

aerosols [Tanre et al., 1997; Kaufman et al., 2004].  Table 3.2 shows that smaller

particles have a smaller aerosol forcing efficiency compared to dust and sea salt particles.

This is consistent with the results of Christopher and Zhang [2002a].  The η factor will be

implemented in a future study to examine the direct climate forcing by anthropogenic

aerosols.

3.3.2.4 Solar Zenith Angle effect

Beside η, solar zenith angle (θo) is also another important factor that affects the

derived SWARF.  Figure 3.4 shows the variation in CERES SW flux as functions of τ0.55
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and cosθ0.  A total of four cosθo ranges are studied: 0.9-1, 0.8-0.9, 0.7-0.8 and 0.6-0.7,

and only pixels that have simultaneous τ0.55 retrievals are used.  The slope of  τ0.55 vs. SW

flux increases as cos θo decreases.  The highest slope of 79 Wm-2 per τ0.55 is found for

cos θo range of 0.6-0.7 and the lowest slope of 61 Wm-2 per τ0.55 is found for cos θo

ranges of 0.9-1.0.  The difference in θo could induce a 10 Wm-2 or higher difference in

SWARF for τ0.55 value of 0.6 because as θo increases, the slant path also increases, and

the incoming energy is interacting with aerosols in a longer path.  Assuming aerosol

properties are independent of θo, a 10° change in θo (within the range of from 0° to 60°)

could induce a 7 - 8% change in the SWARF over global oceans.

The effect of solar zenith angle on SWARF is important because it is one of the

factors that are needed to compare the SWARF derived from satellite to the numerical

modeling studies.  Traditionally, the numerical modeling results estimate the diurnally

averaged SWARF while satellite studies provide SWARF at a given overpass time.  The

diurnally averaged SWARF is different from the instantaneous SWARF derived during

satellite over pass time due to two main factors: the variations of θo and aerosol optical

properties during a day.  As suggested by Kaufman et al. [2000], Terra satellite

measurements acquired during a specific overpass time could represent the daily

averaged aerosol optical properties with a 2% error on the annual average.  Therefore, the

major difference in satellite derived SWARF and the diurnal averaged SWARF depends

on the changes in θo during a day.

We estimated the scaling factor between diurnal averaged SWARF and the

SWARF obtained at Terra overpass as follows.  The averaged θo values are first

computed for every hour and every second month, for four latitude belts centered at
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15° N, 15° S, 45° N, and 45°S.  A four-stream radiative transfer model [Fu and Liou,

1993] was then used to compute the SWARF at different θo values.  A total of 12 aerosol

models are used including Maritime (MARI), Continental (CONT), Urban (URBA)

[D'Almeida et al., 1991], Insoluble (INSO), Water Soluble (WASO), Sea salt in

accumulation mode (SSAM) and coarse mode (SSCM), Mineral dust in nucleation

(MINM), accumulation (MIAM), coarse (MICM), and transported (MITR) modes, and

Sulfate droplets (SUSO) [Hess et al., 1998] and a τ0.55 value of 0.15 is assumed in the

calculations with aerosol scale height of 4 km and a tropical atmospheric profile.

Table 3.3 The scaling factors estimated using 12 different aerosol models.

30-60 °S 0-30 °S 0-30 °N 30-60 °N Global Mean
SUSO 2.22 1.85 2.00 2.18 2.06
MITR 2.10 1.67 1.83 2.06 1.92
MARI 2.17 1.78 1.94 2.14 2.01
INSO 1.97 1.36 1.58 1.93 1.71
WASO 2.30 1.96 2.10 2.27 2.16
SSAM 2.17 1.80 1.95 2.14 2.01
SSCM 2.11 1.71 1.87 2.08 1.94
MINM 2.26 1.92 2.06 2.23 2.12
MIAM 2.15 1.75 1.90 2.11 1.98
CONT 2.31 1.97 2.11 2.28 2.17
URBA 2.31 1.96 2.10 2.28 2.16
MICM 1.51 0.15 0.58 1.45 0.92

To compute the scaling factor, the SWARF is first computed for each θo.  The

scaling factor is then calculated by dividing the 24-hour mean SWARF by the SWARF

value that is computed at Terra overpass time (10:30 AM).  Table 3.3 lists the scaling

factor for yearly mean for four latitude belts and for 12 different aerosols models.  Also
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listed in Table 3.3 are the scaling factors averaged over all four latitude belts.  Shown in

Table 3.3, except for MICM, the scaling factors calculated from the other 11 aerosol

models are clustered around 2 and have a mean of 2.0 and a standard deviation of 0.1.

The scaling factor of 0.9 is found when using MICM aerosol model, which has a strong

absorption at the SW spectrum and induces positive SWARF values at certain θo ranges.

Therefore, a scaling factor of 2 is used to scale the instantaneous SWARF derived at the

Terra over pass time to 24 hour averaged SWARF.

Table 3.4 Seasonally aerosol direct forcing over CERES cloud free oceans estimated
using three different ADMs.

NDJF
(Wm-2)

SPRING
(Wm-2)

SUMMER
(Wm-2)

10-month
(Wm-2)

ERBE ADMs -7.1 -7.8 -6.7 -7.2
TRMM ADMs -5.5 -6.1 -5.1 -5.6
Terra ADMs -6.3 -6.9 -5.9 -6.4

3.3.2.5 Instantaneous, Diurnal and All Sky SWARF

Table 3.4 lists the seasonally averaged SWARF over global oceans (within ± 60°

Latitude) estimated using ERBE, TRMM and Terra aerosol ADMs.  Also listed in

Table 3.4 are the 10 month averaged SWARF values.  Using Terra aerosol ADMs, the

10-month mean SWARF over oceans is -6.4 Wm-2.  The 10 month mean SWARF values

are -7.2 and -5.6 Wm-2 respectively for SWARF values that are derived using ERBE and

TRMM ADMs respectively.  The SWARF value derived using Terra ADMs is within the

SWARF values derived using ERBE and TRMM ADMs.  This is consistent with
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Chapter 2, where the SWARF values derived from ERBE and TRMM ADMs bound the

Terra derived SWARF.

The SWARF derived from this study, however, is biased toward CERES cloud

free skies.  For example, the averaged cloud free regions over global oceans in on the

order of 30% estimated using MODIS cloud product while only 5% of CERES pixels are

reported as 99.9% cloud free pixels.  To obtain diurnally averaged SWARF over global

oceans, the SWARF value obtained in this study are corrected for the CERES clear sky

sample bias, for cloud fraction, and scaled by the variations in θo.

Because the difference in the field of view, the averaged MODIS τ0.55 for CERES

cloud free ocean skies is 0.09 and the averaged MODIS τ0.55 is 0.15.  Considering an

aerosol forcing efficiency of 70 Wm-2 per τ0.55 (Chapter 2), the SWARF corrected for the

bias is (-6.4 Wm-2 -70 Wm-2 per τ0.55 * 0.06) = -10.6 Wm-2.  The mean aerosol forcing

efficiency of 70 Wm-2 per τ0.55 is obtained for τ0.55 between 0 to 0.4 (Chapter 2),

therefore, represents the global mean aerosol forcing efficiency at the range of τ0.55 from

0.09 to 0.15.  The diurnally averaged SWARF, after accounting for the effect of solar

zenith angle, is estimated to be -5.3 Wm-2 over cloud free oceans.

3.3.2.6 Comparison with Other Studies

The 10-month averaged instantaneous and diurnally averaged SWARF over cloud

free oceans estimated from this study are -6.4 and -5.2 Wm-2 respectively.  Notice the

first number is the instantaneous SWARF without correcting for clear sky sample bias.

The second number is the SWARF value after correcting for clear sky bias and

accounting for the diurnal cycle.  The instantaneous SWARF derived over Terra over
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pass time is comparable to values Christopher and Zhang [2002a], where instantaneous

SWARF of -6 Wm-2 was obtained over cloud free oceans for September 2000.

The diurnally averaged SWARF of -5.2 Wm-2 over global oceans derived in this

study is comparable to, with a magnitude of less than 1 Wm-2 differences to most of other

studies using either radiative transfer model, GCM, or satellite observations.  For

example, Yu et al. [2004] estimated the diurnal averaged SWARF of -4.6 Wm-2 using

MODIS aerosol retrieval and The Georgia Tech/Goddard Global Ozone Chemistry

Aerosol Radiation Transport (GOCART) model over oceans.  Boucher and Tanre, [2000]

found the SWARF value to be -5.5 Wm-2 using the Polarization and Directionality of the

Earth' Reflectance (POLDER) observations and a radiative transfer model.  Using the

Sea-viewing Wide Field-of-view Sensor (SeaWiFS) satellite retrievals, Chou et al. [2002]

calculated a SWARF value of -5.4 Wm-2 using Chou and Suarez model.  The diurnally

averaged SWARF found in this study is similar to values reported (-4.6 Wm-2) by Loeb

and Kato [2002] using 9 month averaged VIRS and CERES data over cloud free tropical

oceans.

This value is lower than the -6.7 Wm-2 found by Haywood et al. [2000] who

compared annual mean cloud free ERBE observations with GCM modeled results.  In

Haywood et al. [2000], ERBE cloud free data is used, and therefore, possible cloud

contamination of 0-5% exists [Wielicki and Green, 1989], which cloud induce a higher

value of SWARF.
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3.4 Uncertainty Analysis

The uncertainties in the derived aerosol forcing value are from the three major

sources: uncertainties in calibrated CERES radiances, uncertainties in Fclr due to MODIS

aerosol retrievals, and uncertainties in aerosol ADMs methods.  Cloud contamination is

another source of uncertainty [Loeb and Kato, 2002; Christopher and Zhang, 2002a].  In

this study, only 99.9% cloud free pixels (as identified by MODIS) are used.  Furthermore,

in deriving SWARF, partial cancellation of cloud fraction exists.  Therefore, the

uncertainty in cloud contamination is neglected.

Wielicki et al. [1996] showed that the uncertainties in calibrated CERES SW

radiance is on the order of 1%, corresponding to 0.8 Wm-2 in the averaged SW flux over

cloud free oceans.  As mentioned in Chapter 2, Fclr is derived using the regression relation

between τ0.55 and SW flux for all CERES pixels that have τ0.55 <0.2.  The mean value of

slope of the regression relation is 70 Wm-2 per τ0.55 (Chapter 2).  A 0.03 uncertainty in

MODIS τ0.55 will induce a 2 Wm-2 uncertainty in Fclr.

As shown in Chapter 2, the uncertainties in SWARF due to ADMs can be

estimated from SWARF values that are derived using ERBE and TRMM ADMs.  While

SWARF derived from ERBE ADMs provides the lower bound, and the SWARF value

derived from TRMM ADM provides the upper bound for the SWARF study using

CERES observations.  In this study, the mean SWARF are -7.2, -5.6 and -6.4 Wm-2 using

ERBE, TRMM and Terra aerosol ADMs.  Therefore, the uncertainties in SWARF due to

ADMs is 0.8 Wm-2.

Assuming the three main sources of uncertainties are not correlated, the total

uncertainty in Terra ADMs can be estimated using equation (3.2) [Penner et al., 1994]:
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where Ui is the uncertainty factor from each individual source of uncertainty and Ut is the

total uncertainty factor.  A 2% uncertainty is equivalent to an uncertainty factor value of

1.02.  Combining all five sources of uncertainties, the averaged uncertainty in the

instantaneous cloud free sky CERES flux of 2.4 Wm-2.  Using a similar approach, the

uncertainties in the diurnally averaged SWARF is estimated to be 1.2 Wm-2.

3.5. Conclusion

Using 10 month of CERES SSF data, this study derived the TOA SWARF over

cloud free oceans.  The new Terra aerosol ADMs are used for inverting CERES SW

radiances to fluxes that account for the variations in TOA SW radiance angular

distribution patterns due to aerosols and near surface wind speed.  The spatial and

seasonal features of MODIS τ0.55 correspond well with the high SWARF values derived

from CERES.  The major results of this study are as follows:

• Averaged over 10 months of data, the relationship between the instantaneous

MODIS τ0.55 and SWARF estimated from two independent instruments can be

represented by the following equation: SWARF = 0.05 -74.6τ0.55  +

18.2 τ0.55
2 Wm-2 (τ0.55 < 0.8).

• Averaged over global oceans, the instantaneous SWARF from Terra overpass

is -6.4 ±2.4 Wm-2.  The diurnally averaged SWARF over cloud free oceans is

estimated to be -5.3±1.2 Wm-2.  The instantaneous SWARF estimated from

this study is similar to the estimations from one month of CERES and MODIS

)2.3(,])U(logexp[U 2/12
it ∑=
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analysis [Christopher and Zhang, 2002a].  The diurnal averaged SWARF is

well within the range of values estimated by previous studies [Loeb and Kato,

2002; Boucher and Tanre, 2000; Chou et al., 2002; Yu et al., 2004].

• This study does not use a radiative transfer model to calculate the SWARF

from satellite-retrieved AOT.  Rather it uses measured broadband radiances

and an empirical ADM to retrieve fluxes at the TOA and is therefore an

independent estimate of aerosol radiative forcing.

• The aerosol forcing efficiency (SWARF/τ0.55) is sensitive to the η factor,

which is the ratio of small mode to coarse mode aerosol optical depth

retrieved from MODIS.  The aerosol forcing efficiency is higher when η < 0.6

compared to cases where η > 0.8 for all three seasons.  The η factor has been

used in separating anthropogenic from dust and background aerosols

[Kaufman et al., 2004], and could be used in studying SWARF due to

anthropogenic aerosols.
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CHAPTER 4

SUMMARY AND CONCLUSION

4.1 Discussion

The effect of aerosols on the global climate remains one of the largest

uncertainties in climate forcing studies [IPCC, 2001].  Traditionally, aerosol climate

forcing is studied using either radiative transfer models [Penner et al., 1992; Chylek and

Wong, 1996] or General Circulation Models [Haywood et al., 1999, 2000; Hansen et al.,

1998].  A major problem in these approaches is that the optical properties of aerosols that

have large spatial and temporal variations must be assumed or derived from emission

sources that are largely not validated.  Satellite measurements on the other hand, provide

a reliable way of observing the spatial distributions of aerosols.  Other studies that use

satellite-derived aerosol optical thickness employ radiative transfer calculations to use the

single channel satellite retrievals (e.g., 0.67 µm) to calculate fluxes in the entire solar

spectrum (0.2 – 5 µm) using various approximations [e.g., Boucher and Tanre, 2000].  In

this dissertation, we provide a measurement-based assessment for estimating SWARF

using MODIS (narrowband) and CERES (broadband) calculations.  No radiative transfer
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calculations are used to convert the MODIS derived AOT to TOA fluxes and therefore

this method reduces the number of assumptions and uncertainties.

In aerosol radiative forcing studies, the forcing is expressed as the differences

between the TOA fluxes without and with the presence of aerosols.  The CERES,

however, does not measure fluxes directly.  To invert CERES measured radiance to flux,

ADMS are needed to relate CERES observations at a narrow solid angle to hemispheric

fluxes.  Currently available ADMs from the ERBE (Suttles et al., 1988) and the TRMM

[Loeb and Kato, 2000], however, do not have empirical aerosol properties included as

factors in ADMs.  To account for the effect of aerosols on the anisotropy of the TOA

radiance field, a new set of Terra ADMs were built over cloud free oceans.  The new

Terra ADMs were built as functions of MODIS τ0.55 and SSM/I near-surface wind speed

and for τ0.55 < 0.2.  For τ0.55 > 0.2, the new ADMs were built as functions of MODIS τ0.55

and the ratio of fine mode to total aerosol optical depth to account for the variations in

aerosol types that was also not available previously.  Results indicate that the SW aerosol

forcing and aerosol forcing efficiency over oceans are overestimated using ERBE ADMs

because the aerosol darkening effect over glint regions are not considered in ERBE

ADMs.  The TRMM ADMs, which correct for the effect of aerosols using theoretical

calculations by assuming a maritime tropical aerosol model underestimate both SWARF

and SW aerosol forcing efficiency over oceans.  The aerosol forcing efficiency estimated

using ERBE, TRMM and the new Terra ADMs are -80.2, 62.1, and -72.3 Wm-2

respectively.

Using the newly developed ADM, the seasonal and regional distribution of

SWARF is studied over cloud free global oceans.  The mean SWARF over cloud free
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global oceans is -6.4±2.4 Wm-2.  After accounting for the bias in CERES cloud-free

samples and accounting for the diurnal-cycle the SWARF over global oceans is estimated

to be -5.3±1.2 Wm-2 that is consistent with SWARF values estimated from other studies

using the combination of models and satellite measurements.  The diurnally averaged

SWARF is also consistent with those obtained by Loeb and Kato [2002] over tropical

oceans using nine month of CERES and VIRS data on board TRMM.

To verify the SSF data that were used in this dissertation, precise collocation of

MODIS and CERES data using CERES point spread function is used (Appendix A) for

one month of data (September 2000).  Results indicate that the derived values are

consistent with the SSF analysis shown in this dissertation.

We also provide the framework for studying aerosols over land (Appendix B).

Using observations from MISR, MODIS, and CERES instruments onboard the Terra

satellite, we present a new technique for studying radiative forcing of dust aerosols over

the Saharan desert for cloud-free conditions.

The diurnally averaged value of -5.3±1.2 Wm-2 over the global oceans represents

the SWARF value over cloud free oceans where the negative value indicates a cooling

effect that is opposite in effect to the greenhouse gas warming.  Since global models

report the climate forcing due to anthropogenic aerosols after accounting for cloud effects

we take our satellite-based results and estimate the anthropogenic aerosol climate forcing.

Considering cloud coverage of 70% over global oceans as estimated from MODIS level 3

products, and assuming a zero SWARF over cloudy regions, the all sky SWARF over

global oceans can be estimated to be -1.6 Wm-2.  Notice this is the SWARF value that

includes both wind driven (such as dust and marine aerosol) and combustion (e.g., sulfate
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and biomass burning smoke) aerosols.  Furthermore, Kaufman et al., [2004] demonstrate

a method of separating the contribution of anthropogenic aerosols to the total MODIS

τ0.55 from dust and maritime aerosols using the ratio (η) of fine mode to total MODIS

τ0.55.

Our preliminary results based on Kaufman et al. [2004] show that the diurnally

averaged, all sky anthropogenic aerosol direct forcing over global oceans is -0.5 Wm-2.

This value, although estimated only over global oceans, is comparable to global all-sky

values reported for direct aerosol radiative forcing from different numerical modeling

studies.  Examples of modeled values are -0.75 Wm-2 [Takemura et al., 2002], -0.5 Wm-2

[IPCC, 2001], -0.5 Wm-2 [Hansen and Sato, 2001] and between -0.3 to -1.2 Wm-2

[Haywood and Boucher, 2000].

Results from this study suggest that anthropogenic aerosols have a cooling effect

over global oceans and could partially compensate the "warming" due to green house

gases.  Although this is the first step toward better understanding of anthropogenic

aerosol radiative forcing, this is estimation of anthropogenic SWARF that is derived from

satellite observations alone.  The anthropogenic aerosol radiative forcing values derived

from this study can be used as an independent validation tool for model estimated values.

4.2 Future Work

As an immediate follow up to this dissertation, the anthropogenic aerosol

radiative forcing over global oceans will be examined using the algorithm discussed in

the previous paragraphs.  The uncertainties and possible implications will be explored.
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This study examined the possibility of studying aerosol radiative forcing utilizing

the strength of combining multiple sensors on board the Terra satellite platform.

However, this study is only focused on SWARF over cloud free oceans and LW direct

forcing over Saharan deserts.  Future works will focus upon SWARF over land.  One

difficulty is the large variation in broadband land surface reflectivity.  Using carefully

categorized surface characteristics; the SWARF over land regions may be derived.  Also

with the use of additional water vapor retrievals, the LW forcing over both land and

ocean could be studied.  To achieve this objective, both the Terra and Aqua satellites

could be used.
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APPENDIX A

ONE MONTH ANALYSIS OF SWARF OVER GLOBAL OCEANS

A.1 Introduction

Aerosols play a key role on the radiation balance of the earth-atmosphere system.

The study of the radiative effects of tropospheric aerosols including mineral dust, organic

carbon, black carbon, and sulfate have proved to be a challenging task due to the spatial

and temporal variability of aerosol distribution and its properties.  Current estimates of

Shortwave Aerosol Radiative Forcing (SWARF) for biomass burning and fossil fuel

aerosols range from -0.1 to -0.5 Wm-2 and -0.1 to -1.0 Wm-2 respectively, and the sign

and magnitude of the radiative effect is still uncertain [IPCC, 2001].  Typical approaches

for studying the radiative forcing of aerosols include (1) Use of radiative transfer

equations to calculate radiative forcing of optically thin aerosols [e.g., Penner et al.,

1992]; (2) Use of General Circulation Models (GCM) [e.g., Hansen et al., 1998]; and (3)

Use of satellite-derived aerosol distributions and aerosol optical thickness (τ) to calculate

the effect of aerosols in radiative transfer models [e.g., Christopher and Zhang, 2002b].

Recently, several studies have shown the potential of satellite-retrieved top-of-the-
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Atmosphere (TOA) fluxes to examine the radiative effect of aerosols.  Haywood et al.,

[1999] compared TOA shortwave (SW) fluxes derived from the Earth Radiation Budget

Experiment (ERBE) and a GCM model to study the radiative effect of aerosols.

Christopher et al., [2000] studied the radiative effect of biomass burning over Central

America by using collocated Clouds and Earth's Radiant Energy System (CERES) and

Visible Infrared Scanner (VIRS) measurements from the Tropical Rainfall Measuring

Mission (TRMM) platform.  Using VIRS and CERES data, Loeb and Kato [2002] have

extended this approach to study the direct radiative forcing of aerosols over the oceans.

This approach of using combined satellite measurements provides an independent method

for studying the impact of aerosols on climate.  NASA’s suite of well-calibrated sensors

on the Terra satellite provides an unprecedented opportunity to study the effect of

aerosols on climate.  In this section, we estimate the SWARF in cloud free regions over

the global oceans using a combination of CERES and Moderate-Resolution Imaging

Spectroradiometer (MODIS) data sets from Terra.

A.2 Data and Methodology

Three data sets are used in this study: the MODIS Level 2 (MOD04) daily aerosol

product [Tanré et al., 1997; Kaufman et al., 1997]; the MODIS Level 2 daily (MOD06)

cloud product [Ackerman et al., 1998], and the pixel level CERES ES-8 at a spatial

resolution of 30km at nadir [Wielicki et al., 1996].  The MOD04 and MOD06 provide

aerosol and cloud properties and CERES ES-8 data provides TOA SW fluxes.  The

CERES ES-8 data contains broadband TOA SW (0.3-5 µm) and longwave (5.0-50.0 µm)

fluxes that are inverted from measured radiances using Angular Distribution Models



74

(ADM’s) developed for the Earth Radiation Budget Program (ERBE) program [Wielicki

and Green, 1989; Wielicki et al., 1996].  Errors in scene misidentification are estimated to

be on the order of 14% [Dieckmann and Smith, 1989].  Although the ES-8 do not include

aerosol specific ADM’s, recent research shows that the uncertainties in using ERBE

ADM’s instead of ADMs for biomass burning aerosols over land is on the order of 10%

[Li et al., 2000].  In this study, since we use only cloud-free CERES pixels over oceans,

we expect the uncertainties to be less than 10%.

Using measured radiances at 500m spatial resolution from six bands between

0.55-2.1 µm, the primary aerosol products retrieved by the MODIS algorithm include

spectral aerosol optical thickness, the aerosol effective radius (re), and the fraction of the

total optical thickness contributed by the sub-micron size mode aerosol [Tanré et al.,

1997].  These aerosol properties are then reported at 10km spatial resolution in the

MOD04 data.  The MODIS aerosol optical thickness retrieval over ocean is implemented

using a look-up-table approach with 11 sets of aerosol models as inputs [Tanré et al.,

1997].  Based on theoretical sensitivity studies, the uncertainties in τ0.55 retrievals are

estimated to be ± 0.05 ± 0.05τ0.55 over ocean [Tanré et al., 1997].  The MODIS aerosol

optical thickness product has been validated against sunphotometer derived values over

oceans and recent results have confirmed that the MODIS algorithm over ocean areas is

performing within the expected accuracy [Remer et al., 2002b].

The MOD06 product provides cloud top parameters, such as cloud top pressure

and cloud top temperature, at 5 km resolution and cloud optical parameters, such as cloud

optical thickness and cloud effective radius, at 1 km resolution [King et al., 1992;

Ackerman et al., 1998].  The MOD06 data also provides cloud fraction at both 1 and
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5 km resolution.  In this study, we take each CERES footprint and collocate the 5km-

MOD06 data to identify cloud-free regions.  For these cloud free regions, we obtain

aerosol properties from the MOD04 data.  Twenty-nine days of global CERES and

MODIS (MOD04 and MOD06) data in September 2000 were used in this study (CERES

ES-8 data from September 17th was unavailable) and is roughly equivalent to about

500GB of data.

On Terra, there are two identical CERES instruments.  One instrument operates in

a cross track scan mode similar to that of the ERBE scanner while the second instrument

operates in a biaxial scan mode to provide new angular flux information [Wielicki et al.,

1996].  In this study, only the cross track scan mode data is used.  The CERES pixels that

are labeled as “clear ocean” by the CERES ES-8 data [Wielicki and Green, 1989] were

first selected.  However, due to the large footprint of the CERES scanner, these pixels

could still have some cloud contamination.  To eliminate these cloud effects, the MOD06

data is collocated with the CERES data and only those CERES pixels with a 0% cloud

fraction as identified by the MOD06 data were used.  By using such a stringent cloud

screening criteria, it is possible that thick aerosol plumes are rejected in the analysis.

The SWARF at the top of the atmosphere (TOA) is defined as the difference

between clear (Fclr ) and aerosol (Faer) fluxes [Christopher et al., 2000].  In this study, Fclr

and Faer were averaged over 2°×2° (latitude×longitude) bins.  The Faer values are obtained

by averaging the cloud free CERES ES-8 data within a 2°×2° bin.  However, Fclr is more

difficult to obtain because when aerosol loading is low, satellite imagers are not effective

in detecting aerosols [Remer et al., 2002a].  Tanré et al. [1997] estimated the

uncertainties in MOD04 aerosol optical thickness product to be ± 0.05 ± 0.05τ over
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Figure A.1  a) Spatial distribution of MODIS τ0.55 over the global ocean for cloud-free
CERES pixels. Missing data for cloud cover shown in gray and the six selected
regions (see text) are shown in red boxes. Remer et al., [2002] show the full range of
MODIS τ0.55.  b) Spatial distribution of CERES-derived SWARF over global ocean.
c) MODIS retrieved τ0.55 versus CERES SWARF. A second-order polynomial fit is
shown by the solid red line.  d) Averaged MODIS τ0.55 vs. CERES SW fluxes for six
selected regions. Solid black line shows the globally averaged values.
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ocean.  In this study, on an average, the SW flux increases by about 5Wm-2 when the

MODIS τ0.55 changes from values near zero to values near 0.05.  On a regional basis,

King et al. [1999] estimated that the uncertainties in MODIS aerosol optical thickness

retrievals over ocean is 0.01 ± 0.05τ for selected cases during the Tropospheric Aerosol

Radiative Forcing Observational Experiment (TARFOX).  To obtain Fclr values, we use

cloud free CERES pixels that have τ0.55 < 0.02, as determined by the MODIS data.  Due

to this assumption, our first order estimation shows that the uncertainties in Fclr is on the

order of 1Wm-2.

A.3 Results and Discussion

Figure A.1a and A.1b show the global distribution of MODIS-retrieved τ0.55 and

CERES-derived SWARF for collocated cloud-free MOD04 and CERES ES-8 data over

ocean areas.  We emphasize that the aerosol optical thickness shown in Figure A.1a is

reported for cloud-free CERES pixels.  Therefore some aerosol features are not seen due

to the possible cloud contamination and stringent cloud screening procedure (see

Section A.2).  Remer et al. [2002b] show the full range of aerosol optical thickness for

September 2000.  For example, smoke from South Africa and pollution from the Indian

subcontinent that is seen in Remer et al. [2002b] is not seen in Figure A.1a due to cloud

contamination or misidentification of aerosol pixels as being cloudy.  Therefore the

aerosol optical thickness values reported in this study for cloud-free CERES pixels could

be smaller than those reported by Remer et al. [2002b].  The spatial distribution of τ0.55

and SWARF derived from two independent sets of measurements are remarkably

consistent.  Missing data shown in gray is often due to persistent cloud coverage often



78

observed over the West Coast of South America and Africa [e.g., Albrecht et al., 1995],

and over the Intertropical Convergence Zone (ITCZ).  The spatial distribution of τ0.55 is

consistent with previously reported values [Husar et al., 1997; Remer et al., 2002b].  The

regions with τ0.55 values greater than 0.15 are dominated by (1) dust plumes over the

Atlantic Ocean and the Mediterranean sea originating from North Africa; (2) biomass

burning aerosols over the Indian Ocean and South Atlantic Ocean from South Africa and

smoke aerosols over the Indian Ocean from Australia [e.g., Olson et al., 1999]; and

(3) pollutant aerosols from East Asia to the North Pacific Ocean and from Europe to the

North Atlantic Ocean.  The averaged τ0.55 and SWARF values are 0.07 (Figure A.1a) and

-6 Wm-2 (Figure A.1b) respectively for cloud-free regions as observed by CERES.

Superimposed on Figure A.1a are six boxes, which represent selected regions over the

ocean and are labeled after the closest aerosol source regions (except Remote Ocean).

The six areas are (1) South Africa (SA) (0-40°S, 30-50°E), (2) Australia (AUS) (0-20°S,

110-130°E), (3) East Asia (EA) (20-40°N, 110-130°E), (4) North Africa (NAF) (10-

30°N, 10-40°W), (5) North America (NAM) (20-40°N, 60-80°W), and (6) Remote Ocean

(RO) (20-40°S, 100-120°W).

Figure A.1c shows the relationship between MODIS-retrieved τ0.55 versus the

CERES-derived SWARF.  The aerosol optical thickness and SWARF derived from two

independent methods are highly correlated.  The SWARF is most sensitive to τ0.55

changes when τ0.55 is low and less sensitive to τ0.55 changes when the aerosol loading is

high.  For example, a change in τ0.55 from 0 to 0.05 causes a change in SWARF of

-5.1 Wm-2 and a change in τ0.55 from 0.45 to 0.5 causes a change in SWARF of

-2.3 Wm-2.  A second order polynomial fit through data points yields the following



79

relationship: SWARF = 0.35 -105.34τ0.55 +61.47τ0.55
2 (0 ≤ τ0.55 ≤ 0.7) Wm-2.  However,

this relationship was developed for only one month of data and may change significantly

for other months.

Figure A.1d shows the τ0.55 versus the cloud-free SW flux for the six selected

regions.  The globally averaged value is indicated by the solid red line.  When the τ0.55 is

less than 0.2, the relationship between SWARF and τ0.55 is similar among the different

regions (except for NAF) because when aerosol loading is low, the background aerosols

are major contributors to SWARF.  The NAF region dominated by dust aerosols is most

efficient in reflecting incoming solar energy when compared with other regions.  The

aerosols from the SA and AUS source regions have lower SWARF values when τ0.55 is

greater than 0.2.  The slopes of τ0.55 vs. SW flux for the SA and AUS regions are very

similar, which implies that the aerosols in these two regions have similar radiative

properties where the dominant aerosol type is from biomass burning [Husar et al., 1997;

Olson et al., 1999].  Recent studies show that the single scattering albedo (ωo) of dust and

smoke aerosols at 0.64 µm is 0.97 [Kaufman et al., 2001] and 0.86 [Reid et al., 1998]

respectively.  The higher ωo values of dust leads to higher TOA SW values when

compared with SW flux values for regions dominated by biomass burning and pollutant

aerosols.  The slope of τ0.55 vs. SW flux for the EA region is between that of dust and

smoke regions.  The dominant aerosol type is from industrial pollution that has different

aerosol radiative characteristics when compared with dust and smoke aerosols.

Table A.1 summarizes the results for the six regions.  The lowest averaged τ0.55 of

0.039 is observed over the RO region with a SWARF value of -1.73 Wm-2.  The highest

averaged τ0.55 of 0.17 is found near Australia with a SWARF value of -13.37 Wm-2.  The
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EA and SA regions have similar τ0.55 and SWARF values.  However, the NAF region has

a SWARF value of -12.56 Wm-2, which is similar to SWARF values over EA and SA

regions with a lower τ0.55 of about 0.114.  This indicates the differences in aerosol

radiative characteristics between regions dominated by dust (NAF), biomass burning

(SA), and pollutant aerosols (EA).  The aerosol effective radii (re) are 1.25 and 1.65 µm

for NAF and RO regions respectively.  The predominant aerosol type in NAF is dust

aerosol with re on the order of 1.5-2.5 µm [Kaufman et al., 2001].  The dominant aerosol

type over the RO is sea salt, which has a similar or even larger peak effective radius when

compared with dust aerosols [Andreas, 1998].  In comparison, the re values are smaller

for SA, AUS, and EA regions because aerosols in these regions are dominated by either

smoke or pollutant aerosols with re values on the order of 0.1~0.2 µm [Kaufman et al.,

1997; Reid et al., 1998].

Table A.1 Summary of MODIS and CERES derived values for the six selected regions.

Region Latitude Longitude No.* SWARF τ re

degrees degrees Wm-2 (0.55µm) µm
Australia 20S – 0 110E – 130E 19947 -13.37 0.172 0.43

East Asia 20N – 40N 110E – 130E 2479 -12.43 0.143 0.40

North Africa 10N – 30N 40W – 10W 4709 -12.56 0.114 1.25

North America 20N – 40N 80W – 60W 3678 -8.02 0.067 1.13

South Africa 40S – 0 30E – 50E 20075 -12.66 0.139 0.81

Remote Ocean 40S – 20S 120W –100W 4844 -1.73 0.039 1.65

* Number of CERES pixels.
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A.4 Conclusions

This study shows a new strategy for studying the effect of aerosols on the

radiation balance of the earth-atmosphere system through synergistic use of multiple

instruments on the same satellite.  However, the uncertainties involved in this study

should be carefully examined in future studies.  One of the uncertainties that arise from

this approach is the lack of ADM’s for aerosols.  New strategies for developing ADM’s

for aerosols must be developed as a function of aerosol type and optical thickness.  The

biaxial scan mode data from CERES on Terra can be used to develop such ADM’s.

Other sources of uncertainty include estimation of Fclr in persistent cloudy areas and the

effect of surface conditions such as wind speed.  The focus of this section was to examine

the global aerosol direct radiative forcing over ocean for cloud free conditions.  Averaged

over the entire month, for cloud-free CERES pixels, the τ0.55 is 0.07 and SWARF is

–6 Wm-2.  This is a first step towards the study of global aerosol radiative forcing using

satellite measurements.  The next challenging step is to extend this work over land

regions where the surface effects play an important role.  The strengths of other

instruments such as the Multi-angle Imaging SpectroRadiometer (MISR) with several

view angles can also be utilized to reduce the uncertainties in SWARF.
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APPENDIX B

DUST LW AEROSOL DIRECT FORCING OVER SAHARAN REGIONS

B.1 Introduction

Desert dust is considered to be one of the major sources of tropospheric aerosol

loading, and plays an important role in climate forcing studies [Kaufman et al., 2002a;

Christopher and Zhang, 2002a].  Widely prevalent in the tropics [Prospero, 1999], dust

aerosols are effective in reflecting solar energy back to space thereby "cooling" the

earth’s surface [Tegen et al., 1996; Myhre et al., 2003].  Besides their radiative impact in

the shortwave portion of the electro-magnetic spectrum, dust aerosols also have an

important radiative effect in the longwave (LW) [Sokolik et al., 1998; Liao and Seinfeld,

1998].  Having mean particle sizes on the order of several micrometers [Dobovik et al.,

2002], dust aerosols can effectively reduce the earth’s LW emission by re-emitting at a

colder temperature when compared to the surface and thereby "warming" the earth

[Sokolik et al., 1998; Tegen et al., 1996].  However, numerical simulations of dust LW

forcing remain a challenging task because of the high spatio-temporal variation of dust

properties [Myhre et al., 2003].
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Using satellite observations, several studies have attempted to estimate the LW

radiative forcing of dust aerosols.  For example, using broadband measurements from the

Earth Radiation Budget Experiment (ERBE), the changes in LW and shortwave (SW)

radiation at the top of atmosphere (TOA) with and without dust aerosols has been

reported [e.g., Ackerman and Chung, 1992; Hsu et al., 2000].  Since the ERBE

instruments were not designed to detect aerosols, narrowband satellite observations from

the Advanced Very High Resolution Radiometer (AVHRR) [Ackerman and Chung,

1992] and the Total Ozone Mapping Spectrometer (TOMS) [Hsu et al., 2000] were used

to identify the presence of dust plumes within the large ERBE scanner footprints.

Although the AVHRR and the ERBE scanner were on the same satellite (e.g. NOAA-9),

accurate detection of dust aerosols over bright targets such as the Saharan desert was not

possible due to the limitations of the AVHRR.  The TOMS aerosol index which is the

difference in aerosol absorptivity between two UV channels has been used to detect dust

aerosols over bright targets such as deserts, but the technique is insensitive to dust layers

at low altitudes [Herman et al., 1997] and since the TOMS and ERBE instruments were

not on the same satellite, precise temporal collocation was not possible.

With the launch of NASA’s Terra satellite, well-calibrated measurements from

the same satellite are now available for examining the role of aerosols on climate.  For

example, using MODIS and CERES data, a first estimate of aerosol radiative forcing

over the global oceans has been completed [Christopher and Zhang, 2002a].  One of the

primary roles of the Moderate Resolution Imaging Spectroradiometer (MODIS) and the

Multi-Angle Imaging Spectroradiometer (MISR) is to detect aerosols and retrieve their

properties.  The MODIS with 36 channels has improved spectral, spatial and radiometric
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resolutions when compared with previous imagers [King et al., 1992] and has been used

to retrieve aerosol properties over the global oceans [Remer et al., 2002b] and over land

areas with low surface reflectances [Chu et al., 2002].  The MISR with multi-angle

measurements and four spectral channels has also been used to identify aerosols and

retrieve aerosol properties over the global oceans and land including bright targets such

as deserts [Kahn et al., 2001].  In this study, we combine the strengths of three

instruments on the Terra satellite to examine cloud-free longwave dust aerosol forcing.

We use the MODIS to identify clouds because of its multi-spectral capabilities and higher

spatial resolution when compared to MISR and CERES.  Although the MODIS provides

aerosol properties over the global oceans, aerosol retrievals over highly-reflective

surfaces such as deserts are not available.  Therefore we use the multi-angle capabilities

of the MISR instrument to obtain aerosol optical depth.  Finally we use the CERES to

obtain broadband TOA longwave fluxes.

B.2 Data and Methods

Four data sets (from September 2000) are used in this study: the MISR Level 2

(MIL2ASAE) 17.6 km- daily aerosol product [Diner et al., 2001]; the 5 km- MODIS

Level 2 daily (MOD06) cloud product [Ackerman et al., 1998] and the 30 km (nadir

view) pixel level CERES data [Wielicki et al., 1996].  The MISR aerosol product

contains aerosol optical thickness and other related properties at 0.558µm.  The expected

uncertainties in MISR aerosol retrievals are ±0.05 for aerosol optical thickness (AOT)

less than 0.5, and ±10% for AOT greater that 0.5 [Martonchik et al., 1998].  Recently,

Diner et al. [2001] showed that there was excellent agreement between MISR retrievals
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a

b

Figure B.1  a) Spatial distribution of MISR optical thickness at 0.55µm over the area
of study for September 2000. Missing data is shown in white and six selected regions
(see Table B.1) are shown in red boxes.  b) Spatial distribution of the TOMS aerosol
index for September 2000.
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c

Figure B.1 Continued.  c) MISR τ0.55 vs. CERES LW fluxes for six selected regions.
Solid black line shows the mean values for the whole region.  d) Spatial distribution of
CERES-derived LW direct dust forcing over cloud free desert regions.
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and ground based sun-photometer measurements over southern Africa during August and

September 2000.  The validation of MISR aerosol product over other areas is currently

ongoing by the MISR science team.  The CERES scanner on Terra observes SW and LW

radiances that are converted to fluxes using angular distribution models, which take into

account the bi-directional characteristics of a reflecting surface [Wielicki et al., 1996].

Spatial collocation is performed using point spread functions of the CERES scanner

[Christopher and Zhang, 2002a].

The area of study is the Saharan desert (15°- 35°N, 18°W- 40°E).  The CERES

pixels that are labeled as “clear desert” by the CERES data were first selected.  However,

due to the large footprint of the CERES scanner, these pixels could still have some cloud

contamination [Christopher and Zhang, 2002a].  To eliminate these cloud effects, the

MOD06 cloud product is collocated with the CERES data and only those CERES pixels

that are at least 99.9% cloud free as identified by the MOD06 data were used.  Although

the MOD06 cloud fraction is aggregated from the 1 km cloud-screening data product

using a total of 19 visible and infrared channels [Ackerman et al., 1998], it is possible

that thick dust plumes could be misclassified as clouds.  For these cloud-free CERES

pixels, the best-fit aerosol optical thickness (τ0.55) from the MISR data is obtained.  As

noted in Christopher and Zhang [2002a], stringent cloud rejection criteria such as this

could eliminate some aerosol plumes that have high optical thickness.
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B.3 Results

B.3.1 Satellite Observations

Figure B.1a shows the monthly-mean MISR τ0.55 for cloud-free CERES pixels.

Data is gridded every 1°×1° and smoothed for display purposes.  The major dust plumes

are clustered in three regions: within Mali and Mauritania, Chad and Niger, and Sudan.

Areas shown in white are due to missing data1, data gaps and also due to cloud-screening

criteria.  Superimposed on Figure B.1a are six selected regions with optically thick

aerosol plumes.  The latitude and longitude boundaries of the six regions are shown in

Table B.1.  For reference purposes, we also compared the spatial distribution of dust

aerosols from MISR with those from the TOMS [Herman et al., 1997].  Figure B.1b

shows the monthly-mean Earth Probe TOMS aerosol index (version 8, level 2) for the

same study period.  The spatial distribution of dust aerosols derived from these two

independent instruments are consistent over most of the study regions.  However, over

region 4, thick dust plumes shown in Figure B.1a are not seen in Figure B.1b.  Since the

TOMS aerosol index is insensitive to dust plumes at low altitudes [Herman et al., 1997],

it is possible that these aerosols are not detected by TOMS although we have no ancillary

information to verify this.  It is also possible that this mismatch is due to the different

overpass times of the satellites and the different swath width of these scanners.

Figure B.1c shows the MISR aerosol optical thickness versus the CERES LW flux

for the six selected regions.  For each region, the CERES fluxes are binned for every

0.1 MISR optical thickness intervals, and the bin averaged CERES flux is plotted against

MISR AOT.  The thick black line in Figure B.1 shows the mean value for all regions.
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With the exception of region 4, as MISR AOT increases the CERES LW flux decreases

because dust aerosols emit at a colder temperature when compared to the surface.  The

weak relationship between MISR τ0.55 and CERES LW flux in region 4 is possibly due to

the combined effect of dust aerosol vertical distribution, column water vapor, and surface

characteristics (see Section 3.2).  We use this relationship between MISR τ0.55 and

CERES LW flux and calculate dust aerosol forcing efficiency for the six selected regions

(Table B.1).  The dust aerosol forcing efficiency (LWeff) is defined as the LW flux

perturbation due to dust aerosols per unit optical thickness, and is derived from the

difference in CERES LW flux for MISR τ0. 55 values between 0 and 1.  The largest LWeff

of 21 Wm-2 is found over region 2, and the lowest LWeff of 1 Wm-2
 is found over region

4.  The other four regions have values ranging from 11 to 20 Wm-2.  The variability of

LWeff is due to differences in surface and atmospheric conditions (see Section 3.2).

Averaged over all pixels, the regional mean dust aerosol forcing efficiency is 15 Wm-2.

To examine the spatial distribution of the aerosol radiative effect, we define the

TOA dust LW forcing as Fclr - Fa [Christopher and Zhang, 2002a], where Fclr is the TOA

LW flux observed in cloud and aerosol free conditions, and Fa is the TOA LW flux

observed over dust regions.  For each pixel, the Fclr is obtained by averaging the CERES

cloud and aerosol free pixels with MISR τ0.55 < 0.1 and therefore represents average

longwave fluxes for mean atmospheric conditions.  Figure B.1d shows the dust aerosol

LW forcing over the Saharan desert.  In general, as AOT increases the LW forcing also

increases.  However, over regions 4, 5, and 6, although dust aerosol loading is high, the

aerosol induced LW perturbations are low.  The averaged dust aerosol LW direct forcing

                                                                                                                                                                            
1 Data from September 17, 24, and 30 was not used.



90

for the six regions range from -1 to 15 Wm-2 (Table B.1), and the averaged dust aerosol

LW direct forcing over the entire study area is 7 Wm-2.  It is interesting to note that over

region 4, where MISR observed optically thick aerosols that were not observed by

TOMS, the averaged dust LW direct forcing is near 0.  It is possible that the dust plume

in this region is at a very low altitude and emits at a similar temperature as the surface.

Table B.1 Summary of MISR optical thickness and CERES fluxes for the six selected
regions.

Region Latitude
Degrees

Longitude
Degrees

Fclr Dust LW
forcing

Dust LW direct
forcing efficiency*

AOT

°N Wm-2 Wm-2 Wm-2 per AOT (0.55µm)

1 16 - 28 16W – 4W 338.6 13 20 0.69
2 15 - 20 5E – 22E 346.4 15 21 0.75
3 15 - 22 22E -36E 342.5 9 19 0.66
4 23 - 32 25E – 35E 341.4 -1 1 0.51
5 27 - 33 15E – 25E 336.8 4 11 0.52
6 23 - 27 15E – 25E 336.5 3 11 0.44

Whole area 15 -35 18W – 40E 7 15 0.55

* Different methods are used in deriving dust LW forcing and LW forcing efficiency (see
text).  Therefore, the averaged dust LW forcing divided by the averaged AOT may not
exactly match the dust LW direct forcing efficiency.

B.3.2 Sensitivity Studies

Although our analysis clearly shows a longwave “warming” effect, the

differences in LW flux as a function of τ0.55 among the six regions are due to both

atmospheric and surface properties including surface temperature (Ts), and vertical

distribution of water vapor and aerosols [Hsu et al., 2000; Ackerman and Chung, 1992].

In this section, we tested the sensitivity of LWeff to changes in Ts, column water vapor,
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and aerosol vertical distribution over cloud-free desert conditions.  A four-stream

radiative transfer model [Fu and Liou, 1993] was used to compute TOA LW fluxes for

various atmospheric and surface conditions with desert aerosol properties as described by

Hess et al., [1998].  The vertical distribution of dust aerosol extinction is assumed to be

exponential, and the dust extinction scale height is used to represent the vertical

distribution.  For the atmospheric temperature and water vapor profiles, we use

rawinsonde measurements [27.20°N, 2.47°E] from September 1 at 12 UTC (hereafter

referred to as profile 1).  The Ts is 316K and the column water vapor is 1.6 cm.  To test

the sensitivity of Ts, we used another case that has the same water vapor distribution as

profile 1, but with different temperature profiles from the surface to 700 mb, The Ts of

the new profile (hereafter referred as profile 2) is 300K.  We further varied the water

vapor amount from 1.6 to 3.2 cm and aerosol extinction scale height from 1 to 2 km.

Table B.2 Dust LW direct forcing efficiency (LWeff)* as functions of surface
temperature, aerosol extinction scale height and column water vapor content from
radiative transfer calculations.

Surface
temperature

Aerosol
extinction scale
height

Column
Water vapor

LWeff

K Km. cm. Wm-2 per AOT

316 1 1.6 11.4

316 1 3.2 8.0
316 2 1.6 18.7
316 2 3.2 14.2

300 1 1.6 6.3
300 1 3.2 4.2
300 2 1.6 11.6

300 2 3.2 9.0

* Defined as the difference in TOA LW fluxes for AOT values between 0 and 1.
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Table B.2 lists the LWeff as functions of aerosol extinction scale height, Ts and

column water vapor.  Profiles 1 and 2 are identified by their surface temperatures of

316K and 300K respectively.  When the dust height is changed from 1 to 2 km while

keeping the surface temperature (316K) and the water vapor loading the same (1.6 cm),

the LWeff increases from 11.4 to 18.7 Wm-2, because the dust layer now emits at a colder

temperature and consequently, water vapor absorption above the dust layer is reduced.

Increasing the water vapor loading from 1.6 to 3.2 cm for the same temperature (316K)

and aerosol extinction height (1km) reduces the LWeff from 11.4 to 8.0 Wm-2 because the

absorption due to water vapor above the dust layer has increased.  Increasing the surface

temperature from 300 to 316 K for the same water vapor loading (1.6cm) and aerosol

scale height (1km) will increase the LWeff from 6.3 to 11.4 Wm-2 because the cloud and

aerosol free emission temperature increases.  Averaged over all eight cases, while holding

other surface and atmospheric parameters constant, a 10% variation in column water

vapor loading (at 1.6 cm) could produce 2-3% uncertainties in LWeff.  Note that in our

LWeff calculations, we assume that the column water vapor values are the same for clear

and dusty conditions.  However, a 10% variation in column water vapor between clear

and dusty skies, could produce uncertainties in LWeff on the order of 10-fold larger than

the previous case.  In summary, LWeff is proportional to Ts and aerosol extinction scale

height, and inversely proportional to water vapor content.  All three of these parameters

are critical to the understanding of LW dust direct forcing, and precisely collocated

observations of the three parameters from other sources are needed for future dust forcing

studies that utilize broadband satellite observations.
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B.4 Summary

In this section, we have demonstrated a new technique for estimating the dust

aerosol LW direct forcing over the Saharan desert.  Through the synergistic use of

MODIS, MISR and CERES instruments onboard the same satellite, our study clearly

shows that there is a strong dust warming effect of 7 Wm-2 over the cloud free Sahara

desert regions for September 2000 that can offset the shortwave cooling effect of other

aerosols.  The regional mean dust LW direct forcing efficiency is 15 Wm-2 per τ0.55.

However, since water vapor dominates the radiative processes in the longwave part of the

electromagnetic spectrum, simultaneous measurements of both aerosol height and column

water vapor are needed to reduce the uncertainties in the longwave radiative forcing

calculations of dust aerosols.
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