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ABSTRACT

NASA developed an Earth Observing System (EOS) to study global change and reduce uncertainties
associated with aerosols and other key parameters controlling climate. The first EOS satellite, Terra, was
launched in December 1999. The Chesapeake Lighthouse and Aircraft Measurements for Satellites
(CLAMS) field campaign was conducted from 10 July to 2 August 2001 to validate several Terra data
products, including aerosol properties and radiative flux profiles derived from three complementary Terra
instruments: the Clouds and the Earth’s Radiant Energy System (CERES), the Multiangle Imaging Spec-
troradiometer (MISR), and the Moderate Resolution Imaging Spectroradiometer (MODIS). CERES,
MISR, and MODIS are being used to investigate the critical role aerosols play in modulating the radiative
heat budget of the earth–atmosphere system. CLAMS’ primary objectives are to improve understanding of
atmospheric aerosols, to validate and improve the satellite data products, and to test new instruments and
measurement concepts. A variety of in situ sampling devices and passive remote sensing instruments were
flown on six aircraft to characterize the state of the atmosphere, the composition of atmospheric aerosols,
and the associated surface and atmospheric radiation parameters over the U.S. eastern seaboard. Aerosol
particulate matter was measured at two ground stations established at Wallops Island, Virginia, and the
Chesapeake Lighthouse, the site of an ongoing CERES Ocean Validation Experiment (COVE) where
well-calibrated radiative fluxes and Aerosol Robotic Network (AERONET) aerosol properties have been
measured since 1999. Nine coordinated aircraft missions and numerous additional sorties were flown under
a variety of atmospheric conditions and aerosol loadings. On one “golden day” (17 July 2001), under
moderately polluted conditions with midvisible optical depths near 0.5, all six aircraft flew coordinated
patterns vertically stacked between 100 and 65 000 ft over the COVE site as Terra flew overhead. This
overview presents a description of CLAMS objectives, measurements, and sampling strategies. Key results,
reported in greater detail in the collection of papers found in this special issue, are also summarized.

1. Introduction

It is well recognized that the environment of the
earth–atmosphere system is under an unprecedented
anthropogenic transformation. Brought on by more
than a factor of 5 increase in human population (U.S.
Bureau of the Census 2004) and the subsequent activi-

ties of mankind over the last century or so, greenhouse
gases and aerosols produced by the combustion of fossil
fuels, industrial activities, and land use have altered the
atmospheric composition so that it is not the same as it
was a century ago (Mann et al. 1999; Crowley 2000;
Houghton et al. 2001). The resulting increase in surface
temperature over this period is estimated to be between
0.4° to 0.8°C (Houghton et al. 2001). Greenhouse gases
warm the earth’s surface by reducing the thermal emis-
sion of radiation to space; their radiative forcings over
the past century are known reasonably well. While
aerosols primarily affect the planet “directly” through
the scattering and absorption of solar radiation and “in-
directly” by modifying cloud properties (Twomey
1977), there is substantial uncertainty regarding the
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magnitude and spatial distribution of aerosol radiative
forcing.

To better understand and quantify aerosol effects, a
variety of field campaigns have been conducted re-
cently to characterize aerosol physical and chemical
properties and processes. These include the Aerosol
Characterization Experiments (ACE-1, -2, and -Asia),
the Tropospheric Aerosol Radiative Forcing Observa-
tional Experiment (TARFOX), the Sulfate Clouds and
Radiation-A (SCAR-A) experiment, the Smoke
Clouds and Radiation-B (SCAR-B) experiment, the In-
dian Ocean Experiment (INDOEX), and the Southern
Africa Regional Science Initiative (SAFARI-2000).
ACE-1 took place south of Australia in November–
December 1995 and measured properties of the natural
aerosol in the remote marine boundary layer (Bates et
al. 1998). SCAR-A and TARFOX (Russell et al. 1999),
designed to measure and analyze aerosol properties
and effects along the U.S. eastern seaboard, took place
during the summers of 1993 and 1996, respectively.
ACE-2 took place in the North Atlantic Ocean in June–
July 1997 and focused on the radiative effects and pro-
cesses controlling anthropogenic aerosols from Europe
and desert dust from Africa as they were transported
over the North Atlantic Ocean (Raes et al. 2000). The
goal of SAFARI-2000 is to understand the key linkages
between the physical, chemical, and biological pro-
cesses, including human activities, that compose the
southern African biogeophysical system (Swap et al.
2002). ACE-Asia took place during the spring of 2001
off the coast of China, Japan, and Korea (Huebert et al.
2003). This region includes many types of aerosol par-
ticles of widely varying composition and sizes derived
from one of the largest aerosol source regions on earth.
ACE-Asia made several important measurements of
wind-blown dust, urban pollution, and marine aerosols.

Satellites, which offer a global perspective with high
spatial and temporal resolution, have become impor-
tant tools for measuring the changing characteristics of
the earth’s atmosphere and the associated radiative
heat fluxes that define the climate. Improvements in
satellite sensor technologies and constituent retrieval
techniques have helped to advance our understanding
of the climate system. However, the reliable prediction
of anthropogenic effects on climate remains elusive, be-
cause 1) anthropogenic forcings have not been ad-
equately quantified, and 2) feedbacks between impor-
tant climate processes are poorly understood and thus
questionably represented in climate models (Houghton
et al. 2001). The feedback in a climate model can be
tested confidently, only if the forcing over the test in-
terval is known. The National Aeronautics and Space
Administration (NASA) is responding to this short-
coming with an Earth Observing System (EOS) con-
sisting of a series of satellites configured with advanced
imagers and sounders to quantify the physical and ra-
diative properties of aerosols, clouds, trace gases, and

surface properties while simultaneously measuring the
earth’s energy budget. This synergistic view of the earth
and its atmosphere from space offers unprecedented
information to test and improve climate models, vital
tools necessary not only for an improved understanding
of the climate system but for improved prediction and
mitigation of global change. Since the success of this
approach will depend on the accuracy and representa-
tiveness of the satellite products, an important aspect of
the EOS is the validation of these products and subse-
quent improvements in the techniques and algorithms
used to derive them.

The Chesapeake Lighthouse and Aircraft Measure-
ments for Satellites (CLAMS) field experiment was de-
signed to partially address this need. CLAMS, specifi-
cally designed to assess satellite-derived aerosol prod-
ucts and radiative effects, was conducted from 10 July
to 2 August 2001 from the NASA Wallops Flight Fa-
cility (WFF) on Wallops Island, Virginia. This location,
which offers access to one of the world’s major plumes
of urban and industrial haze as it moves from the east-
ern continental United States over the Atlantic Ocean,
was sampled extensively during SCAR-A in 1993 and
TARFOX in 1996. Most of the participating aircraft in
CLAMS were based at the WFF. The site is also in
close proximity to several Aerosol Robotic Network
(AERONET) stations, an ocean-based surface remote
sensing site at the Chesapeake Lighthouse, several Na-
tional Oceanic and Atmospheric Administration
(NOAA) ocean buoys, and other surface sites.

The Clouds and the Earth’s Radiant Energy System
(CERES), Multiangle Imaging Spectroradiometer
(MISR), and the Moderate Resolution Imaging Spec-
troradiometer (MODIS) are three instruments on the
first EOS satellite (Terra, launched in December 1999)
being used to investigate the critical role aerosols play
in modulating the earth’s radiation budget. CLAMS’
main focus is on assessing and improving the new data
products being derived from these instruments to in-
crease our knowledge and reduce uncertainties associ-
ated with atmospheric aerosols and their radiative im-
pacts. While focused, regional field campaigns such as
CLAMS do not provide the statistical sampling neces-
sary for a true global validation of satellite products;
they do play a critical role in testing and improving the
satellite algorithms because of the unusually complete
datasets that are obtained to characterize properties of
the atmosphere and surface. Furthermore, the mea-
surements provide details about aerosols, such as par-
ticular height-resolved aerosol radiative and micro-
physical properties, some of which cannot be retrieved
from any current or anticipated satellite data; these
data are a test bed for current aerosol and chemical
transport models.

Figure 1 schematically depicts many of the key plat-
forms and the primary measurements made during
CLAMS. Details regarding CLAMS objectives, plat-
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forms, instrumentation, measurement strategy, and a
summary of early results are given below.

2. CLAMS objectives

CLAMS was designed to provide the verification
data needed to properly assess satellite retrievals of a
variety of geophysical parameters but is primarily fo-
cused on improving our knowledge and reducing un-
certainties associated with atmospheric aerosols and
their radiative impacts. The approach was to character-
ize the atmosphere and surface in as much detail as
possible using an array of surface-based remote sensing
stations and instrumented aircraft. CLAMS is one of
the first aerosol experiments conducted after Terra be-
came operational in late February 2000 and emphasizes
the new data products being derived from CERES,
MISR, and MODIS. Associated with this overall goal
are a number of contributory objectives:

1) Utilize aircraft and surface-based observations of
aerosols and radiation to validate satellite aerosol
retrievals over land and ocean through sensor-to-
sensor intercomparisons, and to test key assump-
tions regarding the aerosol forward models, the sur-

face boundary conditions, spatial variability, and the
presence of thin cirrus.

2) Perform a variety of closure studies to test the mu-
tual consistency of measurements and calculations
of aerosol properties and effects, radiative proper-
ties, particularly the ocean bidirectional reflectance
distribution function (BRDF), and ultimately
broadband shortwave surface and top-of-atmo-
sphere (TOA) radiative fluxes to assess and reduce
uncertainties in radiative forcing estimates.

3) Perform aircraft experiments to aid in the develop-
ment of aerosol optical thickness and absorption re-
trievals over sun glint.

4) Assess the quality of radiation and aerosol measure-
ments made at the Chesapeake Lighthouse as part
of a long-term satellite validation campaign.

5) Test the cloud-screening procedure for the MODIS
aerosol algorithm and evaluation of MODIS water
vapor retrievals.

During CLAMS, measurements were also acquired
from several aircraft instruments flown to evaluate re-
trieval algorithms for planned sensors (i.e., Earth Ob-
serving Scanning Polarimeter (EOSP), Geosynchro-
nous Imaging Fourier Transform Spectrometer
(GIFTS) and for those proposed (Oxygen A-band spec-

FIG. 1. Schematic depiction of CLAMS platforms and measurements.
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