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be made? What will be the solar zenith and azimuth
angle when the area is being observed? These
questions are all aspects of what is called space-time
sampling. Using the equations in this article plus some
easily acquired equations that describe the position of
the Sun, these questions can be answered.
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Measurements; Cloud Properties; GPS Meteorology;
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sensors to observe the entire globe at the same solar
time each d~y, or (2) a mid-inclination, precessing
orbit to focus their sensors on the equator and lower
latitudes whctre the observations are made at different
times of day to better sample time-varying phenomena
such as clouds. Some polar orbiting satellite sensors
can observe any given place on the globe as often as
every day, thus collecting data with high temporal
(time) resolution. Other satellite sensors view any
given place a~ infrequently as once every 16 days, thus
having relati~ely low temporal resolution for a satel-
lite sensor, bht still far surpassing our ability to make
these same measurements with surface-based or
aircraft sensOrs. Satellite sensors with high spatial
resoluti0n (15 meters per pixel) can discern objects in
the atmosph~re or on the surface as small as, say, a
football- field, thus providing high spatial resolution.
Other satellite sensors that are designed to measure
continental ~nd global-scale dynamics typically have
only moder~te (500m per pixel) to low (20km per
pixel) spatial resolution. Satellite sensors carry spe-
cially designctd detectors that are particularly sensitive
to certain ~velengths of the electromagnetic spec-
trum, called, spectral bands. The more precisely a
remote sens<)r can measure narrow bands of radiant
energy, and the greater the number of these discrete
bands it can measure, the higher is its spectral
resoluti0n. The atmosphere interacts with solar radi-
ation much Ijke a venetian blind -selectively absorb-
ing and reflecting certain wavelengths of solar energy
while allowing others to pass through. Satellite remote
sensors are liesigned to be particularly sensitive to
those wavel<:ngths that can be reflected or emitted
back up through the atmosphere to space, thus
enabling them to make their measurements.

M D King, NASA Goddard Space Flight Center,
Greenbelt, MO, USA

D D Herring, Science Systems and Applications Inc.,
Lanham, MO, USA

Copyright 2003 Elsevier Science Ltd. All Rights Reserved.

Introduction

The atmosphere changes chemically and physically on
widely varying time scales -ranging from minutes to
decades -and is therefore a challenge to measure
precisely over the entire globe. But with the National
Aeronautics and Space Administration's (NASA) 1960
launch of the Television Infrared Observation Satellite
(nROS), Earth scientists began a new mission to
observe large-scale weather patterns from space. In the
late 1970s, their mission expanded to include global-
scale measurements that would help them understand
the causes and effects of longer-term climate change.
NASA and its affiliated agencies and research institu-
tions collaborated to develop a series of research
satellites that have enabled the testing of new remote
sensing technologies that ill; turn have advanced
scientific understanding of both chemical and physical
changes in the atmosphere. ('Remote sensing' involves
the use of devices other than our eyes to observe or
measure things from a distance without disturbing the
intervening medium.) The goal is to examine our
world comprehensively to determine what dynamics
drive Earth's climate system and how climate change
both affects our environment and is affected by it.

Depending upon their measurement objectives,
research satellites primarily fly in one of two orbits:
(1) a near-polar, Sun-synchronous orbit to allow their
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Earth-orbiting remote sensors provide the best
means of collecting the data needed in research
because they can measure things on scales of time
and space that otherwise would not be possible.
Moreover, satellite sensors not only observe wave-
lengths of visible light; they also precisely measure
wavelengths of radiant energy that the eye cannot see,
such as microwaves, ultraviolet rays, or infrared light.
If it is known how certain objects (like cirrus clouds or
windblown dust) typically absorb, reflect, and emit
particular wavelengths of radiant energy, then by
using satellite sensors to precisely measure those
specific bands of the electromagnetic spectrum, a lot
can be learnt about the Earth's atmosphere and
surface. Remote sensors allow us to observe and
quantify key climate and environmental vital signs
such as temperature, ozone concentrations, carbon
monoxide, and other pollutants, water vapor and
other greenhouse gases, cloud types and total cloud
cover, aerosol types and concentrations, radiant ener-
gy fluxes, and many more.

capabilities, NASA launched three more Earth Radi-
ation Budget Experiments (renamed ERBE) in the
1980s.

In addition to total solar irradiance, ERBE meas-
ured the reflected solar and emitted thermal radiation
from the Earth-atmosphere-ocean system. These
observations revealed that over the course of a year
the global radiation budget is in balance -the Earth
reflects and emits roughly the same amount of energy
back into space that it receives from the Sun. The data
showed also that the average annual, global contribu-
tion by clouds is that they reflect 17 W m ~ 2 more

short-wave energy (visible light) than they trap as
long-wave energy (heat). Yet, owing to calibration
uncertainties, deficiencies in ERBE's sampling meth-
od, and the limitations of existing angular dependence
models, there still exists a significant uncertainty
(about :!:5Wm-1 regarding our understanding of
Earth's rad~ation budget. Part of this uncertainty lies in
our limited knowledge of the spatial distribution of
clouds as well as the optical properties of these clouds
over time. Moreover, we cannot be sure how the
distribution and optical properties of clouds will
change over time. The endeavor to address these
issues began with the 1997 launch of the Clouds and
the Earth's Radiant Energy System (CERES} sensor
aboard the joint NASAINASDA Tropical Rainfall
Measuring 'Mission (TRMM) satellite. Twin CERES
instruments were also launched aboard NASA's Terra
satellite in December 1999, and the pair will again fly
aboard NASA's Aqua satellite in May 2002. Many of
the sampling and accuracy limitations on ERBE were
addressed if the design of ~E~S so that it could meet
the same measurement ObjectIves as those for ERBE
but with better than twice the former sensor's accu-
racy. Ultimately, it is anticipated that CERES will not
only extend the ERBE data set but will also provide the
first long-term global measurements of the radiative
fluxes within the Earth's atmosphere that will help us
more accurately account for the effects of aerosols and
clouds on climate.

Balancing Earth's Radiant Energy
Budget

Climate is defined as the average state of the atmos-
phere, hydrosphere, and land over a given time. Thus,
measurements of radiant energy within Earth's atmos-
phere are at the heart of the climate change discussion.
How climate changes is related directly to how the
planet balances the amount of incoming sunlight with
outgoing radiant energy. The measurement of all
incoming and outgoing energy provides a sort of
ledger of all the physical motions and interactions of
our world's climate system, showing whether, over the
course of a year and over the entire globe, the Earth's
total energy budget is in balance, or not, and if not,
whether it is heating up or cooling down. So if weare
to understand climate and accurately predict future
climate change, then we must determine what drives
the changes within the Earth's radiation balance

(Figure 1).
In 1978, NASA launched its Nimbus:- 7 satellite

carrying a new sensor, called the Earth Radiation
Budget (ERB) experiment, designed to measure direct
solar irradiance, reflected short-wave radiation (vis-
ible light), and emitted long-wave radiation (heat)
every day over the entire Earth. This was the first
space-based sensor capable of self-calibrating so that
its total solar irradiance measurements were accurate
to within ::1::0.5%. The Nimbus- 7 ERB collected 9 years
of global-scale data, upon which long-term climate
studies were begun. In the interest of extending the
ERB data set and improving upon its measurement

Dust in the Wind

Aerosols are tiny particles suspended in the air (mostly
in the troposphere). Some come from natural sources,
such as volcanic eruptions, dust storms, forest and
grassland fires, living vegetation; and sea spray. About
11 % of the total emitted aerosols in our atmosphere
come fl}om human activities, such as the burning of
vegetation and fossil fuels and changing the natural
land surface cover, which again leads to windblown
dust. Yet human-produced aerosols account for about
half of the total effect of all aerosols on ,incoming
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Figure 1 Global reflected shortwave radiation and emitted longwave radiation escaping the top of Earth's atmosphere, measured by
CERES on 25 May 2001.

airborne particles prevent from traveling through a
column of atmosphere.) However, AVHRR can only
make such measurements over the ocean, as the sensor
requires a relatively uniform and dark-colored back-
ground. Because TOMS is particularly sensitive to
absorbing aerosols, over both land and ocean, this
sensor has also been widely used to measure aerosol
optical thickness. In April 1991, the European Space
Agency launched a new type of multi-angle sensor,
called the Along Track Scanning Radiometer (ATSR),
aboard their first European Remote Sensing Satellite
(ERS-1). The ATSR makes aerosol optical thickness
measurements by remotely sensing visible and near-
infrared wavelengths at nadir and oblique forward
scan angles (both within a 2-minute interval). A
modified version of the sensor, called the Advanced
Along Track Scanning Radiometer (AATSR), was
launched in 1995 aboard ERS-2. While data from
neither of these missions have yet been used to produce

sunlight. From a satellite's perspective, aerosols
raise the Earth's albedo, or make it appear brighter,
by scattering and reflecting sunlight back to space.
The overall effect of these tiny particles is to cool
the surface by absorbing and reflecting incoming
solar radiation. They also serve as cloud con-
densationnuclei, or 'seeds' for cloud formation, which
again helps to cool the surface. In terms of their net
influence on global climate, for scientists aerosols
represent the greatest subject of uncertainty. Yet
computer climate models estimate that over the last
century human-produced aerosols have offset global
warming due to greenhouse gases by about 40%
(Figure 2).

Through the 1980s and most of the 1990s, the
NOAA Advanced Very High-Resolution Radiometer
(A VHRR) was the most frequently used satellite sensor
for measuring aerosol optical thickness. (Aerosol
optical thickness is a measure of how much sunlight
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Figure 2 Global aerosol optical thickness measured by MODIS in April 2001

Abstract Art or Arbiters of Energy?global-scale aerosol measurements, this should be
possible.

In 1996, japan launched the first in its series of
Advanced Earth Observation Satellites (ADEOS),
which carried a payload of two sensors -the Polari-
zation and Directionality of the Earth's Reflectances
(POLDER) sensor, contributed by the French Space
Agency, and the Ocean Color and Temperature
Scanner (OCTS), provided by NASDA. Both sensors
can retrieve aerosol measurements, but POLDER was
the first satellite sensor designed specifically to meas-
ure aerosols, and it can make its measurements over
both land and ocean. The sensor observes Earth
targets from 12 directions that enable measurements
of the bidirectionality and polarization of solar radi-
ation reflected from within the atmosphere. Unfortu-
nately, owing to its solar panel failing, the ADEOS
mission ended prematurely after only 8 months in
orbit.

Three sensors aboard NASA's Terra satellite
are particularly well suited for studying the effects
of aerosols on climate: CERES, MISR, and
MODIS. The Global Imager (GLI) planned for
launch aboard ADEOS II offers aerosol measure-
ment capabilities similar to those of MODIS.
Both these sensors have the capacity to measure
not only aerosol optical thickness but also the
sizes of aerosol particles over both ocean and land.
Particle size is an indicator of the source of the
aerosol particles and helps scientists distinguish
aerosols of natural origin from those that are
man-made. Moreover, with its nine different look
angles, MISR is ideally designed to quantify the
reflective properties. Again, CERES complements
MODIS and MISR by providing measurements of
the short-wave radiation that aerosols reflect back into
space. Together, these sensors are providing new
insights into the roles of clouds and aerosols in Earth's
total energy budget.

More than just the idle stuff of daydreams, clouds help
control the flow of radiant energy around our world.
Clouds are plentiful and widespread throughout
Earth's atmosphere -covering up to 75% of our planet
at any given time -so they playa dominant role in
determining how much sunlight reaches the surface,
how much is reflected back into space, how and where
warmth is spread around the globe, and how much
heat escapes from the surface and atmosphere back
into space. Clouds are also highly variable. Clouds'
myriad variations through time and space make them
one of the greatest areas of uncertainty in the under-
standing and prediction of climate change. In short,
they playa central role in the world climate system.
Whereas thick, low-level stratocumulus clouds cool
the Earth's surface by reflecting incoming solar radi-
ation, thin, high-level cirrus clouds exert a warming
influence by allowing sunlight to pass through but then
trapping the heat emitted by the surface. The question
of whether warming or cooling has the greater effect
over time has been answered only relatively recently.
From ERBE satellite data collected in the 1980s,
coupled with aircraft and surface-based measure-
ments, it has been demonstrated that, globally, clouds
cool the surface more than they warm it. So great is the
cooling effect that it is as if clouds remove the heat of a
60-watt light bulb from every 2-meter square of the
Earth's surface. But will they continue to cool our
planet over the next century if a greenhouse-gas-
driven global warming scenario comes to pass? Or
even, could the type and distribution of clouds change
so that they primarily exert a warming influence?
(Figure 3).

Two new sensors flying aboard NASA's Terra
satellite, launched in December 1999, are designed
to help scientists answer these questions. The Moder-
ate-resolution Imaging Spectroradiometer (MODIS)
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Figure 3 Global cloud optical thickness measured by MODIS in April 2001

Medium~ResE lution Imaging Spectrometer (MERIS).

Like Terra's oms, MERIS has a wide viewing

swath (1500 m), with a morning equatorial crossing,
and it can sect the entire Earth within every 3 days.
Scientists are using its data to derive cloud cover, cloud
altitude, watelr vapor, and aerosol properties. Unlike
MODIS (which uses a cross-track scan mirror),
MERIS is a pljlsh-broom scanner based upon Charge-
Coupled Dev.ce (CCD) technologies with gains and
offset setting~ that can be optimized for observing
specific targets. This is a similar technology to that
used by MISRl.

and the Multi-angle Imaging Spectroradiometer
(MISR) give scientists new capabilities for measuring
the structure and composition of clouds. MODIS
observes the entire Earth almost every day in 36
spectral bands, ranging from visible to thermal infra-
red wavelengths. With spectral and spatial resolutions
superior to that of AVHRR (its heritage sensor),
MODIS can measure a wide suite of clouds' physical
and radiative properties. Specifically, MODIS can
determine whether a cloud is composed of ice or water
particles (or some combination of the two), it can
measure the effective xadius of the particles within a
cloud, iLcan observe how much (or little) sunlight
passes through a cloud, and it can measure the
temperature and altitude of cloud tops. Moreover,
with its unique 1.38 f.lIll channel, MODIS observes
thin cirrus clouds with unprecedented sensitivity. This
channel not only enables scientists to quantify the
impact of cirrus clouds on the radiation balance, but
also permits image analysts to 'correct' for the
presence of cirrus in remote-sensing scenes used to
examine surface or lower"level features.

Complementing MODIS, the MISR instrument
'sees' the Earth simultaneously in red, green, blue,
and near~infrared wavelengths at 9 different angles -
at 4 progressively more oblique angles ahead of
Terra, 4 angles aft of the satellite, and 1 at nadir.
Because it measures any given scene from multiple
angles, MISR is ideally designed to help scientists
better understand how clouds interact with radiant
energy as a function of both their structure and their
type. CERES complements MODIS and MISR by
providing measurements of the short-wave and long-
wave radiant energy th~t. clouds reflect and emit back
into space.

ESA's next-generation satellite missions for com-
prehensively examining Earth's climate system began
with the February 2002 launch of its first Environ-
mental Satellite (Envisat). Similar to MODIS in the
scope of its research applications, Envisat carries the

Serendipity and Stratospheric Ozone

In the early 1~70s, as Earth scientists intensified their
studies into tl)e possible causes and effects of global
warming, one group of man-made gases in particular
elicited the attention of scientists -the chlorofluoro-
carbons (CFds). Increasingly, CFCs were being used
by industrial t)ations in the production of a variety of
commercial products (e.g.., refrigerants, aerosol
sprays). The qoncern is twofold: CFCs are up to 200
times more efficient than carbon dioxide at trapping
heat in the Earth's atmosphere, and they tend to
remain in the atmosphere up to 120 years once
released. Theh, in 1974, two scientists wrote of a
new concern tpat CFCs could potentially reduce levels
of ozone in t~ stratosphere, the layer of atmosphere
from 10 to 50 km in altitude. In 1975 the US Congress
asked NASA tb develop a 'comprehensive program of
research, tech~ology, and monitoring of phenomena
of the upper iatmosphere'. In particular, Congress's
intent was to ascertain the 'health' of the ozone layer
(Figure 4).

So, in addition to ERB, in 1978 Nimbus-7 carried
two other neJ NASA sensors designed to measure the
total amount fof ozone in a given column of atmos-
phere over th~ entire globe -the Solar Backscatter
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Figure 4 Total ozone content from TOMS in the Southern Hemisphere in September during the years 1983, 1987, 1993, and 1997.
Dobson Unit (DU) = 2.69 x 1016moleculescm-2.

Ultraviolet (SBUV) instrument and the Total Ozone
Mapping Spectrometer (TOMS). Sensitive to radiant
energy in the ultraviolet region of the spectrum, these
sensors took advantage of the fact that molecules and
aerosol particles reflect certain wavelengths of ultra-
violet rays while ozone absorbs others at different
levels in the atmosphere. By analyzing the amount of
ultraviolet energy reflected back up to the spacecraft,
researchers could produce profiles of how thick or thin
the ozone was at different altitudes and locations.
Ironically, it wasn't until October 1985 that a British
team of scientists reported a significant reduction in
ozone over Halley Bay, Antarctica. Using a ground-
based Dobson ozone spectrophotometer, the team
found that the amount of stratospheric ozone there
was about 40% less than it had been the previous year.
Their finding stunned the science community because
it had been expecting anthropogenic ozone depletion
to occur first at upper levels in the stratosphere (30 to
50 km), and so had anticipated that the initial signal of
depletion in a total column of ozone would be weak.
NASA researchers hastily reviewed their TOMS data
and found that it too had detected a dramatic loss of
ozone over all of Antarctica. Why had~'t they discov-
ered the phenomenon earlier? Actually, the TOMS
Team had noted the instrument measured ozone levels
of less than 180 Dobson Units over Antarctica, but
because these values were so much lower than
expected, they wanted to make sure these were not

erroneous readings. They compared the TOMS meas-
urements with data collected by a Dobson ozone
spectrophotometer located at the South Pole. Unfor-
tunately, the ground-based instrument had been set
improperly and so it had erroneously recorded ozone
levels at around 300 Dobson Units. This puzzled the
TOMS Team fora while and delayed the public report
of its findings until the team could verify that the
satellite instrument was working fine. The TOMS
Team was in the process of producing a report of their
findings when the British Antarctic Survey report was
released.

In the years following the discovery of the ozone
hole, NASA and ESA satellites recorded depleting
ozone levels over Antarctica growing worse with each
passing year. In response, in 1987, 43 nations signed
the Montre~l Protocol, in which they agreed to reduce
the use of CFCs by 50% by the year 2000. This
protocol was amended in 1990 to eliminate all CFC
emissions by 2000.

ESA's second European Remote-Sensing Satellite
(ERS-2) carries a sensor called the Global Ozone
Monitoring Experiment (GaME). GaME is a nadir-
looking sensor with four bands ranging from 240 to
790 nm for measuring backscattered visible and
ultraviolet solar radiation. Since the summer of
1996, ESA has routinely produced 3-day global
measurements of total ozone and nitrogen dioxide
using GaME data.
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As recently as 1998, both TOMS and GOME data
showed that at its Austral spring low, Antarctic ozone
concentrations had worsened to 80% less than early
1970s levels. Today there is some evidence that the
amount of chlorine in the stratosphere is leveling off. Is
this a scientific success story in the making? Will
stratospheric ozone concentrations return to pre-
1970s levels as the abundance of stratospheric chlo-
rine stabilizes? Only time and continued monitoring
will tell. ESA launched its Environmental Satellite
(Envisat) in February 2002 with a new sensor called
Global Ozone Monitoring by Occultation of Stars
(GOMOS).

Chemistry of Earth's Atmosphere

Some satellite sensors allow scientists to determine the
chemical content of the Earth's upper atmosphere
using a technique called solar occultation, in which a
sensor is pointed toward the horizon at sunrise and
sunset to measure the profile of the stratosphere and
mesosphere about 30 times per day. In this way
sensors, such as the Stratospheric Aerosol and Gas
Experiment (SAGE), can determine the presence and
abundance of gases and particulates by measuring
precisely the visible and ultraviolet wavelengths that
are absorbed within the upper atmosphere. Since the
spectra of ozone, nitrogen dioxide, sulfur dioxide, and
certain aerosols are well known, scientists can directly
correlate SAGE's readings with the presence of these
substances within the stratosphere. The solar occulta-
tion technique is particularly effective because the
sensor is self-calibrating -each occultation event looks

directly at the unattenuated Sun outside the Earth's
atmosphere Ijust prior to sunset or just following
sunrise. The

! ' e observations are then compared with

observations of the Sun obtained by looking through
the atmosph reo The direct Sun observations establish
an ongoing I baseline of the sensor's performance.
Adapted fr~m the Stratospheric Aerosol Mission
~SAM 111 that flew a.boardNimbus 7, the SA~E ~ensor
IS essentlally;a modIfied Sun photometer. ThIs kmd of
sensor first fl~w in 1979 aboard NASA's Applications
Explorer Mi~sion-2 (AEM-2). A subsequent version of
SAGE (SAGt II) was launched aboard ERBS in 1984
and perform d. well throughout 2002, thus giving a
18-year con inuous dataset of upper atmosphere
profile meas rements.

In 1991, ASA launched the Upper Atmosphere
Research Sa ellite (UARS) with a payload of 10
sensors for easuring a wide array of chemical and
physical phenomena in the stratosphere and meso-
sphere (the 14yers of atmosphere from approximately
10 to 90kmiin altitude). Not onlydidUARS extend
our ability td monitor stratospheric ozone concentra-
tions into tqe 1990s, but it also provided the first
comprehensi~e picture of the photochemical processes
involved in olz;one destruction. The UARS Microwave
Limb Sounder (MLS) demonstrated that there is a
direct link between the presence of chlorine, the
formation of chlorine monoxide during winter in the
Southern He~isphere, and the destruction of ozone
(Figure 5).

UARS cartjies the first two spaceborne remote wind
sounders ev~ launched, called the High Resolution
Doppler Im,ger (HRDI) and the Wind Imaging
Interferomet~r (WIND II). These sensors measure
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(A) 1018moleculesm-2 (8) DUabove100hPa

Figure 5 Chlorine monoxide (A) and ozone concentration (8) derived by MLS at approximately 18 km altitude on 30 August 1996. The
and

leads to, a reduced ozone concentration shown in the right-hand figure (light blue and light purple shades).
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controls atmospheric concentrations of oxidants, thus
affecting the ability of the atmosphere to clean itself
from the ongoing generation of harmful tropospheric
ozone from biomass burning and urban smog. Second,
through chemical reactions within the lower atmos-
phere, carbon monoxide contributes to the production
of harmful ozone. MOPITT is helping researchers to
identify the main sources of these gases as well as to
improve four-dimensional models of their transport
through the atmosphere.

ESA'sEnvisat carries the Scanning Imaging Absorp-
tion Spectrometer for Atmospheric Cartography
(SCIAMACHY), which is an advanced version of
the GOME sensor flying aboard ERS-2. In addition
to the same four spectral channels contained on
GOME (from ultraviolet to visible wavelengths;
240-800 nm), SCIAMACHY has an additional fo~
channels in the infrared region of the spectrum
(800-2400nm). While the sensor's wide spectral
sensitivity l,11akes it useful for cloud and aerosol
research, its ability to view both nadir and the Earth's
horizon makes it useful for determining the content
and distribution of 16 different trace gases in the
atmospherej

winds in the mesosphere through detection of shifts in
airglow emission lines. Additionally, HRDI can detect
daytime stratospheric winds by observing Doppler
shifts in oxygen absorption lines. WINDII and HRDI
gave scientists the first complete global picture of
mesospheric circulation. Together with the Halogen
Occultation Experiment (HALOE) andMLS aboard
UARS, the sensors have enabled researchers to track
the upward transport of water vapor in the tropical
stratosphere. Most atmospheric water vapor origi-
nates from the tropical oceans, where it rises high into
the atmosphere to form towering thunderheads. En-
circling the globe along the equator is an almost
continuous band of thunderheads known as the
Intertropical Convergence Zone (ITCZ), producing
roughly three-quarters of the energy in our atmos-
phere that helps to drive its circulation patterns. Data
from the sensors just mentioned showed that the
tropical tropopause (the gateway from the tropo-
sphere to the stratosphere) air rises into the strato-
sphere through these thunderheads. Once in the
stratosphere, this air moves slowly upward and
outward toward the midlatitudes. Ozone begins to
form as incoming ultraviolet radiation breaks oxygen
molecules (02) into free oxygen atoms (0) that
quickly bond with other oxygen molecules to form
ozone (03), Because ozone strongly absorbs certain
wavelengths of ultraviolet radiation, the air begins to
warm, helping to perpetuate the upward movement of
the air mass as well as helping to create temperature
gradients for stratospheric winds. UARS data showed
that it takes about 2 years for water vapor anomalies to
move from the tropopause (at about 17 km) up to the
mid-stratosphere (at about 30 km).

A Canadian instrument launched in 1999 aboard
NASA's Terra satellite uses gas correlation spectros-
copy to determine the abundance of methane and
carbon monoxide in the troposphere. The Measure-
ments Of Pollution In The Troposphere (MOPITT)
sensor measures emitted and reflected radiance from
the Earth in three spectral bands. As this light enters
the sensor, it passes along two different paths through
onboard containers of carbon monoxide andm:ethane.
The different paths absorb different amounts of
energy, leading to small differences in the resulting
signals that correlate directly with the presence of
these gases in the atmosphere. Both methane and
carbon monoxide are byproducts of burning vegeta-
tion as well as fossit fuels. Over the last two decades
levels of methane in the atmosphere have risen at an
average rate of about 1 % per year. This is cause for
concern because methane (CH4) is a greenhouse gas
about 30 times more efficient than carbon dioxide at
trapping heat near the surface. Scientific interest in
carbon monoxide (CO) is twofold. First, the gas

Where Storm Clouds Gather

Rain clouds form when moisrure-laden air is driven
skyward by warm updrafts emitted from a Sun-
warmed land or ocean surface; or when. mountain
slopes push moist air aloft; or when a wedge of colder,
denser air plows warmer, moist air upward ro higher
elevations. Because cold air cannot hold as much water
vapor as warm air, and because the atmosphere cools
at higher elevations, water vapor condenses readily
into liquid droplet or ice crystal form, in the presence
of seed aerosol particles. Were there no aerosol
particles in the Earth's atmosphere, there would be
no fog, no clouds, no mist, and probably no rain.
When water evaporates at rhe surface, it absorbs
energy from irs surroundings and srores ir as larenr
hear. When water vapor condenses back inro liquid
or ice form ir rel~ase$ its latent heat into its surround-
ings. Only about :?;5% of the energy contained
within the atmosphere comes directly from the Sun's
rays; the remaining 75% comes from the release
of latent heat (!;;Qntained in water vapor, most of
which, as menrioned, is present in the towering
thunderheads of the Intertropical Convergence Zone
(Figure 6).

We cannot measure the latent heat contained within
clouds. We can, however, measure tropical rainfall.
Currently, there is a 50% uncertainty in esrimates of
annual global rainfall. If we are to determine more
accurately how much energy our atmosphere receives
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Figure 6 Hurricane Bonnie as observed by the TRMM/PR on 22 August 1998. Red shows intense precipitation, green and yellow hues
are intermediate values, and blues are low values. The eye of the storm reached to 16 km.

amount of \}rater vapor, cloud water, and rainfall
intensity wi*in the atmosphere. Based upon the
desigq herita$e of the Defense Meteorological Satellite
Progr~m's Sp~cial Sensor Microwave/Imager (SSMll),
the TMI has ~ wider viewing swath (780 km) and finer
spati~l resol~tion than its predecessors. The TRMM
VIRS : detectsi radiant energy in five spectral bands,
rangi~g fron{ infrared to visible wavelengths (from
0.63 ~o 12 ~qt). Ideally designed to measure temper-

,

ature,i VIRS fan precisely determine cloud top tem-
peratlilres thajt scientists can then indirectly correlate
with ~ainfall jImounts.

Conclusion

As th ~ ~recering sections demonstrate, the Earth's atmo phere qhanges both physically and chemically

over a rang~ of scales of time and space. The

atmo phere'si chemical makeup affects its physical

state, i such 4s its radiative properties. As already

mentipned, tljle gases and particles in the atmosphere

functipn m~h like a venetian blind, selectively

absorping an~ reflecting certain wavelengths of solar

radia~ion wltile allowing others to pass through

relatiiely un~indered. In turn, physical processes in

the atmosph~re also help determine its chemical

make~p. Th~re was growing consensus through the

1970~ and ~980s among Earth scientists that we

needep to ta~e a more holistic approach to global

climate chan$e studies. We saw that nature does not

comp~rtmen~alize climate phenomena into discreet

from latent heat, then we must more accurately
measure rainfall. In 1997, NASDA and NASA jointly
developed and launched the Tropical Rainfall Meas-
uring Mission (TRMM) into a mid-inclination (35°)
precessing orbit. It is estimated that about 60% of
precipitation on Earth falls within the band between
30° Nand 30° S of the Equator. TRMM carries three
instruments designed to measure rainfall- the Precip-
itation Radar (PR), the TRMM Microwave Imager
(TMI), and the Visible and Infrared Scanner (VIRS).
Designed and built by NASDA, the Precipitation
Radar is the first satellite sensor to provide three-
dimensional images of the internal structures of storm
clouds. Its measurements show the intensity and
distribution of rain within a storm, the total height
of a storm, and the elevation at which ice crystals melt
into raindrops. Most importantly, the Precipitation
Radar can measure rain rates to within 0.7 mm per
hour. Researchers who expected to use ground-based
Doppler Radar stations to validate TRMM's Precip-
itation Radar measurements found much to their
pleasant surprise that the latter exceeds most ground-
based measurements in accuracy and spatial resolu-
tion.

The TMI is a 'passive' sensor designed to measure
minute amounts of microwave energy emitted by the
Earth's surface and from within its atmosphere.
(Whereas 'active' sensors send pulses of energy and
then measure how much gets absorbed and reflected
by the target, 'passive' sensors measure only energy
originating from, or reflected by external sources.)
These measurements allow TMI to quantify the
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disciplines, and therefore we need to e~mine the
variables of change as integral parts of the vast,
interconnected web of cause and effect that is Earth's
climate system. In short, it is not enough to identify
where and when changes occur; we need to understand
how and why the mechanisms of change work. Satellite
remote sensors offer the only viable means of conduct-
ing a comprehensive examination of our planet.

See also

Aerosols: Observations and Measurements. Radiative
Transfer: Absorption and Thermal Emission; Scattering.
Satellite Remote Sensing: Cloud Properties; Precipita-
tion; TOMS Ozone. Satellites: Orbits.
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Introduction

Sea ice -any form of ice found at sea that originated
from the freezing of sea water -has been among the
least studied of all the phenomena that have a
significant effect on the surface heat balance of the
Earth. Fortunately this neglect has recently lessened a$
the result of improvements in observational and
operational capabilities in the polar ocean areas.
Thus considerable information is now available on
the nature and behavior of sea ice as well as on its effect
on the weather, the climate, and the oceanography of
the polar regions and possibly of the planet as a whole.

currents and reaching the Gulf of St Lawrence (Atlan-
tic) and ~he Okhotsk Sea off the north coast of Japan
(Pacific). The most southerly site in the northern
hemisphere where an extensive cover forms is the Gulf
of Bo Hai, which is located off rhe east coast of China
at 400 N. At the end of the summer the perenni~l MY
ice pack of the Arctic is largely confined to the central
Arctic Ocean, with minor extensions into the Cana-
dian Arctic Archipelago and along the east coast of
Greenland.

In the Southern Hemisphere the sea ice area varies
between 3X~06 and 20x106km2, covering between
1.5% and 10% of the ocean surface. The amount of
MY ice i~ the Antarctic is appreci~bly less than in the
Arctic, ~ven though the total area affected in the
Antarctic is approximately a third larger than in the
Arctic. These differences are caused largely by differ-
ences in the spatial distributions of land and ocean.
The Arctic Ocean is effectively landlocked to the
south, with only one major exit located between
Greenland apd Svalbard. The Southern Ocean, on the
other hand, is essentially completely unbounded to the
north, which allows unrestricted drift of the ice in that
direction and results in the summer melting of nearly
all the previous season's growth.

Extent
Considering that the vast majority of Earth's popula-
tion have never seen sea ice, its areal extent is
extremely impressive; 7% of the surface of the Earth
is covered by it at some time of year. In the Northern
Hemisphere the area varies between 8xl06 and
15 xI 06 km2, with the smaller number representing
the area of multiyear (MY) ice remaining at the end of
summer. In summer this corresponds roughly to the
area of the contiguous United States and to twice that
area in winter, or to between 5% and 10% of the
surface of the Northern Hemisphere ocean. At. max-
imum extent, the ice extends down the western side of
the major ocean basins paralleling the pattern of cold

Geophysical Importance
In addition to its considerable extent, there are good
reasons to be concerned with the health and behavior
of the world's sea ice covers. Sea ice serves as
an insulative lid on the surface of the polar oceans.
This suppresses the exchange of heat between the cold




