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fic discussion of the possibility of observing the
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:l‘\‘(m\t:‘\l::!: l‘lln\i\(:u‘: ((l::\ 14.\(“)(-?1()110:- 1957 of the first successful Ear§h182a3te(111:es, iﬁlelimk
l. The first successful U.S. satellite, lixPl"“‘r, 1, was launchz. olu}rlnes editzrcll

31 January 1958, These carly days are chronicled in proceedings v

by ‘\’mmh;‘m (1982) and Vonder Haar et z.ll. (1‘282)-

" Of fundamental importance to space ﬂflgl}\t, 11:] gg‘neg
»v. in particular, was the formation ot the ation

:{ti'\;;\i‘lilis:r;‘\lt!i‘(:l‘: (NASA) on 1 October 1958. For more than 30 years, NASA has

lead the development of all types of scientific satellites used for c1vcllhan purp}(:se.s_

Appendix A of this book attempts to list all satellites that have made atmos}? eric

measurements. A large fraction were developed by NASA. Involved from the first

in satellite meteorology were agencies that now are components of the U.S. Na-

tional Oceanic and Atmospheric Administration (NOAA), partlcularly the U.S.

Weather Bureau (now the National Weather Service). Today operatlonal S,
meteorological satellites are controlled by NOAA and the U.S. Air Force.

The first satellite with a meteorological instrument was Vanguard 2, launched
17 February 1959. Developed by the U.S. Army’s Evans Signal Laboratory, Van-
guard 2 had a pair of photocells behind lenses that, much like today’s scanning
radiometers, were supposed to sweep out a visible Earth image as the satellite
orbited and spun. Unfortunately, the satellite wobbled on its axis, causing the
scan lines to crisscross, which rendered the data unusable.

Explorer 6, launched 7 August 1959, was the second satellite with meteorologi-

cal instruments. It carried an imaging system and a Suomi radiometer (see below).
It went into a highly elliptical orbit, however, and was essentially unusable,
although it did return the first Earth photo.

The first successful meteorological instrument on an orbiting satellite was the
Suomi radiometer, which flew on Explorer 7, launched 13 October 1959. Devel-
oped by Verner Suomi and colleagues at the University of Wisconsin, it consisted
of hemlzpheres, painted either black or white, backed by aluminum mirrors, and
l‘;‘:‘mﬁ thznhctehei :q}?;tor of E s}limni:lg satellite. The mirrors reﬂected. the scene

. ;hmp; l;‘l._es, such that the hemispheres acted like spheres isolated in

i ;;Le f‘ ;‘; :n:fgfsiahun, the spheres sampled sglaf radlatiop and terrestrial
Al ‘ hgmls 5 ¢ orientation of the satellite’s spin axis. The tempera-
i?oszrc fwasd ‘mqmtored, and its time rate of change was related

; Of radiative energy at the sensor. The black hemispheres

il ;hlte henll)lsphere reflected solar radiation but absorbed
3?%%&“;‘:311 ;tlhe radiation balance of the hemi-
n. €S€ data, coarse maps of the solar radia-

infrared radiation emitted by the Earth were
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1.1 History of Satellite Meteorology 3

The first satellite completely dedicated to satellite meteorology was launched
Og 1dAPrll 19f6f). TIROS 1 (Television and Infrared Observational Satellite), the
2 3 f)uccess ully launched satellite, was hatbox-shaped, about 57 cm in height
and 107 cm in diameter. Its mass was 120 kg. Figure 1.1 shows a sketch of
TIROS 1 along with Vanguard 2, Explorer 7, and Nimbus 1.

T}ée image-making instrument on TIROS 1 was a vidicon camera, which was
an adaptation of a standard television camera. Essentially, a lens focused the
image on the light-sensitive face of 2 cathode ray tube (CRT) about 12.7 mm

sguare- The}f)right and dark areas of the image resulted in a pattern of electrical
charge on the CRT. An electron beam scanned the CRT face to measure the

charge. The scanning was similar to normal television, it had 500 lines, each with
500 elements. Scanning an entire image took 2 s. The voltages measured by the
v1d1<;on camera were telemetered to the ground to be assembled into an image.
Flg,ure 1.2 shows the first image returned by TIROS 1. Although crude by
tpday S standarc'ls, TIROS 1 images generated immense excitement. For the first
time we could view the Earth and its weather systems as a whole. Not only have
satellite observatio 1S ‘becpme essential for meteorology; we believe that they have
fund?mentaiig g r perception of the Earth from a set of distant, isolated
COHUHCHFS"&% nseparable system of land, ocean, atmosphere, and
mages were returned in the 79-day lifetime of

launched in the TIROS series; the last, TIROS
Several technological improvements were intro-

ination orbits (see Section
to 58°-inclination orbits
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FIGURE12 First TIROS 1 image. [After Rao et al. (1990).]

TIROS 8, launched 21 December 1963, introduced Automatic Picture Trans-

(APT). A new vidicon camera with 800-line resolution was scanned at

mission
the slow rate of 4 lines per second, and the data were immediately broadcast to
the Earth at VHF (very high frequency) frequencies. The slow transmission rate

meant that inexpensive equipment could be used to receive and display the images.
Thus anyone with the proper equipment could directly receive weather satellite
images as the satellite passed by twice each day. APT is still an important function

on today’s polar-orbiting weather satellites.
To maintain their orientation in space, many satellites spin. In the absence of

external torques, angular momentum is conserved, and the spin axis points in a
constant direction in space as the satellite orbits the Earth. TIROS spun at about

12 revolutions per minute (rpm). This caused a viewing problem with the first eight
TIROS, however. The vidicon cameras on these satellites were on the ‘“bottom” of
the craft; that is, they pointed parallel to the spin axis and, therefore, in a constant
direction in space. The Earth was in their field of view only about 25% of the
time. During the remaining 75% of each orbit, they viewed space. TIROS 9,
launched 22 January 1965, introduced a new configuration, the “cartwheel”
configuration. The satellite’s spin axis was tilted to be perpendicular to the orbital
plane, ;ﬂed the fainesds werc reoriented to point out the side of the spacecraft
WT}:?;’ T.leah;;n ;(f)li;d hkfl’the wheel of a cart in its orbit about the Earth.
o rotati ‘takme 'Is'ﬁite ite, the cameras would point toward Earth, and
: Flg, : 3s allowed global composite images to be made; an
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FIGURE14. Nimbus 1 APT photo. [Courtesy of NA
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Section 2.4.1). This regularity increased its utility in operational f()rcc;\sling T}
sunsynchronous orbit has been used ever since for U.S. operational mcls;.us e
near-polar orbits. Nimbus 1’s High Resolution lnfrur.cd Radiometer (y lRII’;) ".‘
scanning radiometer quite similar to those in operational use today, P"()Vid’c.\\
night and day coverage. Figure 1.5 shows an HRIR image of Hurricane (}\:Idy:

An important accomplishment of satellite meteorology is that since S()mctiﬁ\.A

in the mid-1960s when metsat coverage became continuous, there have beep n:

undetected tropical cyclones anywhere on Earth. These ocean-born storms, Whic}:
for centuries menaced seafarers and coastal and island dwellers, can no longer
surprise potential victims. Lives are still lost to tropical cyclones, but many are
now saved because of the warnings that metsats make possible,

In total, seven Nimbus satellites were launched. Some experiments on the agt
one, Nimbus 7, launched 24 October 1978, were still operational as this b()(;k
was being written! The Nimbus series tested many new concepts that have lead
to the operational instruments in use today. These instruments will be discussed
elsewhere in this book. ‘

The first 5 years of satellite meteorology are also documented by Hubert and
Lehr (1967), to which the reader is referred for interesting details to augment the

references noted at the beginning of this section.
By 1966 the United States was ready to initiate an operational (as opposed to

experimental) series of metsats. The Environmental Science Service Administration
(NOAA’s predecessor) commissioned nine satellites, ESSA 1 through 9, which
were launched between 3 February 1966 and 26 February 1969. Each was essen-
tially like TIROS 9; each flew in the cartwheel configuration, but in sunsyn-

Gladys. [Courtesy of NASA.]
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Systems (AVCSs), Wisich i
record images for later pla;gzcil)(r(t)v :
o

) launched the first in '
a series
T.Program (DMSP). This series was
ites; the last was launched on 23

On 7 December 19664 :

thc? launch of the first A;?)tl?lgiieonmsetjg()rglogy took another leap forward with
Spin chn Cloud Camera, develo ed b echnology Satellite (ATS 1). Carrying a
University of Wisconsin, ATS 1 vI;as ]Y Verl_ner Suomi and Robert Parent at the
2.4.2) to view the Western I-Iemisphepr aced into geostationary orbit (see Section
imaging of nearly an entire hemispher eifvl:sVlSIbl'E light. For the first time, rapid-
as storm systems developed and moved ali;)sm le. We Couldiwatc}'l, fascinated,
images. Today such images are an indispens Vl‘;?re captured in a time series of
forecastinB A TSl ched. 5 NOVembePr) 1927 ¢ part of weather analysis and
Cloud Camera, which employed a filter wheel t« carried a Multicolor Spin Scan
Earth (Plate 1). o make the first color images of

lV“' tu_i‘_gy all'par ts of the elf:ctromagnetic spectrum are useful for satellite meteo-

rology. 1he microwave portion of the spectrum was first explored by the Soviet
satellite Kosmos 243, launched 23 September 1968.
. In .1969 the S.OVlCtS began a lengthy series of operational metsats, which, in
its third generation, continues today. The first Meteor-1 was launched on 26
March 1969. The 31st member of the Meteor-1 series was launched on 10
July 1981.

Another very important event occurred on 14 April 1969 with the launch of
Nimbus 3. It carried two instruments designed to provide atmospheric soundings
from space. For the first time, satellite data were used quantitatively in numerical
weather-prediction models. The Satellite Infrared Spectrometer (SIRS), made mea-
surements in the 15-um portion of the spectrum. It was the forerunner of today’s
operational sounding instruments. A second instrument, the Infrared Interferome-
ter Spectrometer (IRIS), measured spectra in the infrared from about 6 to 25 pm.
(See Section 4.3.1.) IRIS also flew on the Voyager spacecraft to Jupiter, Saturn,

Uranus, and Neptune, and a similar instrument is under consideration for future

geostationary spacecraft.

The second series of U.S. operational metsats began on 23 January 1970 with
the launch of TIROS M, also called the Improved TIROS Operational System
(ITOS). The NOAA 1 through 5 satellites completed the series. These satellites
were three-axis stabilized and flew in sunsynchronous orbits. :

An extremely long-lasting instrument, and the first ultraviolet instrument in
space, was the Backscatter Ultraviolet (BUV) launched on Nimbus 4 on 8 April

p .
1970. BUV measured ozone (see Section 6.5) for nearly 10 years.
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. it Landsat series was desi
Blaac to the Nimbus satellites, the . 1 esigned
Sllmlcllar in gtpepse:;:;: Its sensors have Cxtrem§ly high resolution, 80 m in the
for lan lli.em nd up to 30 m in the latest satellite (Landsat 5). Landsat 1, a]sq
first satellite and up Technology Satellite (ERTS), was launched on 23 Jyly

the Earth Resources & (ER1]

?91;62‘1 Landsat data are used in meteorology primarily to study small clouds ang
surface features that may inﬂqence Weather. : |

The first generation of semioperational geostationary metsats began with the

Jaunch of the Synchronous Meteorological Satellite 1 (SMS 1) on 17 May 1974,
SMS 2 was launched on 6 February 1975. These satellites carried the first Data
Collection Platform (DCP) repeater. Data from meteorological or other platforms
on the surface (Fig. 1.6) could be relayed by the satellite to a central receiving
site. Thus data from remote ground sites could be easily obtained for the first
time. The cloud cameras on the ATS satellites made images in the visible portion
of the spectrum only. SMS and the succeeding GOES have an infrared radiometer
as well. Since 27 June 1974, when SMS 1 became operational, we have had
continuous, uninterrupted, 24-hour-per-day monitoring of most of the Western

Hemisphere from space.
On 11 September 1976 the DMSP Block 5D series of the USAF began. The

primary Block SD instrument is the Operational Linescan System (OLS). It is
still the highest-resolution (600 m) meteorological instrument in space. OLS is
interesting in another way, also. Its shortwave sensor has a broad passband, which
means that it can collect enough radiation to make some images by moonlight, and
it can sense city lights at night. (See Section 5.5.2.4.) ,
The second series of operational Soviet metsats began on 11 July 1975 with
the launch of Meteor-2 1. Eighteen satellites have been launched in the series.
'Ijhe first truly operational geostationary metsat, the Geostationary Operational
Environmental Satellite 1 (GOES 1), was launched on 16 October 1975. GOES

Collection Platform (DCP).
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2 and 3 were similar, Since the launch of SMS 2, the
maintained two 8€ostationary satellites in orbjq ,one
one at 135° west longitude. :
In 1977 and 1978
Geostationary Meteoro

longitude, .apd the E

United States has

generally
at 75° west longi

tude, and

WO more 8€ostationary metsats were launched: Japan’s
logical Satellite 1 (GMS 1) was stationed it at 140° eag;
uropean Space Agency’s Meteosat 1 was stationed at the
g €Osat was the first geostationary satellite to make images of
mid- to UPper-troposphere water ¥SPOL 86 6.7 wm (Fig. 1.7) in addition to visible
and 10-12-um infrared,

The third generation of WS,

pPolar-orbiting metsats began on 13 October 1978
with the launch of TIROg N. This series, which continues today, is discussed in
Chapter 4.

India ha

have been launched: Bhaskara 1 on 7 June 1979 and Bhaskara 2 on 20 November
1981 On s August 1983

» the geostationary Insat 1B was launched frqm the'
Space Shuttle. Stationed at 74° eagt longitude, Insat 1B completed geostationary

coverage of the tropics and midlatitudes around the Earth. (Al_though in 19518e
and 1979, GOES 1 was temporarily stationed at 55° east longitude to p}ZO\;‘l :
global CO\:erage for the First GARP Global Experiment.) Insat was also the
-axis stabilized geostationary metsat. : :
thrg; a)9{ISSeSpatember 1g980 GOES 4, the first in th§ second.genera'fllonccl)lfaGthde-
tellriltes was launched. This series of satellites is discussed in detail in p
sa ;
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cllite dedicated to climate research was launched on 5 Octobe
(Fig 1.8). Called the Earth Radia\tio:1

The first sat

1984 from the Space Shuttle Challenger

Budget Satellite (ERBS), it carried two instruments: the Earth Radiation Bud
discussed in Chapter 10, and the StratosPhegr?z

Experiment (ERBE), which is
discussed in Chapter 8. ERBS flies in a

Aerosol and Gas Experiment II, which is
nonsunsynchronous orbit so that its measurements will sample all local times. |
NOAA satellites carrying identical ERBE instruments. T.hiz

was teamed with two
sampling strategy is discussed in Section 2.6.

The final satellite series, which completes the suite of operational satellites i
use as this book was being completed, began with the launch by the Soviet Uilsi:)rrll

of Meteor-3 1 on 26 July 1988.
logy has many facets in addition to the hardware

The history of satellite meteoro
that has been launched into orbit. In particular, the explosion in computer and

lci(t);:r;g;lic&go%sh Fechn;zlog}y durli]ng the space age has literally made weather satel
_ This technology has also made possible the di inati :
: e disseminat
satellite data and products to i : i s
the operational forecasting and i
o : g research sites wher
l.may :iianeedfed.dF{gure 1.9 shows what today seems unremarkable, a satellitz
Groind Srtlsn.uttef in 1980 from the Colorado State University Direct Readout
il Wgttlllon or GOES to the Natlonal Weather Service Forecast Office in
 Without such communications capabilities, and without the computing

FIGURE 1.8, -
ERBS being launched from the Space Shuttle. [Courtesy of NASA.]
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FIGURE19. GOES image transmitted in near-realtime to a remote site.

d from the satellite into useful measure-
n its infancy. Although the reader will
d computer technology

power necessary to turn raw counts receive
ments, satellite meteorology would still be i
see in this book only glimpses of the communications an
that underlies all of satellite meteorology, it should not be forgotten.

In the remainder of this chapter, we offer the reader a preview of the contents

and philosophy of this book.

1.2 SCOPE OF THE BOOK

areas of study, Fig. 1.10 denotes the scope of
hown in the figure, the technical subareas that

constitute the core of satellite meteorology are (1) time and space sampling of
weather and climate features, (2) algorithms and interpretation methods, (3)

satellite senors, and (4) weather and climate products and applications. .
Chapters 2 through 4 present basic material necessary to understand satellites

and how they can be used in meteorology. Chapter 2 discusses satellite grbits.

Satellites are not free to travel any path in space, they must follow those dictated
by the laws of physics. Knowledge of these laws and of possible orbits is etssent}al
to understanding satellite meteorology- Chapter 3 discusses electromagnetic radia-

Within the context of related
this basic, introductory book. As s
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FIGURE 1.10. Scope of the book.

tion, which is the only quantity that meteorological satellites directly measure.
The sources of this radiation and its interaction with the Earth’s surface and
atmosphere are explored. Chapter 4 discusses the instruments that make the
measurements. Using instruments on current satellites as examples, the basic
operation and capabilities of meteorological instruments are detailed.
Chapter 5 presents the basics of weather satellite image analysis, that is, inter-

preting the pictures returned by metsats. This was the first, and for many is still

the only, application of meteorological satellite data. Because this subject can



electromagnetic measurem
ents, and ho .

The parameters covered in Ch:ipters p :1: accurate the retr_leved parameters are.

and trace-gas concentration winds, clo drough b e e L i

: A gy

tion budget. Many specialized ap[;licaltlios andfaerosqls, i el

this book. Wi b rfir ed ey ns o sa.telhte data are not covered in

brevity, fpt RIEORSR 0 o rselves to the basic parameters in the interest of

AT m:l that the fundamental parameters are better able to

surements such a i

further our knowledge of the atmosphere e ey

: F;I;iltly:j elnaliljhapter t1)1 we look intzo the future as best we can to indicate what

the ¥ lc de may bring to satellite meteorology. The reader is warned that

the tec nofoglcal, political, and economic rates of change are such that making

forecgsts of the future of satellite meteorology is a difficult task, yet pleasant. In

planning one’s career, or indeed one’s next project, h it .
project, however, it is necessary have

some idea of what the future holds.
Now, dear reader, welcome to the world of satellite meteorology. We hope

that you enjoy the following tour.
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