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FOREWORD
The utilization of meteorological satellite data by the world meteorological cammunity in operations and research has seen substantial growth in the 1970s.
This growth has accelerated during the second holf of the present decade with the
new array of geostationary and polar-orbiting satellites, often with neW or improved

measurements, that have been put into place for the Global Weather Experiment. Much
of the use of satellite observations has been in the form of visible and infrared
imagery which have proved to be invaluable for the observation of synoptic weather
systems. Recent WMO Technical Notes (Nos. 124, 142 and 153) have provided detailed
information on the uses of satellite imagery for synoptic analysis and forecasting.

These publications gave little treatment, however, to a growing body of quantitative
data from satellite measurements. The present Technical Note discusses several types
of quantitative information now available from satellite measurements. Specifically
these include remote vertical soundings of atmospheric temperature and moisture,

winds derived from cloud motions observed by geostationary satellites, and Earth
surface temperature.

The preparation of this Technical Note was initiated in April 1975 by the
WMO Executive Committee Panel af Experts on Meteorological Satellites which requested
experts in the U.S.S.R. and U.S.A. to prepare material for the Note. The initial
drafts were prepared under the direction of Dr. Jay S. Winston in the U.S.A. and of
Dr. Nikolai F. Veltishchev in the U.S.S.R. Subsequent work on the Note was undertaken under the auspices of the CAS Working Group on Satellite Meteorology of which
Dr. Winston was Chairman and Dr. Veltishchev was a member. Other members of the
Working Group - Dr. B. Bizzarri of Italy, Dr. Joseph Clodman of Canada,
Mr. Robert S. Seaman of Australia and Mr. Eiichi Terauchi of Japan - also assisted
in editorial and writing tasks of various chapters of the Note. After further revisions in late 1978, Dr. Winston completed the final editing of the Note.
I am very pleased to have this opportunity to express the gratitude of WMO
to all those persons responsible for the preparation of this Note, and especially
to Dr. Winston, for the time and effort they have devoted to preparing this important
publication.

D. A. Davies
Secretary-General

SUMMARY

This Technical Note treats the major quantitative information now available
from meteorological satellite measurements on a regular basis. The quantitative data
discussed here are remote soundings of atmospheric temperature and moisture

(Chapter 1), winds derived from cloud motions observed by geostotionary satellites
(Chapter 2), and Earth surface temperature (Chapter 3). Chapter 4 covers the application of quantitative satellite data (principally remote temperature soundings) in
numerical weather analysis and prediction.

This Note is aimed primarily at those in the world meteorological community
In general the presenta-

who utilize these data either operationally or in research.
tions cover such topics as:

(1)
(2)

basic theory behind these quantitative measurements;
problems, assumptions, and procedures involved in arriving at useful

quantitative results and in applying the data;
(3)

assessments of the quality of the derived quantities, and

(4)

some illustrations of the various types of data produced.

Each Chapter is designed to be read as an independent unit except for Chapter 4 which
is more dependent on prior reading of previous chapters.

RESUME

La prssente Note Technique traite des principales informations quantitatives qui sont derivees regulierement des mesures effectuees par les satellites
meteorologiques. Les donnees quantitatives en question ant ete obtenues par teledetection et concernent 10 temperature et l'humidite atmospheriques (Chapitre 1),
les vents determines a partir du deplacement des nuages observe par des satellites

geostationnaires (Chapitre 2) et 10 temperature

a

10 surface de la terre (Chapitre 3).

Le Chapitre 4 porte sur l'application des donnees quantitatives sotellitaires
(principalement donnees de temperature obtenues par teledetection) a l'analyse et
a 10 prevision numeriques du temps.
Cette Note s'adresse en premier lieu aux membres de 10 communaute meteorologique mondiale qui se servent de ces donnees pour l'exploitation ou pour la
recherche. Les themes abordes Ie sont en general dans llordre suivant :
1)

la theorie fondamentale sur laquelle reposent les mesures quantitatives;

2)

les problemes rencontres, ainsi que les hypotheses et les methodes
utilisees pour obtenir des resultats quantitatifs utiles et pour
appliquer les donnees;

3)

l'evaluation de la qualite des grandeurs derivees;

4)

quelques exemples illustrant les divers types de donnees acquises.

Chaque chapitre est con9u de rnanlere

a pouvoir

etre lu independamment des autres,

l'exception du Chapitre 4, pour lequel il est preferable de lire d'abord les chapitres precedents.

a

PE3IDME

~aHHaH

TeXHMQeCKaH SanMCKa paCCMaTpllBaeT OCHOBHyro
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B
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B ~aHHOH rry6~HKa~MH,
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Hwe RSMepeHHH;

2)
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HCrrOTIb3yeMHe AnH rrOTIy~eHHH

pesyTIbTaTOB H ATIH npHMeHeHHH 3THX

AaHHHx;

3)

Ka~AaH

o~eHKH Ka~eCTBa rrOTIy~aeMNX KO~HqeCTBeHHNX AaHHHX;

rTIaBa cocTaBneHa B BRAe OTAeTIbHOrO paSAena,

KOTopaH B oOTIbmefi CTerreHH CBH3aHa c

npeANAY~HMH

sa HCKnroqeHHeM rnaBN

rnaBaMH.
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RESUMEN
La presente Nota Tecnica versa sabre el teme de los principales datos cuantitativos obtenidos en 10 actualidad mediante mediciones efectuadas regularmente desde los satelites meteoro16gicos. Los datos cuantitativQs estudiados en 10 presente
Nota Tecnica se han obtenido merced a mediciones a distancia para determiner 10 temperatura y humedad del aire (Capitulo 1), los vientos, observando des de los satelites geoestacionarios los desplazamientos de las nubes (Capitulo 2), y la temperatura
de la superficie terrestre (Capitulo 3). El Capitulo 4 se ha consagrado a la aplicacion de los datos cuantitativos, obtenidos por media de los satelites (esencialmente
105 datos relativos a 10 temperatura determinacla por media de sondeos), a las activiclades de analisis y prediccion meteoro16gica numerica.
La presente Nota Tecnica se destine esencialmente a 10 comunidad meteoro16gica mundial que utilizo los citados datos bien para fines practicos 0 de investigaci6n. Los temas expuestos abarcan po~ 10 general cuestiones tales como:

I)

teorla b6sica que puede deducirse de esas mediciones cuantitativas;

2)

problemas, hip6tesis y procedimientos para llegar a obtener resultados
cuantitativos Gtiles y para Ia utilizaci6n practica de esos datos;

3)

evaluaci6n de la calidad de los resultados deducidos de los datos y;

4)

breve ilustraci6n de los diversos tipos de datos producidos.

Cada uno de los capltulos se ha concebido de forma que constituya par sf mismo una
unidad independiente de las demas, salvo en 10 que respecta al Capitulo 4 que, basado en 10 expuesto en los anteriores capitulos, requiere 1a lectura previa de los
mismos.

CHAPTER 1

REMOTE SOUNDINGS OF TEMPERATURE AND MOISTURE

by

Christopher M. Hayden, National Environmental Satellite Service,
NOAA, Madison, Wisconsin, U.S.A.
with contributions by

P. N. Belav, A. I. Bourtzev, E. P. Dombkovskaja,
A. V. Karpov, V. I. Solovjev, and A. B. Uspenski,
Hydrometeorological Service of the USSR, Moscow, U.S.S.R.
and M. P. Weinreb, National Environmental Satellite
Service, NOAA, Washington, D. C., U.S.A,

1.1

Principles of Remote Sounding

1.1.1

Introduction

The application of remote measurements of radiation upwelling at different
spectral frequencies to derive vertical profiles of temperature and moisture in the atmosphere has been vigorously pursued in both concept and experiment for more than 20 years.
The purpose of this chapter is to provide the user with an overview of the general scientific
principles involved in remote sensing and the basic characteristics of meteorological products derived from remote measurements. Theoretical detail is kept to a minimum; there are
excellent reviews elsewhere, which are referenced. Much technical detail is also omitted;
e.g., treatment of detector or instrument technology and discussion of the modelling and
application of atmospheric transmittances. Such detail is included only to the extent that
it promotes understanding of the basic characteristics, benefits, and limitations of remote
sounding data as they are available to the user.
1.1.2

Basic Physical Principles

The reality of remote sounding of the atmosphere from outer space is based on
selective absorption of outgoing radiation by atmospheric constituents. For the determination of temperature and moisture, particularly appropriate are the absorption bands of carbon
dioxide (C0 ) at 4.3 ~m (shortwave infrared) and 15 ~m (longwave infrared), of oxygen (02)
2
at 0.5 cm (microwave); and water vapor at 6.3 ~m, 18 ~ (infrared), 0.8 em and 1.35 cm
(microwave). The satellite radiance measurements in these spectral intervals depend on both
the concentration and the temperature of the absorbing components. The temperature distribution in the atmosphere can be inferred from radiation measurements if the absorbing constituent concentration is known. On the other hand, the concentration of some atmospheric
constituents (for example, water vapor and ozone). can be estimated if the temperature profile
is known. The solutions to such problems are based on the theory of radiative transfer in
the atmosphere.
The equation of radiative transfer at the upper boundary of the- atmosphere,
which describes the relation between the outgoing radiance and atmospheric parameters, can
be written approximately in the form [for more complete details see Wark and Fleming (1966),
Kondratyev and Timofeev (1970)]:
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PQ

I[v,T(p),q.(p),81
~

=

B[V,T(p )] T(V,p ,8) a

0

I

B[V,T(p)] dT(V,p,8) dp,
dp

(1.1)

PI

where I is the radiance, V is frequency (wave number), T is absolute temperature, q. is the
mass mixing ratio of an absorbing component (water vapor, ozone, etc.), 8 is the se~sing
angle (zenith angle on the earth), B is the Planck function, T is the spectral transmittance
function from the top of the atmosphere to the level at pressure p, and 0 and 1 are indices
related to the lower and upper boundaries of the atmosphere, respectively. The first term on
the right in (1.1) describes the atmospheric absorption of surface radiation [it is supposed
that the surface emits as a blackbody at temperature Tepa)]' The second term characterizes
the outgoing atmospheric radiance.
The feasibility of obtaining quantitative measurements of temperature as a
function cf pressure from satellite-borne observations was initially suggested by King (1958)
and Kaplan (1959). Kaplan demonstrated that the vertical temperature profile of the atmosphere could be inferred from satellite spectral radiance measurements in the 15 ~m absorption
band of CO , At this frequency, radiatlon emitted ~rom the Earth-atmosphere is absorbed and
2
re-emitted by the CO molecules, with the strongest absorption at the center of the band and
2
weaker absorption towards the wings. Satellite radiance measurements near the band center
represent radiation emitted high in the atmosphere, where there is little absorbant at higher
levels to reabsorb the radiation. Measurements in the wings represent radiation emitted from
low in the atmosphere where the density is greater. A number of measurements distributed
from the center into the wing of the band allows inference of the vertical temperature profile
from (1.1) as will be discussed in section 1.2.1.
Figure 1.1 is an example of transmittance "weighting" functions (i.e., the
function multiplying B in the integral term of equation 1.1) for an instrument sounding in the
15 ~m absorption band. Each function shows, approximately, the region of the atmosphere

:<l
E

w

'"=>

In
In
W

"'"

Figure 1.1- Transmittance weighting functions
in the 15IJm C.o 2 banl~. fVavenumbers (cm- 1 ) are
indicated beside the p8aks of the curves
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.02

dT /d(p)2/7
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contributing to the radiation sensed by the satellite radiometer at a particular frequency.
In Figure 1.1, the topmost curve is the function for wave number 668 crn- 1 in the center of
the 15 ~m absorption band. The higher wave numbers lie sequentially farther in the wing of
the band and consequently sense radiation from atmospheric levels at increasingly higher
pressures. It is important to note that for all frequencies a considerable depth of the
atmosphere contributes to the outgoing radiation. This bears on the basic vertical resolution of atmospheric soundings which will be discussed in section 1.2.4.
The relationship between satellite measurement and atmospheric temperature is
perhaps better understood by referring to Figure 1.2. It shows two examples of horizontal
analyses of simulated brightness temperatures (directly related to radiance) which may be
compared with horizontal analyses of atmospheric temperatures at appropriate levels. One
brightness temperature is for a channel measuring at 690 cm- l which senses the upper troposphere so it may be compared with the 100-mb temperature field. The other brightness temperature is for a channel measuring at 732 em-I, which senses the lower troposphere and may be
compared with the 700 mb temperature field.
(The mesh size of the various analyses is 190 km.)
In each case there is a close resemblance between the thermal pattern based on radiosonde
observations and the pattern of brightness temperatures. However, the brightness patterns
tend to lose some detail due to the vertical averaging inherent in the satellite measurement.
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Equation (1.1) describes the form of the radiance observed from space when the

underlying surface has an emissivity of 1.

At microwave frequencies this approximation is

no longer valid, so that the first term on the right hand side of (1.1) has to be multiplied
by the surface emissivity (E) and a third term has to be added which is proportional to the
surface reflectivity (1- E).

The third term is otherwise similar in form to the second term

on the right hand side of (1.1).
The intensity of emission from the underlying surface is defined by its

emissivity and the temperature distribution in an "effective ll layer whose thickness is equal
to the depth oE the penetration of microwaves into the underlying surface. In addition, £
depends on the dielectric constant of the underlying surface and on the degree of its
roughness.
The character of microwave emission is different for land and ocean surfaces.
Significant variations in the emissivity and depth of the effective layer for land/ice
surfaces are caused by changes in moisture content, microstructure, roughness, etc. These
variations are so extreme that microwave measurements which sense land/ice surfaces are
currently not used for meteorological purposes. On the other hand, the emis8lvity of the
sea surface varies little, and the depth of its effective layer does not exceed 1 em. This
creates favorable conditions for meteorological interpretation of the measurements.
The emission of the atmosphere is also of critical importance. Intensity of the
outgoing emission of the atmosphere, expressed as brightness temperature B, depends on the
thermal and chemical state of the atmosphere and is a function of atmospheric transmittance
along the direction of view. At microwave frequencies water vapor and oxygen are the main
absorptive components of the atmosphere. Other gases (ozone, nitrogen oxides, carbon dioxide)
add little to total absorption.
For purposes of temperature sounding at microwave frequencies it is common to
use only measurements in the oxygen band so as to avoid the problems of emissivity. For
purposes of humidity estimates it is of course necessary to measure in the water vapor bands.
Equation (1.1) shows a dependence on viewing angle 8 which allows the possibility
of off-nadir measurements. Such scanning measurements are required to obtain good spatial
coverage, but their interpretation is complicated by the varying path length through the
atmosphere. There are two alternatives for dealing with the limb effect. One is to solve
(Ll) independently at each scan angle; the other is to adjust each measurement to the nadir
view before solving the equation. Both techniques are used; the latter is more popular in
operational application.
1.1.3

Complicating Factors and SimpZifying Assumptions

There are a number of complications and simplifications in the practical application of remote sounding. Some of the more significant ones are discussed briefly· here. For
example, it is assumed that carbon dioxide (or oxygen in the microwave) is homogeneously.
mixed in the atmosphere and invariant in time and·space. This is an approximation, though
not a serious one. More important, the presence of particulates and gases with varying
concentrations {such as ozone and water vapor} modify the atmospheric transmittance (which is
itself imperfectly kno1vn). These complications add uncertainty to the interpretation of the
measured radiances. Further, there are empirLcal limitations. The satellite-borne instrument
measures mean radiance across a substantial bandwidth, and has transmittance functions of its
own which must ·be considered in determi~ing the radiation emitted from the Earth-atmosphere.
Also, the. instrument collects radiation in a finite field of view· (apex angles of 2-10 degrees
are- typical). ~ver which the radiating characteristics are not uniform due to variations in
atmospheric temperature or, more importantly for CO 2 measurements, cloudiness. (The subject
of cloud contamination will be discussed in section 1.2.2.)
In the microwave range, cloud scattering (since the size of drops comprising
them is significantly less than the wavelength) is negligible. Absorption is a function of
wavelength, liquid-water content, and temperature of the clouds. Absorption within liquid
drops (clouds and precipitation) increases noticeably towards the· shortwave end of the microwave range reducing the value of the measurements for temperature sounding, but this can be

a-lAPTER 1

5

useful in providihg reliable determinations of cloud water content and of precipitation
(e.g., from measurements at 0.8 em wavelength). During precipitation, scattering makes a
noticeable contribution to microwave measurements. Calculations of temperature without
accounting for the scattering, e.g., at 0.8 em wavelength and with a 5 rom h- 1 precipitation
intensity, result in 10 to 11% errors (Shifrin et al., 1972). Absorption can be a problem
for temperature sounding in the 0.5 em wavelength region in areas of heavy precipitation.
A striking example of this is seen in Figure 1.3 which shows the severe attenuation of the
signal at 52.85 GHz as measured with the research satellite. Nimbus 6 over a well-developed
squall line in the midwest United States. The squall line is clearly evident in the
accompanying GOES image, and the associated precipitation measured at the ground is also
shown. Comparisons with temperature analyses indicate that the trough in the brightness
temperature analysis is not related to temperature and therefore must be caused by the
precipitation.
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Figure 1.;) -Attenuation at 52.85 GHz (microwave) caused by deep convection within
squall line and associated precipitation (b); GOES image of cloud cover~ 1700 GMT~
February 17, 1976 (c); rainfall from hourly surfaoe preoipitation (a)
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Solar reflection can be a problem "for some shortwave irtfrared channels. At
present, spectral measurements of outgoing xadiation "in two' CO .(4.3 and 15 }lID) spect;ral
2
bands are used for the purpose of temperature.sounding. The 4.3 ~m spectral band.appears at.
first glance the more desirable since radiance-~t this wavelength has a stronger dependence
on temperature (i.e., a large change in radiance -co~responds to a- smail temperature change
in the radiating environment), But as experimental and theoretical estimates.show, radiant
emission by the atmosphere at wavelengths near 4 llm.Quring" the daytime is significantly
contaminated by solar radiation reflected by the-atmosphere 'and surface. -Thus; such shorter
wavelength bands are more reliable at night.
- ' .

1.2

Remote S?undings

1.2.1

The Inversion Problem

o~

Temperature.

.,The ;i..nt~gral equation of radiative transfer (1.1) descriped in the previous
section is a basic' equat·ion, which relates vert_ical temperature distribution in the atmosphere with the int~nslt¥of outgoing radiation.
In accordance with accepted termi~ology, a calculation of intensity and other
quantitative characteristics of radiation from' a given function of spectral transmittance
and ~rom a known dis~ribution' of atmospheric parameters using (1.1) is c'alled a forward
problem. Inverse problems are those which retrieve meteorological parameters (temperature,
humidity, pressure)-· in the atmosphere from measurements of radiation field characteristics.
The inverse problem of temperature sounding is to invert (1.1) to obtain a profile of Planck
radiance and therefore a profile of temperature as a function of pressure. This causes
considerable difficulty since the solution is not_unique for a finite set of measurements
leVi) (i = l.2, ... ,n), as is obvious by inspection of the equation. For example, in the
simplest case of a single radiance (n = 1), the same integral can be obtained by increasing
B[V, T(Pl)] at level 1 with a balancing reduction of B[V, T(p )] at level 2; levels 1 and
2 being entirely arb~trary. Gener~lizing, it can be shown th~t for any finite set of
measurements there are levels where compensating adjustments to the Planck radiance can be
made to achieve the same integrated radiance. In addition, when errors in observations are
considered, the solution to the inverse problem may become unstable such that small errors
in l(V) cause disproportionately large errors in T(p). Because of the difficulties in
inverting the radiative transfer equation, considerable effort has been spent in investigating the methods of solution with both actual satellite measurements and theoretically
simulated satellite data. It has been determined that the non-uniqueness problem is not
catastrophic, but it does fundamentally limit the accuracy of remote soundings, as will be
discussed in section 1.2.4.
As stated in the introduction, it is not the purpose of this note to discuss in
detail the mathematics of obtaining temperature as a function of pressure from an assembly
of radiance measurements. Thorough descriptions of inversion methods for solving the radiative transfer equation are given by Kondratyev and Timofeev (1970), Fleming and Smith (1972),
Conrath (1972), and Rogers (1976). It is instructive, however, to examine the overall
problem in order to obtain better understanding of the characteristics of satellite-derived
temperature profiles.
There are two general approaches for finding the temperature profile from a set
of measured radiances. The first approach is direct, based on the mathematical inversion of
the radiative transfer equation (1.1). In this approach, the spectral transmittance function
of the atmosphere T(v,p,8), must be known. From the mathematical point of view such an
approach leads to an improperly posed problem, which may require a priori knowledge of some
additional characteristics of the solution. The second approach to the problem is indirect,
based on obtaining regression relationships between satellite measured radiances and
radiosonde-measured temperature profiles. The second approach does not involve (1.1) explicitly.
In the direct solution for the temperature profil~, (1.1) is usually linearized
by expressing temperature T(p) as a sum of some given profile T(p) and deviations from this
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temperature distribution h(p) = T(p) - T(p). Taking into account the fact that measurements
of radiance are made for a finite number of frequencies V 1 'V " ."v , the system may be
2
approximated by a like number of linear algebraic equations:
n
III

L:
a.jh j
j=l

+

(1. 2)

i=1,2, .•. ,n,

'J"

1

or in matrix form
r=Ah+ SI

-

-

-

(1.3)

where r is the vector of radiance differences relative to the mean; A is a matrix of the
weighting functions with dimensions n (the number of radiance observations) by m (the number
of levels of temperature); h is the vector of temperature differences relative to the mean
at each pressure level; C;; is the vector of random errors associated with the measurements.
The discrete values of the weighting function matrix are represented by
a ..

1J

=

IIp.'i>(v., P.)w.,
J

1

J

where w is the quadrature weight associated with each pressure increment· and
weighting function

<l'(V,p)

aB(V,T)
aT

(1.4)

J

~

is the

(1.5)

T=T

The inverse of equation (1.3) is

h = Cr

(1.6)

such that brightness temperatures and therefore temperatures at m levels can be obtained
from the n radiance measurements.
There are two classes of direct solution leading to (1.6). One can rely solely
on physics, or mix physics with statistics. Perhaps the best known purely physical solution
is the method of Chahine (1972), which solves (1.3) iteratively at m levels corresponding to
the peaks of the weighting functions. One of the best known physical-statistical methods is
the so-called statistical regularization method (Strand and Westwater, 1968; Tur~chin et al.,
1970) which uses a priori information in the form of a mean temperature profile h (which may
be from climatology, recent measurement, or forecast) and interleve1 covariance statistics
Sh' The C matrix associated with (1.6) in this case takes the form:

C

(1. 7)

where 2h = E[(h-- h)(h
h)T] is the inter1evel temperature covariance matrix and ~r = E[~~T]
is the~measurement error covariance matrix. If Sr = 0 21, Sh = 0h2r (where I is the identity
2
_
2
:::I
r"" <:::
""
R:
matrix, Or is the error variance, G is atmospheric temperature variance), the ~ matrix is
h
reduced to the form:
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c

(1.8)

which is known as the minimum information solution.
In the indirect solution for the temperature profile

(Smith et a1. 1970; Smith

and Woolf, 1976), physics are abandoned for the straightforward application of discriminant

and/or regression analysis. All that is required is a dependent sample of satellite
radiance measurements over kno,~ temperature profiles (as indicated, for example, by
radiosondes).

C (one, or several according to sample stratification) is obtained from the

dependent set a~d may be applied to an independent set.

None of the present methods of solving (1.6) is clearly superior. The physicalstatistical $olutions for the inversion suffer from imperfect knowledge of the transmittance
functions. The purely physical solutions (and some mixed physical-statistical solutions)
cannot take advantage of intercorrelations of the atmosphere. Perhaps it is instructive to
describe the benefit of such information. It is well known that the surface temperature is
highly correlated with the temperature of the lower stratosphere (Smith, 1969a). This
correlation can be profitably used, for example, to improve estimates in cloud contaminated
lower layers by reference to measurements in the stratosphere. The value of this information
has been shown for the full physical-statistical solution by Spankuch (1975). Naturally,
the correlations come automatically into play in a regression solution.
The major drawback to the purely statistical solution is uncertainty over the
representativeness of the dependent sample. I~ practice it has been found advantageous to
discriminate samples by at least latitude and season. Assembly of appropriate samples is
laborious, and there are always questions regarding the accuracy of matching temperatures
with observed radiances. This problem will be examined in greater depth in section 1.2.3.
Also, the indirect solution cannot take advantage of what is known about radiative transfer
physics.
To date the direct solution has not yielded sufficiently accurate temperature
profiles. This is due in part to imperfect knowledge of the transmittance functions and in
part to insufficient vertical resolution in the measurements allowing ambiguity in the
solution. Consequently, all direct solution algorithms have incorporated some form of
tuning which introduces current statistical information on atmospheric covariance. In this
way the ambiguity of the solution is reduced.
All forms of tuning involve the use of "simultaneous" measurements by the
satellite and collocated radiosondes (or analyzed values derived from radiosonde data). The
radiosonde is considered to represent the true state of the atmosphere and the temperature
retrieval algorithm is tuned until it yields a profile similar to that of the radiosonde.
There are basically two ways in which the tuning can be done. The measured radiances can be
adjusted, or the transmittance functions can be modified. The former approach has been taken
by Weinreb and Fleming (1974), whereas the latter has been used by Smith et ale (197~) and

Susskind et al. (1976).
Figure 1.4 is an example of root mean square (rms) differences between satellitederived and radiosonde-measured temperature at constant pressure levels for tuned and untuned
retrieval algorithms. These results were obtained with measurements from the NOAA 2 Vertical
Temperature Profile Radiometer (VTPR) using the minimum information retrieval method to
modify an initial profile (first guess) as shown in the figure. The tuning in this case
was a radiance adjustment, which was quite successful in reducing the rms discrepancy between
retrievals and radiosondes, especially near the surface and ~n the stratosphere.
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The practice of tuning the direct solutions considerably obscures the distinction
between the direct and indirect methods. It can be shown that the radiance tuning employed
by Weinreb and Fleming (1974) reduces their direct method to a form very similar to simple
statistical regression (Hayden, 1976). It is not clear that much physics remains. With
tuning, the difficult problem of assembling appropriate statistics is common to both direct
and indirect methods.
1. 2.2

The Clear Radiance Derivation Problem

The discussion of remote sounding so far has dealt only with the clear atmosphere.
However, a clear atmosphere over the field of view of the satellite sounding instrument is
the exception, especially in meteorologically active areas where temperature profiles are
most needed for accurate weather forecasting. Uncertainties caused by clouds are the greatest
source of error in remote sensing of the lower and middle troposphere.
In the CO and H 0 absorption bands, clouds of all types drastically modify the
radiance observed at t~e satellite. With the exception of thin cirrus, clouds act as a
blackbody effectively masking all radiative information below the cloud top. Obviously, it
is absolutely necessary to recognize and correct for clouds, if an accurate temperature or
relative humidity profile is to be achieved below the cloud.
Two basic approaches have been taken in dealing with clouds--the single field
of view method which requires correlative information; and the multiple field of view method
which requires a high resolution sounding instrument. The former technique was used with
first generation instruments whereas the latter has become popular with more recent developments.
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In general, the radiance observed from a cloud contaminated field of view may
be expressed by
(1. 9)

where N is the fraction of the field covered by cloud, I
is the average radiance from the
cloud-covered portions, and I 1 is the average radiancecdfrom the clear portions of the
, field of view which will be u~ea to solve for the temperature profile. Equation (1.9) is a
gross simplification. Many types and layers of cloud can exist in a field of view and these
are conglomerated into the first term on the right hand side. Before proceeding to solve for
the clear air temperature profile, one must decide on the degree of sophistication to be used
in dealing with the cloud contamination term.

In the single field of view approach most techniques are based on calculating
the right hand side of (1.9) using (1.1) with an assumed temperature profile while varying
one or more of: (a) cloud amount, (b) cloud pressure-altitude, (c) observing frequency, V.
By comparing the computed I(V) with observed measurements some decision on the amount and
type of cloud can be made.
As an example, consider the situation where one assumes a
relatively accurate temperature estimate and two layers of cloud. The cloud amounts and
pressures are unknown. The problem can then be posed as follows:

N
u

- BU TU

- NL {B0 T0 - BT
L L

(1.10)

-{Po
PL

Equation (1.10) states that the measured radiance I(V) is the clear air radiance less that_
blocked by cloud amount N at the upper level and by cloud amount NL at the lower level. To
u
solve for the cloud amounts and pressures consider (1.10) in the form

leV)

IcI r (V) - Nu I u (V) - NLlL(V).

(1.11)

If cloud pressures are assumed, Iu(V) and IL(V) are readily solved for any V. Given measurements at twofrequencies,Nu and N can be calculated from the pair of equations resulting.
Given a third measurement, the rigtt hand side of (1.11) can be solved using the assumed
cloud pressures with the previously calculated amounts and compared with the measurement. If
the comparison is poor, the assumed cloud pressures are wrong and a new choice must be made.
By trial and error an optimum set of cloud pressures and amounts can be determined; relative,
of course, to the assumed temperature. profile. Finally clear radiances Iclr(V) are obtained
for each channel of the sounding instrument.
The principal drawback of the single field of view method is that it reduces the
degrees of freedom available to solve for the temperature profile. In the two cloud layer
example described above, measurements at three frequencies have been used to determine the
clouds. If a one layer model had been chosen, measurements at only two frequencies would
have been necessary, but the cloud correction would probably be less accurate. Furthermore,
the single field of view approach, usually biases the retrieved temperature profile to the
estimated profile used in determining the cloudiness.
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In the multiple field of view method the simplest approach~ first proposed by
Smith (1969b), is to assume that adjacent measurements are affected by the same temperature/
humidity structure with the same type of cloud at the same pressure. Only the amount of
cloud in the two views is different. The accuracy of these assumptions depends considerably
on the resolving power of the measuring instrument. However, if the assumptions are valid,
the effect of cloud can be eliminated provided only that one has an independent estimate of
the surface temperature. To verify this, consider (1.9) for two observations differing only
in cloud amount N1 and N
Z

(LIZ)

Eliminating lcd' (1.12) reduces to

I 1 (V)
c r

I 1 (V) - N*IZ(V)
1 - N*

(1.13)

Thus, the clear radiance is determinable provided that one can make a good estimate of the
relative cloud cover (N* = N+/N 2 ). Obviously, the method does not work when the relative
cloud cover is at or near un1ty. The relative cloud cover can be estimated from a prior
knowledge of the surface temperature and measurements in a window channel as follows.
Solving (1.13) for N* gives

N*

I 1 (V) - I c lr(V)

IZ(V) - I c1r (V)

(1.14)

When V is related to a window channel, I 1 (v) is calculated from the surface temperature
with a correction estimated for temperatSr~ and humidity of the atmosphere. N* thus obtained
is then used with measurements from various other sounding channels in (1.13) to derive clear
radiances for each channel.
A graphical representation of the linear relationship described by (1.13) and
(1.14) is given in Figure 1.5, where spot 1 and spot 2 refer to adjacent measurements. If
all assumptions are met, so that the only difference between spots 1 and 2 is cloud amount,
then the spot values must lie along the solid line joining "clear l l and "overcase'. Their
position will depend only on the amount of cloud associated with each. Since leI (w) for the
window frequency is known, the line joining spot 1 and 2 can be extrapolated to tEe point
labeled "clear" and I I for frequency V can be read from the ordinate. The diagram of
Figure 1.5 is useful Inrunderstanding the sensitivity of errors to the frequency V of the
measurement. The .size of an extrapolation error is directly related to the slope of the line
joining spot 1 and 2. For frequencies unaffected by cloud the line is horizontal (apart from
instrument noise or violations in the assumption that the atmosphere is the same for both
views). There is no error in I 1 (V) in this case. As the frequency becomes increasingly
sensitive to cloud, the slope of the line approaches 1, and can become greater than 1 under
inversion conditions. Thus the more cloud sensitive the measurement frequency, the larger
the error that may be expected in Iclr(V).
The diagram of Figure 1.5 is also useful in examln1ng other problems. For
example, if the cloud amounts are very similar in the two views,the distance between spot I
and 2 will be short and random measurement errors will make the slope uncertain. With
greater cloud amounts, especially as the overcast situation is approached, the extrapolation
of the uncertain slope can lead to a large error in the estimate of Iclr(V). Also, an
incorrect estimate for Iclr(w) from an erroneous surface temperature will lead to an extrapo-
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lation error for the Ic1r(V). Finally, there is the common problem of multi~layered clo~ds
which violate the basic assumption that only cloud amount varies. The effect is shown
schematically in Figure 1.5 by the dotted line for a case where the clouds o~ spot 2 are
higher than those of spot 1.

Note that this causes an error in the slope leading to an

overestimate of the clear radiance Ic1r(V).

In normal practice, a number of spot 1 and 2 comparisons go into the estimate
af a single clear radiance for the retrieval of temperature. Care can be taken to avoid
some of the problems detailed above. For example, pairs with measured values which are too
close can be discarded; the ensemble of slopes for the most sensitive frequency can be
examined for a representative slope. In general, the major difficulty is in obtaining an
accurate estimate of the surface temperature, especially over land. The availability of two
window channels at different frequencies is extremely useful but does not entirely resolve
this problem.
The above discussion applies in general to the CO bands used in remote sensing.
2
It should be reiterated however, that the cloud problem is slightly less extreme in the
4.3 ~m band as compared to the 15 ~m band. Cirrus, especially, is less troublesome at the
shorter wavelength, but the advantage gained in less cloud sensitivity must be weighted
against added complexity in treating emissivity and reflectiVity.
An example of clear radiances obtained from the U. S. research satellite
Nimbus 6 is given in Figures 1.6 and 1.7. The technique used to obtain the clear radiance
values is very similar to that described above. These figures highlight a grid of 42 x 20
full resolution measurements in the 4.3 vm CO band at 2190 cm- l
(which peaks at _ 900 rob),
2
a frequency very susceptible to cloud. Figure 1.6 displays the grid area aE well as the
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cloud conditions as shown in the accompanying GOES image. A hand analysis of the full
resolution clear radiance brightness temperatures is shown in Figure 1.7. The shaded area
for the 2190 cm- 1 measurements indicates where clouds prohibited processing, but these were
not sufficiently extensive to prohibit analysis. Also shown for comparison in Figure 1.7 is
an analysis of microwave brightness temperatures sensed at 52.85 GHz (which is at a slightly
higher level in the atmosphere) and is quite insensitive to cloud. Figure 1.6 shows a grid
resolution typical of operational temperature retrievals. In this instance 7x5 full
resolution estimates have been combined to yield each value at the reduced resolution. The
numbers shown in the reduced grid are the difference between the brightness temperature
produced objectively at the reduced resolution and the value averaged from the hand analysis
of Figure 1.7. With one exception in the lower right corner, the objective product appears
to have successfully reproduced the hand analyzed results. Also sholVll in Figure 1.6 are the
differences between the hand analysis and brightness temperatures calculated from available
radiosonde temperature profiles. These differences are mostly larger but show a negative
bias (satellite estimate cold) which is probably caused by the six hour time discrepancy
between the satellite and radiosonde observations. When the bias is eliminated, radiosonde
and satellite agree quite favorably, considering the strong gradients in the brightness
temperature field.
It should be mentioned further that the principle of (1.12) can be extended to
more than two fields of view to introduce additional degrees of freedom. This relieves the
restriction of a single cloud layer assumption (Chahine, 1977), but reduces the sensitivity
of the solution by additional horizontal averaging. Experience seems to show that the
simpler methods are preferable.
Using completely objective methods it is extremely difficult to avoid the many
pitfalls presented by clouds. Recent techniques have been developed to include human
intervention in the decision-making process (Smith et al., 1979). Acting in close coordination with a computer through television display and keyboard instruction panel the operator
exercises a selection and edit function. The chief advantage of the method is that it
removes the requirement for spatial averaging and therefore improves the resolution and
sensitivity of the retrieved temperature profiles.
1.2.3

Characteristics and Accuracy of Retrieved Temperature Profiles

Accuracy evaluations depend on establishing standards for comparison. In the
case of satellite-derived temperature profiles, the temperatures at constant pressure levels
are commonly compared with radiosonde measurements to yield an rms difference statistic.
Such a statistic has drawbacks inasmuch as it includes (a) the inaccuracy of the radiosonde,
and (b) true atmospheric variance associated with space/time discrepancies of the collocation.
Also, radiosonde profiles include small-scale features which contribute to the rms difference,
but which may only be noise in application of the satellite data. Some of these problems are
exemplified in Figure 1.8 which shows a comparison of a Nimbus 6 temperature retrieval at
1728 GMT on February 7, 1976 with an approximately collocated radiosonde station making
observations at 1200 and 0000 GMT. The radiosonde profiles show rapid warming during the
12 hours in the lower troposphere. The satellite sounding compared with either in the lower
troposphere shows·a large discrepancy, but much of this difference represents real atmospheric
variations. Typically the satellite sounding fails to catch the detailed structure of the
tropopause, but this may not be of major importance in application with numerical forecast
models.
It should also be noted that a simple rms statistic says little about the
utility of satellite data. For this one needs to know what the satellite can add to other
available information. Figure 1.9 is an example of sets of rms comparisons which attempt
to evaluate the quality of a sample of temperature retrievals relative to other sources of
information. Each set is a comparison of layer temperatures in tenths of degrees K for all
thicknesses bounded by the standard pressure levels, 1000-100 mb. For example, to find the
850-300 mb layer comparison locate 850 in the column at the left and 300 along the row at
the bottom. At the intersection of the 850 row and the 300 column in set A it is found that
the rms of the retrieved mean temperature in the layer 850-300 rob is 1.3 K.

14

UUANTlTATlVE ~iETEOROL()GICAL DATA FflOt1 5/\ TELU iE';

0.05

*

""\'\

0.'2_9

0.27

Ll

,

.. ,

"

I
I
I
\

I

•I

•
•\

,

,,

'I
\

I

\

\

\

,

I

\

•
\
\

\

,
\

\

_0.38

..,.0.16

.:.-0.70

_0.55

\

,
I

,
I

\

l.80

3.\

_0.13

*_'0.5

_OA6

0.83

4-.1*

O~03

1,70

,
I
,,I
I
I
I

,

,,
,
I

\

FiguJ"e 1. 6 - GOES visible image of
ea3te~n United states and estimates
of brightness temperature error
(at spatial resolution used for
temperature retrieval) after
removing cloud contamination from
1
Nimbus 6 measurements at 2190 cmAsterisks indicate locations of
radiosondes and differenoes of
brightness temperatures calculated
from radiosonde profiZe

Grid:

NIMBUS·6 Differences'
Radiosonde Differen"c;s -

*:

February 10, 1976
Brightness Temperature Error Estimates;

2190 em

NIMBUS-S Full Resolution Clear Column Radiance

February 10, 197611711 GMn

262

(--~//
"

///
/

//

261
I
I
\1'
\'
I
,2 01
I

263
\
,

Figure 1. 7- Hand
anaLysis of 52.85 GHz
microwave and 2190 em- 1
have been corrected for>
c loud contamination
shown in Figure 1. 6.
shaded area indicates
wher>e no clear> r>adiance
was obtainable. Grids
ar>e r>otated 90 0 counter>clockwise r>elative to
pr>esentation in Figure
1.6

I

I

I

I

"' .........
I

J

f
I

I

:2~9\

:
I

\,

11258\
I
.../

"".....

,..
\...

j
,,

I

I

I

I

257
I,

J

:

I

t~61s~_
,

" ,
,

\

52.85 GHz

'
Single Grid (42 x20l

2190 em

-1

-,

15

CHAPTER 1

70

NIMBUS-6 107/1728 GMT}
(38.9N, 89.7WI

100

Radiosonde 107/1200 GMT)
Radiosonde 108/0000 GMTI

150

(38.7N, 89.0W)
200
250
300

Figure 1.8- Temperature
profiles as measured by radiosonde on February 7, 1976 11200
Gil1T) February 8, 1976 (0000
GMT) and as derived from a
nearry aoZroaated sater rite
sounding February 7, 1976

400
500
February 1976
700
850

1000 L--.J..--,L,---f::---:f::----:!::---!::--:::.a.~-_!.

(1728 GMT)

-70

-60

-50

-40

-30

-20

-10

0

10

Temperature (0C)

150
200

2.

B

2.

24

FORECAST
ESTIMATE

A
llETilIEVALS

250

• 50

23

2.

1000

25

24
22

,.

"

e

200

THEORETICAL

850
1000

15

15

13

12

13

13

13

13

11

12

12 13

12 11 11

11

13

12

ANALYSIS
ESTIMATE

, ,

11

,

4

5

4

4

3

5

9

14

14

13

13

12 17

12

12

13

12

11

11

10

11

11

12

11

10 10 10

•

,.
,.

1

,

5

3

5

3

3

2

3

3

3

4

4

3

3

2

3

3

3

4

850 700 500 400 300 250 200 150 100

10 10

850 700 500 400 300 250 200 150 100

14

• •
, ,
1

20

D

11

17

15

2.

17

,.
lD

,

17

15

t4

250

700

11

14

15

300

500

18

14

17

ESTIMATE

400

21

15

,. ,.

150

23

22

15

850 700 500 400 ]00 250 200 150 100

FiffUre 1.9-Sets of rms
statistics for temperatures
in various pressure layers
to evaruate the utirity of
satellite temperature
profiles relative to other
sources of infoPmation and
relative to application in
analysis. Ems values are
given in units of tenths
of degrees K

24

23

17

,.,.,.,.

21

20

16 15

24

25

24

,. ,.

400

100

20

26

23

,.

300

500

30

13
11

20

9

13

10

B

B

"

11

9

B

B

15

13

13

18

13

12

11

10

10

9

•

B

B

B

• •

11

21

B

1

, , •
, ,

850 700 SOD 400 300 250 200 150 100

QUANTITATIVE METEOROLOGICAL DATA FROM SATELLITES

16

Set A is a comparison of remote soundings to radiosondes collocated within
222 km and 6 h. By themselves the numbers indicate only that differences are largest near
the surface and the tropopause and that agreement between satellite and radiosonde improves
with thicker layers. However, if set A is compared with set B one can judge the usefulness
of the soundings relative to a prediction at the same location given by a numerical forecast
model based on an analysis 12 h earlier.
Except in the lower thinner layers, the soundings
and forecast values are approximately equivalent in rms when both are compared to the radiosonde. The degree to which the satellite soundings might supplement the forecast estimate
in an analysis is a function of their independence from the forecast (Phillips, 1976). The
independence can be determined from correlation statistics.

Further interpretation of the rms values of set A is given by comparison with
set C which represents a theoretical limit to which the sounding system can emulate a
radiosonde. In deriving set C the radiosonde temperature profiles have been integrated
using (1.1) to give simulated radiances. These radiances have then been inverted to recover
temperature profiles using the minimum information solution operating on the forecast
estimate. In this way, problems of collocation, as well as uncertainties in transmittance
functions, are avoided. Set C then rnea~ures the basic resolution of the sounding system as
evaluated by this radiosonde sample. The numbers show that accuracy approaching 0.5 K is
theoretically attainable in the lower troposphere, which indicates room for improvement in
the retrievals of set A and/or the collocation/screening used to obtain the sample of set A.
Finally, set A should be compared with set D, which considers the question of
collocation error combined with the useful resolution of the radiosonde. In set D, operational objective analyses using the radiosonde data and the forecast estimates are assumed
to represent the true state of the atmosphere. From the analyses, values have been interpolated in space and time to be coincident with the satellite soundings used in deriving set A.
The analysis values are then compared with the radiosondes. Note that the "ooise ll of the
radiosonde as given in set D is a large percentage of _the -discrepancies noted in set A.
Figure 1.9 suggests that it may be more 'meaningful to compare remote soundings
with objective analyses rath~r than with radiosonde values. Several advantages are gained:
(a)

Errors associated with radiosonde reports are avoided by internal
checks in the analysis algorithm.

(b)

The radiosonde data are smoothed to the degree that they are useful
in application "either as an analysis or as initialization to a forecast
model.

(c)

The data can be easily interpolated in time and space. In particular,
"if geopotential height analyses are used to estimate mean virtual
temperatur.es, wind data from the rawinsonde impart gradient information which improves spatial interpolation •

.rhe only obvious disadvantage to using analyses in the evaluation of remote soundings is that
the result is somewhat dependent on the analysis model. If~ however, comparisons are
restricted to the close vicinity of radiosondes the dependency should be small.
1. 2.4

Selection and Optimization of Spectral Intervals

Improvement in the accuracy of the retrieved temperature profile can be achieved
by careful selection of the spectral intervals used for the radiance measurements. Some
frequencies offer particular physical advantages. For example it was mentioned ,earlier that
measurements in the 4.3 ~m CO 2 spectral band might be more useful than measurements in the 12
15 ~m CO 2 band due to the larger sensitivity of measured radiance to temperature (1 4 • 3 ~m-T
in comparison to 1
_T3). The 4.3 vm band is also more transparent to water vapor. As
15
another example, measH~ements
in the 50 GHz oxygen band have unique value inasmuch as they
are nearly unaffec·ted by liquid water except in very extreme cases (see figure 1.3).
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Figure 1.10 gives a dramatic example comparing analyses of values received by a 15

~m

(695

em-I) CO 2 channel and those received at 55.4 GHz as the satellite passed over a typhoon with
dense cloud cover. It is evident that the attenuation of the microwave signal is very slight
as compared to the loss in the 15 ~m signal.
Microwave measurements can stand alone as a retrieval system, but they are
probably more useful in concert with shorter wavelength measurements which have higher
spatial resolution and somewhat better vertical resolution in the- lower troposphere. For
objectively filtering clear radiance estimates from cloud contaminated measurements in
NOAA·4 VHRR (I1.S,...ml Safellite Image

NIMBUS-6 SCAMS 55.45 GHz

NOAA-4 VTPR 695 em-I

Brightness Temperature (K)
Brightness Temperature (K)

Figure 1.10-Analyses of Nimbus 6 measured brightness temperatuY'es in the
microwave oxygen spectral band and NOAA 4 longwave C02 spectral band and
accompanying VHRR image as the satellites viewed Typhoon June (November 1975)
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meteorologically active areas, the microwave measurements are invaluable.

For example, the

microwave measurements can be used through a regression relationship to predict, within
limits, what the clear column radiances at other frequencies should be.

Aside from offering different physical advantages, the combination of measurements in different spectral bands can also improve the vertical resolution of retrieved

temperature profiles.

A first approximation to vertical resolution is shown ·in Figure 1.1

which gives- the variation of the transmittance with respect to pressure,

.8

quantity appearing

under the integral of (1.1). Figure 1.1 shows that the individual measurements of the seven
channels monitor radiation from layers hundreds of mb thick~ But the vertical resolution of
the transmittance weighting functions is not equivalent to the vertical resolution of the
temperature structure derived from the radiance measurements. To some extent the temperature
resolution is improved through redundancy provided by the overlapping of weighting functions
of different channels in either the same or different spectral bands. Mathematically, given
an infinite number of channels with no measurement error, it is possible to achieve any
desired vertical resolution in the temperature profile. In the real world, however, one is
limited in the number of channels, and there is always some measurement noise. These latter
factors lead to a finite vertical resolution in the derived temperature profiles. One of the
first investigators of this question was Conrath (1972). He studied the vertical resolution
achievable with as many as 16 channels in the 15 ~m band. He showed that whereas the
resolution of the lraveraging kernel" is better than that of an individual weighting function,
it still represents an average over a relative1y deep layer (more than 200 mb thick) in the
troposphere. In addition, Conrath demonstrated that because of measurement uncertainty
little additional resolution was achieved in increasing the number of channels from 7 to 16.
Recently S. Twomey (Hayden et al., 1976) has proposed a very simple technique
for determining the vertical resolution for any given temperature retrieval algorithm and
any set of measurements. In order to understand the Twomey method, consider the modified
radiative transfer equation for a single frequency (channel)
I

=

(Po aB
aT

.10

IT

T(p) aT(p) dp

ap

(1.15)

~f the temperature profile is. replaced by a single level temperature (delta function), at
pressure PI' (L15) reduces to

I

=_

aB aT(p) ,

aT cp

I

(1.16)

p = PI

Knowing the frequencies and the transmittance functions for a number of channels, (1.16) can
be solved Eor an equivalent number of radiances. The radiances can be processed in the
retrieval algorithm (1.6) to yield the "smeared" profile representative of the vertical
resolution.
Figure 1.11 is an example of a ~vomey analysis on a complex of instruments,
which approximates that being flown on the current operational U. S. polar orbiting
satellites. In addition to the seven 15 ~m channels previously shown in Figu~e 1.1, three
stratospheric 15 ~m, five 4.3 ~m, and three microwave ,channels have been included. A number
of curves are ShOlVll corresponding to temperature delta functions applied at the levels
indicated beside the curves. The shape of each curve represents the vertical resolution
relative to temperature at the indicated level. As an example of interpreting the figure,
an attempt to obtain a temperature at 503 mb will result in a weighted average of temperature
in the layer from approximately 250 to 850 mb.
Conrath (1972) makes the point that the only practical way of achieving
resolutions significantly better than those indicated by theoretical estimates such as shown
in Figure 1.11 is lIto supplement the intrinsic information content of the measurements lvith
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Figure l.ll-Estimates of the vertical- resolution of satellite
derived temperature profiles by the TWomey method. Curves.
indicate vertical averaging for estimating temperatures at
discrete pressure levels as noted by numbers at each peak
additional a priori information on the profile.. II This point has been-. touched on in section
1.2.1. To reiterate, one may solve for an adjustment to a good initial temperature estimate
such as might be provided by a forecast with high vertical resolution. The satellitederived temperature profile will then retain more vertical resolution than is intrinsic in

the physical solution as indicated by Figure 1.11. Or one may include empirical statistical
information on atmospheric covariance structure to improve the resolution at one level with
information at another level. Strand (1973) demonstrated that the second method is effective
in improving the resolving power for estimates of tropopause height and temperature. Thus,
while Figure 1.11 estimates the theoretical vertical resolution of the basic instrumentation
and retrieval algorithm, it does not necessarily define the vertical resolution which can be
incorporated into a satellite-derived temperature profile.
Finally, temperature retrievals can be improved not only by combining the
measurements in different spectral bands, but also by optimum choice of spectral intervals
within each band. Choices are available for selecting the number of channels, their precise
frequency and spectral resolution, and to some extent the accuracy of their measurement.
Regression methods developed recently (Weinreb and Crosby, 1972; Uspenski and Fedorov, 1975;
Kozlov, 1974) can be used for this purpose. The retrieval accuracy characterized by the
covariance matrix Sh (see section 1.2.l) can be used as a criterion for the choice of the
optimum characteristic of the measurement scheme. Also, the Twomey method described above
can be used. If only a very limited number of channels can be flown, the choice of the
accuracy criterion may depend on the objective of the experiment. For example, the
experiment can be planned in a way to maximiz£ the retrieval accuracy at the tropopause
level, and so on.
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The use of the covariance matrix Sh for the choice of an optimum measurement
scheme is convenient since the elements of this matrix (or its functionals) do not depend on
individual temperature profiles and radiance measurements, but on their statistical behavior
only. Such a scheme has been investigated by scientists in the U.S.S.R. They concluded that
a small number of channels (5-8) with "moderate" spectral resolution (15 to 40 em-I) is
enough to collect practically all the information on temperature distribution available from
the radiation sensed at satellite altitude. This conclusion coincides with Conrath's results
discussed at the beginning of this section.
In summary, one may use the kinds of analysis described here to estimate
retrieval accuracy under given conditions; conversely, the analysis may be used to translate
a required retrieval accuracy into the necessary instrumental constraints.

1.3

Remote Soundings of Moisture

1.3.1

The Water Vapor Inversion ProbZem

While employing generally the same physics, the water vapor inversion problem
is quite different from the temperature inversion problem discussed in section 1.2.1. Both
involve a solution of the radiative transfer equation (1.1), but in the case of temperature
inversion the distribution of absorbing medium (e.g., carbon dioxide) is assumed known and
invariant, and a solution is sought for the brightness temperature profile. In the case of
water vapor inversion, the distribution of the absorbent (water vapor) is unknown, whereas
the temperature profile is assumed known.
For estimates of water vapor, measurements are made in water vapor absorption
bands in the infrared, and in the microwave. Water vapor retrievals in the water vapor bands
of the microwave are effective only over low emissivity surfaces (e.g. oceans) where the
transmittance sensitivity is highest (Grady, 1976; Staelin, et al., 1976). In the infrared
they can be made over both land and water.
It should be emphasized that the basic water vapor quantity related to the
radiance observation is the total precipitable water above given pressure levels (equation
1.18 below). Irrespective of the accuracy with which the total precipitable water can be
inferred, the mixing ratio profile (or relative humidity) is a derivative quantity whose
detailed vertical structure cannot be derived with the same precision.
1.3.2

Water Vapor Estimates from Infrared Measurements

Infrared measurements are generally inverted to yield both mixing ratio profiles
and total precipitable water. As in the case of the temperature soundings, the measured
radiances in the water vapor bands originate from deep layers in the troposphere. Typical
weighting functions are shown in Figure 1.12, in this instance for an infrared sounding
instrument like the one currently aboard operational U.S. polar orbiting satellites. Just
as in the case of temperature sounding, the broad weighting functions limit the vertical
resolution of mixing ratio determinations. Indeed, total precipitable water, which like a
radiance is a vertically integrated quantity, is the more natural product of the inversion.
Because the weighting functions depend in this case on the absorbent which is variable,
Figure 1.12 is only a typical example of a middle latitude air mass. In moist atmospheres,
the weighting functions rise to higher levels in the atmosphere. Even the most transparent
of the channels will receive its major contribution from around 800 mb for a moderately moist
atmosphere with a total precipitable water content of approximately 3 em. In such situations
the bulk of the water vapor in the atmosphere, which resides below this level, is barely
sensed by the satellite radiometer. Unless interlevel correlations can be brought successfully to bear on the problem, this will cause serious errors in moisture estimation.
Techniques for solving the water vapor profile are again of two types--direct
and indirect (Conrath, 1969). Just as in the case of temperature profiles, statistical
solutions are accomplished by obtaining the C coefficient matrix of (1.6) from a matched
sample of radiance measurements and relative~humidity profiles. Such procedures have been
carried out by Shen and Smith (1973) and Conrath (1969).
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Direct solutions that have been proposed generally involve iterative procedures
for solving the radiative transfer equation in the form,

I(V) = B[v, T(po)

J +

J( 0 Po

T(V, p)

dB[V, T(p)] dp ,
dP

(1.17)

where (1.1) has been integrated by parts. In one approach (Smith and Howell, 1971). T(p) is
approximated by a first order Taylor expansion such that

oI(V) =

fa

Po [U(p) - u(p)] dT(V, p)

dU

dB[V, T(p)] d p,
dP

(1.18)

where 01 is the difference between the measurement and a radiance calculated from an atmosphere having water vapor path length U(p). U(p) is the true path length distribution related
to the mixing radio profile q(p) by
U(p) = -1 !cPo q(p)dp

q

0

Iteration is performed to update U(p) until convergence is reached.
estimate U(p), this approach ignores atmospheric statistics.

(1.19)

Except for the initial
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Mixed physical-statistical techniques have been formulated by Shen and Smith
(1973) and by Weinreb and Crosby (1973). In the former, a regression equation relating
precipitable water to the radiance is iterated until calculated radiances come into agreement
(within the expected instrument noise) with the measured radiances. The method of Weinreb
and Crosby first estimates the mixing ratio profile by a regression on the temperature
profile. The final solution is formulated as an expansion in empirical orthogonal functions
about the estimate.
The coefficients in the expansion are derived from iterative solution

of (1.17) by Newton's method, which avoids the questionably valid first-order Taylor expansion (1.18). In both these mixed physical-statistical solutions, the temperature information
(contained either in the assumed temperature profile or in the temperature retrievals from
the temperature-sensitive channels) in effect restricts the range of possible water vapor
profiles to a set consistent with the temperature. From this set the water vapor sensing
measurements are utilized to select the most likely solution.
The physical solutions for water vapor and temperature profiles are not
independent. The final estimate of relative humidity depends on the temperature profile;
and the estimate of the temperature profile (through the water vapor dependence of the carbon
dioxide transmittance functions) depends on the relative humidity. It is possible to iterate
the solutions to achieve a coupled result, but this does not prove practical. In statistical
estimates the coupling can to some extent be built in by including measurements of the
temperature sensing channels in the solution for water vapor and vice versa. This approach
is particularly appropriate when the satellite provides only one or two measurements in the
water vapor absorption bands.
The accuracy of water vapor determinations is even more difficult to assess than
that of temperature. Also the two determinations are coupled. As a general rule, if the
temperature profile is too warm, the water vapor profile will be too wet. The rms of the
percent error in estimates of precipitable water from satellite measurements is usually
quoted as falling between 20 and 30%, independent of the method of solution. Inversions for
mixing ratio at discrete levels achieve similar accuracies. However, as in the case of
verifying temperature profiles, verification is difficult to interpret. Errors are computed
relative to measurements of humidity from radiosondes, whose reliabilities are often
questionable. Rms comparisons also contain a sizable component of real variance caused by
the difference in the volume of air probed by the two techniques. The contribution of
natural variance is greater in the case of water vapor than in the case of temperature
because the natural variation is greater. Furthermore, because of the clear radiance techniques described in section 1.2.2, satellite infrared soundings describe the clear, relatively
dry regions between clouds, whereas the matching radiosondes are not subject to such a bias.
Regardless of the method of solution it should be emphasized that only the water
vapor channel which probes lowest in the atmosphere (i.e., the channel in Figure 1.12 which
is located spectrally at 532 em-I) contributes significantly to the solution. Channels whose
weighting functions peak at higher levels offer little additional information. This point is
illustrated in Figure 1.13 by a comparison of the two profiles labeled "VTPRII and TOVS". The
former profile represents the standard deviation of errors achieved when mixing ratio is
estimated in simulation by regression with a sounder which included a single water vapor
measurement at 532 em-I. The latter curve is an estimate for the sounder whose weighting
functions were shown in Figure 1.12. It is seen that there is little improvement gained by
the addition of two more measurements in the water vapor band. Furthermore, and disappointingly, regression on the saturation mixing ratio (which is completely determined by the
temperature profile with no information from the satellite) also produces similar results
(dashed profile in Figure 1.13). Apparently the broad weighting functions, currently available in the infrared, carry relatively little unambiguous information on water vapor. The
information content is limited by the strong correlations not only among radiance measurements
in all channels (both temperature-sensing and water-vapor sensing), but also between the
water vapor and temperature profiles themselves.
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1.3.3

Precipitable
Measurements

Water~

Liquid Water, and Cloud Phase Estimates from Microwave

Microwave measurements can be used to obtain simple direct estimates of
precipitable water, liquid water content of clouds, and cloud phase. Duly the case of nadir
viewing is considered here in detail. As in temperature sounding, reduction of measurements
to nadir can be done by introducing empirical corrections calculated for various viewing
angles under different meteorological conditions. Because of the dependence on meteorological conditions, it is reasonable to use additional infrared and visible measurements in
empirically determining the corrections. An example of corrections as a function of viewing
angle is shown for three conditions of precipitable water and liquid water content in Figure
1.14.

It should be mentioned that in some instances there is an advantage to viewing
at an angle to nadir. A case in point is a polarized measurement which can be used to give
two pieces of information from measurement at a single frequency. This results from the
dependence of the degree of depolarization of sea surface radiation passing through the
atmosphere on the meteorological conditions.
1.3.3.1

Total Precipitable Water

Radiation within the resonance water vapor absorption band (\ = 1.35 cm) has
optimum characteristics for estimating water vapor content of the atmosphere. For clear
areas, Dombkovskaja (1969a) and Gurvitch and Demin (1970) independently derived the same
regression relationship associating the total precipitable water (W*) in g cm- 2 with
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b
W* = 0.055T - 6.99.
b

(1. 20)

The standard error of W* estimated by this formula is 11%.
In cloudy areas, despite the dominating effect of water vapor in the emission
at 1.35 em, the effect of liquid water Q (kgm- 2 ) on the emission is still significant. As
evidence of this, the dependence of T on the two parameters has been found by regression
b
analysis to be
Tb = 14.6

+

16W*

+

60.8Q .

(1. 21)

Since (1.21) offers only one equation and two unknowns, ancillary information in the form of
other measurements or empirical rules must be sought to provide estimates of W* from cloud
influenced measurements at A = 1.35 em.
Dombkovskaja (1969b) has shown that approximations of W* can be obtained in the
presence of cloud from the difference between measurements taken at 1.35 and 1.60 cm, since
cloud liquid water and oxygen contributions to radiation at these wavelengths are approxi-

25

CHAPTER 1
ately the same. The relationship is ShOlVU on the left of Figure 1.15. Furthermore, this
approximation can be refined if measurcements are also taken at 0.80 em where the radiation
characteristics for liquid water are qui.te different from those at 1.35 or 1.60 em.

The

right side of Figure 1.15 shows an empirically derived nomogram relating W* and measured
brightness temperature differences at 1.35 and 0.80 em for seven classes of liquid water
content. Dombkovskaja explains that the nomogram can be used to discriminate between
several regression relationships of the type (1.20) to give an improved- estimate of W*.
Regression relationships given by Dombkovskaja are:

Q < 0.1 kg m- 2

for

w*

0.052Tb - 6.59,

(1.22)

0.1 ~ Q S 0.5 kg m- 2

for

w*

= 0.041T

w*

0.042T

b

- 5.03,

(1. 23)

- 5.30.

(1.24)

Q > 0.5 kg m-2

and for
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Figupe 1. 15-Nomogram fop determining cloud condition from brightness temperature
measurements at 1.35~ 1.6 and 0.8 em wavelengths. (aJ Precipitable water estimate
IW*) as a function of temperature difference at 1.35 and 1.6 em; Ib} cloud type
estimate as a function of W* and temperature difference at 1.35 and 0.8 cm

1.
2.
3.
4.
5.
6.
7.

thin stratiform IQ < 0.1 kg m-2~
stratiform 10.2 < Q < 0.4 kg m- )
2
frontal without precipitation IQ
0.5 kg m- }
drizzle IQ < O.~ kg m- 2 }
-2
light steady ra~n 10.3 < Q < 0.5 kg m)
-2
light rain with showers 10.5 < Q < 0.7 kg m }
light shower 11.0 < Q < 1.5 kg m- 2 )
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The mean relative error of W* calculated in this manner does not exceed 15%.
sources of error are:
(a)

The main

uncertainty of the sea surface reflectivity, which depends on the state

of the sea surface;
(b)

lack of data on vertical water vapor distribution with height;

(c)

lack of data on the vertical liquid water content distribution within
the clouds.

A second method for obtaining total precipitable water in the presence of

clouds has been discussed by Mitnik (1969) and Gurvitch et al. (1970). Similar to the
technique discussed above they make use of measurements at several spectral intervals to
solve for Q and W* simultaneously. An example of total precipitable water obtained with
this method is given in Figure 1.16. The humidity field (W*) is constructed from microwave
data from several satellite orbits. For comparison, W* values estimated from collocated
radiosonde ascents are also shown.
Lastly, it should be mentioned that the total precipitable water in clear areas
can be obtained from polarized measurements at A = 0.8 em. A regression estimate found for
this method is

w*

~

0.16T bh (0.8) - 23.0,

where the h subscript refers to horizontal polarization.
is 15%.

The standard error of this estimate

Figure 1.16-Field of precipitable water w* over the North Pacific
Ocean on November 23~ 1968 obtained from satellite (suborbital tracks

shown) and radiosonde measurements (asterisks)

(1.25 )
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Cloud Liquid Water Content

The two methods of correcting estimates of total precipitable water for liquid
water discussed above give estimates of Q as- a by-product. However, Q can also be estimated
directly from measurements at 0.8 and 1.6 em. Since these wavelengths are located on
opposite wings of the water vapor absorption peak (A = 1.35 em), water vapor absorption
coefficients at these wavelengths differ little from each other. However, T (O.8) ~ T (1.6)
Q
so that by subtracting the brightness temperature at 1.6 em from that at 0.8 Qem one excludes
almost completely the component of the radiation caused by water vapor and the residual can
be used to determine Q.
Since the correlation between liquid water content Q and brightness temperature
is non-linear, two regression relations have been developed for estimating Q as a function
of the difference in T between 0.8 and 1.6 em. For ,lower values of liquid water
b
(0.1 kg m- 2 S Qo S 0.3 kg m- 2 ) the relation is

Q

= 0.021~Tb

- 0.46.

(1.26)

For higher values of liquid water (Qo > 0.3 kg m- Z) it is:

Q

= 0.034~Tb

(1.27)

- 0.84.

The approximate liquid water content value Q is determined with the help of graphs similar
to those given in Figure 1.15 for the determ~nation of total precipitable water. The
standard error of estimate by (1.Z6) is 24%; by (1.27) is 10%. Figure 1.17 shows an example
of liquid water content in intertropical convergence zone clouds calculated by this method
from measurements at 0.8 and 1.35 em.
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An estimate of Q for the case of thin stratiform clouds is impractical by this
method. Due to small Q values (0.06 kg m- 2 ). the relative error in determination can reach
100%. In cases where microwave data can identify thin stratiform cloudiness, the best
estimate of liquid water content is just the mean value (0.06 kg m- 2 ).
As in the case of total precipitable water, cloud liquid water content can be
estimated from polarized measurements at 0.8 em. For brightness temperature ranges between
approximately 160 K and 200 K a regression relationship has been found to be

Q = O.018T bv - 2.78,

(1. 28)

where the v subscript refers to vertical polarization.

1.3.3.3

Detection of Cloud Phase Composition

Synchronous observations in two different spectral ranges (infrared and
microwave) allow detection of cloud phase composition. Since absorption within ice crystals
is approximately two orders of magnitude less than within water droplets, ice clouds are
virtually transparent to microwave radiation and do not lead to an increase of brightness
temperature. At the same time, thick cirrus or high stratiform clouds completely absorb
thermal radiation from the lower atmospheric layers and from the underlying surface and
themselves radiate little at the upper boundary due to their low temperatures. Comparison
of infrared and microwave information in the above situation allows identification of pure
ice crystal clouds in contrast to mixed phase or liquid drop clouds. Two examples of cloud
state phase estimation from simultaneous infrared and microwave measurements received from
the Meteor 18 satellite are given in Figure 1.18. In one case (top) low infrared radiation
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temperatures from cloud tops reaching _50 0 C occur in conjunction with no significant
variation in microwave radiation (except the change from land to ocean associated with
surface emissivity). This indicates that the clouds consist mainly of ice crystals. In
the other case (bottom) variation occurs simultaneously in both infrared and microwave
brightness temperatures. This indicates that the clouds have high liquid water content.
The approach to detection of cloud phase with polarized measurements is in
principle not different from that described above, consisting of comparison of measurements
at the two polarizations. An example of the detection of cloud phase composition from
polarization measurements obtained from Meteor 18 are given in Figure 1.19. Two cloud
bands (27° - 32° Sand 46° - 49° S) shown on the infrared picture have a similar bright image
tone that represents high, cold cloud tops. However,the microwave brightness temperatures
of these bands as displayed by the curves in the lower part of Figure 1.19 are quite
different. The significant increase in the brightness temperatures at 45° - 48° S shows a
thick cloud band with a mixed phase structure. Absence of brightness temperature increases
at 27° - 32° S indicates that this cloud band consists of dense ice crystal clouds transparent
to microwave radiation.

M-18 , 4320-21 , 14.05.75

Figure 1.19-DetePmination of
cloud phase from polarized miorowave measuremen ts at O. 8 om.
(1) vertical; (2) horizontal
polarization. Hiflh signal
indicates water phase

S. Lat.
E. Long.

-20.9
-154.6

QUANTITATIVE METEOROLOGICAL DATA FROM

30

~ATELLITES

REFERENCES
Chahine, M. T., 1972: A general relaxation method for inverse solution of the full radiative
transfer equation. Journal of the Atmospheric Sciences, 29, 741-747.
Chahine, M. T., 1977:

Remote sounding of cloudy atmospheres.
Sciences~ 34, 744-757.

II.

Multiple cloud formations.

Journal of the Atmospheric

Conrath, B. J., 1969: On the estimation of relative humidity profiles from medium-resolution
infrared spectra obtained from a satellite. Journal of Geophysical Research~ 74, 33473360.
Conrath, B. J., 1972: Vertical resolution of temperature profiles obtained ,from remote
radiation measurements, Journal of ~he Atmospheric Sciences~ 29, 1262-1271.
E. P., 1969a: On the problem of underlying surface temperature and total water
vapour content determination from measurements of outgoing microwave radiation of the
Earth-atmosphere system done on satellites. Trudy Gidrometzentra SSSR J 50, 75-87
(Russian) .

Dom~kovskaja,

Dombkovskaja, E. P., 1969b: Correlation between microwave radiation intensity of the Earthatmosphere system and cloud liquid water content. Meteorologiya i Hidrologiya J 7, 26-35
(Russian).
Fleming, H. E. and Smith, W. L., 1972: Inversion techniques for remote sensing of atmospheric
temperature profiles. TemperatuPe J Its_ Measurement and Control. in Science and IndustrYJ
Instrument Society of America, Pittsburgh, Pennsylvania, 4, 2239-2250.
Grady, N. C., 1976: Remote sensing of atmospheric water content from satellites using microwave radiometry. IEEE Transactions on Antennas and Propagation J 24, 155-161.
Gurvitch, A. S. and Demin, V. V., 1970: Determinations of total atmosphere water vapour
content from measurements done on satellite "Kosmos 243 11 • Izvestia AN SSSR J Fizika
Atmosfery i Okeana J 6, VI, 771-779 (Russian).
Hayden, C. M., 1976: The use of the radiosonde in deriving temperature soundings from the
Nimbus and NOAA satellite data. NOAA Technical. Memorandum J NESS ?6 J Washington, D. G.,
19 pp.
Hayden, C. M., Fleming, H. E. and Morse, B., 1976: The vertical resolution of temperature
profiles obtained from satellites, theoretical and empirical results. Proceedings of
the Symposium of Meteorological Observations from Space: Their Contributions to the
FGGEJ CaSPAR XIX, Philadelphia, Pennsylvania, June 8-10, 1976, 14-18.
Kaplan, L. D., 1959:

Inference of atmospheric structure from radiation measurements. Journal.

of the Optical Society of America, 49, 1004-1007.
King, J. 1. F., 1958: The radiative heat transfer of planet Earth. Scientific uses of Earth
satellites 2nd revised edition, edited by J. A. Van Allen, University of Michigan Press,
Ann Arbor, Michigan, 1958, 316 pp.
Kondratjev, K. Ja. and Timofeev, U. M., 1970: Temperature sounding of the atmosphere from
satellites. Hydrome.~eoizdatJ Leningrad, U. S. S. R., 410 pp (Russian).
Kozlov, V. P., 1974: On the problem of optimal statistical experiment design.
veroyatnostei i eyo primenenie J t. 19, N 1, 226-230 (Russian).

Teoriya

CHAPTER 1

31

Mitnik, L. M., 1969: Methods of determining atmospheric water vapour content from microwave
radiation measurements done on a satellite. Trudy cidrometzentra SSSR~ 50, 94-102
(Russian).
Phillips, N. A., 1976:
pattern forecasts.

The impact of satellite observing and analysis systems on flow

Bulletin of the American Meteorological Society, 57, 1225-1240.

Rogers, C. D., 1976: Retrieval of atmospheric temperature and composition from remote
measurements of thermal radiation. Review of Geophysics and Space Physics~ 14, 609-624.
Shen, W. C. and Smith, W. L., 1973: Statistical estimation of precipitable water with SIRS-B
water vapor radiation measurements. Month[y Weather Review~ 101, 29-32.
Shifrin, K. S., Galiko, V. A. and Loombden, K. S., 1912: Influence of atmosphere characteristics on variations in microwave emission. Sbornik: Optika Atmosfery i Oceana. L. Iad.
"Nauka tl J 82-94 (Russian).
Smith, W. L., 1969a: Statistical estimation of the atmosphere's geopotential height distribution from satellite radiation measurements. ESSA Technical Report J NESC 48 J Washington,
D. C., 29 pp.
Smith, W. L., 1969b: The improvement of clear column radiance determination with a supplementary 3.8 llm window channel. ESSA Technical Memorandum - NESC TM 16 J Washington, D. C.
17 pp.
Smith, W. L. and Howell, H. B., 1971: Vertical distributions of atmospheric water vapor
from satellite infrared spectrometer measurements. Journal of Applied MeteorologYJ 10,
1026-1034.
Smith, W. L. and Woolf, H. M., 1976: The use of eigenvectors of statistical covariance
matrices for interpreting satellite sounding radiometer observations. Journal of the
Atmospheric Sciences J 33, 1127-1140.
Smith, W. L., Woolf, H. M. and Jacob, W. J., 1970: A regression method for obtaining realtime temperature and geopotential height profiles from satellite spectrometer measurements
and its application to Nimbus 3 'SIRS' observations. Monthly Weather Review J 98, 582603.
Smith, W. L., Abel, P. G., Hayden, C. M., Chalfant, M. and Grody, N., 1974: Nimbus 5 sounder
data processing system. Part 1: Measurement characteristics and data reduction
. procedures. NOAA Technical Memorandum J NESS 57 J Washington, D. C., 99 pp:.
Smith, W. L., Hayden, C. M., Woolf, H. M. and Nagle, F. G., 1979: Man-machine interactive
processing of satellite sounding data, .Submitted to Bulletin of the American Meteoro-

logical Society.
Spankuch-, D., 1975": Variations in accuracy of the indirect method of determining the
vertical temperature profile. Meteorologiya i Hidrologiya J 7, 30-35.
Staelin, D. H., Kunzl, K. F., Pettyjohn, R. L., Poon, R. K. L., Wilcox, R. W. and
Waters, J. W., 1976: Remote sensing of atmospheric water vapor and liquid, water with
Nimbus 5 Microwave Spectrometer. Journal of Applied Meteorology~ 15, 1204-1214.
Strand, O. N., 1973: Expected accuracy of tropopause height and temperature as derived
from satellite radiation measurements. NOAA Technical Report J ERL 295-WPL 28~ Boulder,
Colorado, 67 pp.
Strand, O. N. and Westwater, E. R., 1968: Minimum-rms estimation of the numerical solution
of a Fredholm integral equation of the first kind. SIAM Journal Numerical Analysis J 5,
287-295.

QUANTITATIVE METEOROLOGICAL DATA FROM SATELLITES

32

Susskind, J., Halem, M., Dilling, R., Edelmann, D., Sakal, D., Rushfield, N., Searl, J.,
Tobenfeld, E. and Carus, H., 1976: GIBS VTPR processing manual. Goddard Space Flight
Center, NASA, Greenbelt, Maryland, 147 pp.

Turtchin, V. F., et al., 1970: The usage of mathematical statistical methods for the
solution of improperly posed problems. Uspekhi Fizitcheskikh Nauk~ 102, 345-386
(Russian) .

Numerical aspects of the least-square method for
regressional expeY'iments analysis and design. Moskwa., Izd. MGV., 1975, 168 pp (Russian).

Uspenski, A. B. and Fedorov, V. V., 1975:

Wark, D. Q. and Fleming, H. E., 1966: Indirect measurements of atmospheric temperature
profiles from satellites I. Introduction. Monthly Weather Review~ 94, 351-362.
Weinreb, M. P., 1973: Estimation of atmospheric moisture profiles from satellite measurements by a combination of linear and non-linear methods. Third Conference on Probability
and Statistics in Atmospheric Saience~ Boulder, Colorado, June 19-22, 1973, 231-235.
Weinreb, M. P. and Crosby, D. S., 1972: Optimization of spectral intervals for remote
sensing of atmospheric temperature profiles. Remote Sensing of the Environment. 2, 193201.
Weinreb, M. P. and Fleming, H. E., 1974: Empirical radiance corrections: A technique to
improve satellite soundings of atmospheric temperature. Geophysical Research Letters~
1, 298-300.

CHAPTER 2
WIND DERIVATION FROM GEOSTATIONARY SATELLITES
by

Lester F. Hubert, National Environmental Satellite Service
NOAA, Washington, D. C., U.S.A.

2.1

Introduction

The value of geostationary satellites as a source of wind observations was
recognized soon after the launch in December 1966 of the first spin scan camera aboard the
United States l Application Technology Satellite (ATS 1). Images from that satellite and the
next CATS 3 launched in November 1967) provided winds that were routinely transmitted worldwide. The second generation of geostationary spacecraft was inaugurated in May 1974 with
the launch of 5MS 1 (Synchronous Meteorological Satellite) and continues today as the new
GOES series (Geostationary Operational Environmental Satellite). Two GOES~ with subpoints
above the Equator at 75 0 Wand 135 0 W, view North and South America and large portions of
the Atlantic and Pacific Oceans.
In 1979 during the Global Weather Experiment (or FGGE - the First GARP Global
Experiment), virtually the entire Earth from SOD N to 500 S will be viewed by five geostationary satellites. In addition to the two GOES Satellites (U.S.A.) mentioned above, Japan
launched its Geostationary Meteorological Satellite (GMS) in July 1977 which was positioned
at 140 0 E. This was followed in November 1977 by the European Space Agency's (ESA) ~mTEOSAT
which was placed at 0 0 longitude. Also in late 1978, a backup GOES satellite from the United
States was moved over the Indian Ocean to 57 0 E and will be controlled by ESA during the
Global Weather Experiment. Later this satellite may be replaced at 70 0 E by one launched by
the U.S.S.R. or by India. Figure 2.1 depicts the fields of view of these five geostationary
spacecraft that will be achieved at that time (for details see World Meteorological Organization, 1975).

140 0 E

GMS

135 0 W
GOES

75 0 W
GOES

00

70 0 E

METEOSAT

GOMS

Figure 2.1- Fields of view of five geostationary satellites in
which winds can be derived. During 1979 a backup GOES is being
operated at 57° E in place of GOMS as shown at 70° E. Outlined
areas represent a 60° geocentric angle about each satellite subpoint
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This review of methods and problems involved in deriving winds by tracking
clouds is based mostly on experience with the United States' geostationary satellite system.
Because the U.S.A. 's National Environmental ~atellite Service (NESS) has been deriving wind
vectors from geostationary satellites operationally for more than a dacade, much of the
research and development activity in this field has been undertaken in NESS. Several other
research groups, however, have contributed substantially to this activity as well. Prominent
among these are the Space Science and Engineering Center (SSEC) of the University of
Wisconsin, the Department of Geophysical Sciences of the University of Chicago, the NASA
Goddard Space Flight Center, and the Laboratory of Dynamic Meteorology of the University of
Paris.
Japan and ESA have also been developing methodology for deriving winds from
their geostationary satellite imagery. Information from both of these organizations concerning their methods for wind derivation is also discussed here.
In the ensuing sections of this chapter there will first be a discussion of the
nature of the problems encountered in inferring winds from cloud motions. This will be
followed by the principal topic of this chapter: the methods and problems involved in measuring cloud motions. After this there is treatment of spatial coverage and accuracy of these
wind estimates, and finally, improvements that can be expected in the near future.
2.2

Cloud Motion and Wind

Winds are derived from geostationary satellite observations by measuring the
displacements of cloud fields as displayed by sequences of images. Therefore, the basic
question is whether and to what extent these displacements do represent air parcel motion.
The following factors have to be taken into account:
(a) The nature of the cloud targets to be tracked, in relation to the
image resolution and to cloud target persistence as compared to
image frequency.
(b) The relation between cloud motion and wind.
Regarding image resolution, Table 2.1 shows that geostationary satellite images
have resolutions of 5-12 km in the infrared and 1-3 km in the visible at the satellite subpoint (ssp). Operational limitations often prevent using visible images at the highest
resolution. Considering that the identification of a feature requires a few pixels (picture
elements), it is clear that satellite images do not display individual clouds, but rather
patches of clouds, say, upward of 20 km across. Furthermore, the automated techniques
described later do not track individual patches but rather, patterns of clouds encompassed
in an area some 100 to 200 km on the side.
Image frequency of two per hour (Table 2.l) cannot record the motion of small
cumuli whose lifetimes are frequently no longer than 30 min. Clouds in the upper troposphere
can also form and evaporate within this time. What then are the targets which are tracked
with coarse-resolution, half-hour pictures? The answer for the low troposphere is different
from that for the upper troposphere because the mesoscale circulation systems that persist
at low levels are not apparent in the upper troposphere.
Convective clouds over oceans provide most of the low tropospheric wind tracers
because they are abundant and well suited to tracking by various methods. But conv~ctive
clouds are not inert bodies. While the air parcels are carried along by the wind, individual
clouds appear and disappear -- some with short lifetimes. Animated sequences taken at different time intervals reveal that mesoscale patterns of clouds such as trade cumuli, cumulus
congestus, and even stratocumulus, have lifetimes on the order of hours. Vertical motions
organized into mesoscale patterns produce clouds in their upward moving branches and suppress
clouds in their descending branches. Sometimes these patterns are comprised of polygonal
cells (Hubert 1966), but in other conditions only irregular groups of cumuli are observed to
retain their size, shape, and spacing for many hours. It is these mesoscale patterns which
are tracked as they are carried along with the wind.
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TABLE 2.1

Comparative features of images from four types of geostationary satellites
Spectral
bands

Imaging
time

Imaging*
period

1 x 1 !an
8 x 4 !an

18.2 min

1/2 h

2.5 !an
5·.0 !an
5.0 !an

25 min

1/2 h

visible
infrared (window)

1. 25 !an
5.0 !an

25 min

1/2 h

visible
infrared (window)

1. 5 !an
12 !an

10 min

1/2 h

Satellite

GOES
(U.S.A.)

METEOSAT
(ESA)

GMS
(JAPAN)

GOMS
(U.S.S.R.)

t ssp

*

=

visible

infrared (window)
visible

infrared (window)
infrared (water vapor)

Resolution
(at ssp)t

satellite subpoint

Picture intervals can be shortened, at the expense of the north-to-south field of view,
for experimental data sets to support special projects, but the routine operation of
deriving global wind data will ut~lize pictures taken at 1/2 h intervals.

Many empirical studies have shown that the motion of the lower mesos~ale
patterns are not greatly different from the air motion, hence their value as a source of
information about the low level flow. An analysis experiment (Hubert and Whitney, 1974)
showed that low level cloud vectors represented the 850 mb flow with about the same degree of
accuracy as rawin data." Other studies have shown that the motion of low cloud patterns
correspond best to the wind near the cloud base. Hasler et al. (1976, 1977) conducted a
multi-aircraft experiment to measure simultaneously cloud motions and winds at various levels
and found that cumuli motions were correlated best with cloud-base winds. Hubert and Timchalk
(1972) analyzed satellite winds in connection with BOMEX ship data and also showed that
patterns tended to move with cloud-base winds.
Similar studies with altocumulus have not been made, mostly because of the great
difficulty irt obtaining the necessary data. There is some evidence that deep convective clouds
with bases, say, above 700 mb also move along with wind near their bases.
In contrast, many upper clouds that are suitable for tracking appear to be layer
clouds. At upper levels patches of layer clouds often change slowly - they may last many
hours. Apparently they persist because large scale vertical motion (i.e. that associated with
synoptic scale w~ves) inhibits their evaporation.

By viewing animated sequences of pictures it is possible to select persistent
features for tracking. Comparisons of cloud motions with nearby rawinsonde observations
indicate that many of these persistent cloud patches are embedded in layers with small vertical
shear and that they are advected with the layer wind. Cirrus sheared off the tops of deep
convection sometimes can be treated, with proper caution, as layer clouds.for this purpose.
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With such targets the relationship between wind and cloud trajectory is simple and poses no
problem. Instead the problem is that of selecting appropriate (inert) targets, as will be
discussed ·later.
Thus it is apparent that, at the resolution and frequency of present geostationary satellite imagery, large classes of cloud fields provide trackable targets whose
motions are closely related to the winds. Although our knowledge is of an experimental
nature, it has become apparent that the relationship between observed cloud motions and the
wind is strongly influenced by the type of cloud and the characteristics just discussed.
Hence some,knowledge of the cloud type is necessary and accurate wind estimates require a
careful assignment of height of the derived vector. It should always be kept in mind, however,
that animated sequences display a substantial number Df cloud motions that are not associated
with advection by the wind. Motions produced by gravity waves are common and orographic
clouds do not move with the wind. Any wind extraction procedure, whether manual or automatic,
must therefore include a strategy for target selection.-

2.3

Determining Cloud Motion

Estimating winds from satellite imagery requires more than sophisticated. data
handling and accurate measurement techniques. The process must take into account the various
meteorological phenomena that affect the quality and quantity of these data. The meteorological aspects, rather than the data handling aspects, are emphasized here.
Each set of wind data is the result of:
(a)

selecting suitable tracers (cloud targets),

(b)

tracking the selected targets,

(c)

assigning heights to the resulting vectors, and

(d)

editing the set of vectors.

The first and last steps are related. For example, cloud motions may be
measured with little discrimination between suitable and unsuitable tracers. A careful
editing procedure' is then needed to delete erroneous wind vectors. On the. other hand, careful
selection of targets (only those advected by the wind) means that little editing of wind
vectors is necessary. In general, fully automated techniques employ more indiscriminate
target selection; while manual methods of cloud tracking are based on a more careful selection
of targets. A judicious combination of both selecting and editing is necessary.

2.3.1

Wind Tracer Selection

The manual procedures of selecting suitable wind tracers were derived froID. the
subjective skills developed with visible images from the ATS satellites, beginning more than
a decade ago. Hubert and Whitney (197l) described procedures which are still valid, although
the addition of infrared imagery calls for some modifications.
Animated sequences exhibit many cloud motions that are not due to advection by
the wind. For example, motions produced by gravity waves are common. The operator's role
in target selection is as much avoiding the unsuitable targets as it is the selection of
suitable tracers.
In simplest terms, the analyst calls on his knowledge of the synoptic situationlocation of the major troughs and ridges, location of the fronts and cyclones- and also his
knowledge of atmospheric processes to rationalize the welter of cloud motions visible on
animated sequences. Since clouds, particularly at middle and high levels, move as a result
of many atmospheric phenomena which combine in complex ways, human judgment is as yet unsurpassed in selecting tracers that are being carried along with the wind. No small part of
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that skill stems from the ability of a trained operator to interpret the motion and changes

that can be seen on a wide range of time and space scales.
brain can integrate very noisy data.

Moreover, the human eye and

Infrared pictures are produced by converting the highest radiance (from the
warmest surface) to dark shades of grey and the lowest radiance to the white end of the
scale. This yields images quite similar to visible pictures, viz. white clouds and dark
ocean. But several differences exist which enhance target selection.

Many middle clouds are as bright (in the visible) as lower stratocumulus, but
because the latter are almost always warmer they appear much darker in infrared images. This
enhances the analyst's ability to discriminate between various layers. Another advantage is
realized relative to cirrus clouds. Many thin cirrus which are very poorly seen in the
visible are prominent in the infrared. Over a bright and warm background (such as deserts)
very thin cirrus can sometimes be seen only in the infrared pictures.
Thus while infrared data have not eliminated the need for skillful target
selection, they have removed some of the uncertainites. Bright stratocumulus· cannot be
mistaken for altostratus and the motion of cirrus is sometimes measurable only on infrared
images.
Derivation of winds from low cloud motions has been automated at NESS. The
arrays of infrared pixels (picture elements) that are to be cross-correlated to calculate
pattern motions (as discussed later) are first screened according to their temperatures.
Pixels whose temperatures are colder than the 700 rob temperature are deleted, leaving only
the warmer (low level clouds) to be tracked. This automatically eliminates many higher
clouds.
A more sophisticated approach to a fUlly automatic target selection, for both
low and high clouds, is being developed by -the European Space Agency (Bizzarri, 1975). This
method makes use of a multi-channel radiance analysis to identify the presence and the type
of cloud in the area (about 200 km on a side) which later will be used for measuring the
displacement. All the radiances in the area (32 x 32 infrared pixels) are used to build a
bi-dimensional histogram of counts of pixels versus infrared radiance and visible radiance.
Different bodies in a given area can give rise to different peaks in the histogram. Pixels
representative of the sea will form a peak in the dark and warm part of the histogram;
cumulonimbi will form peaks in the bright and cold section, etc., (e.g., see Figure 2.2 which
is from Bizzarri and Tomassini, 1976).
Experience at NESS with the temperature~screened arrays for low cloud tracking
and model experiments revealed two factors that will impair the identification of cloud type
by bi-dimensional histograms. Most important is the effect of middle and high clouds whose
transmissivity to " window'" radiation is about 20% or greater. Such clouds appear to be much
warmer than their actual temperatures, so they can fall between the areas on Figure 2.2
marked "4 11 and "6". The second effect is caused by the coarse resolution of the infrared
sensors. Clouds or clear spaces no larger than about twice the sensor resolution do not
produce modes representative of their real temperatures because so many instantaneous fields
of view are partly filled by clouds or clear space. Consequently a mode is produced somewhere
between the temperatures of clouds and clear space with the precise position depending on the
proportion of area covered by clouds and clear space. Hence,a field of cloud elements 24 km
across or smaller could produce a peak on Figure 2.2 anywhere between points "4 11 and "7".
On METEOSAT another signature of the clouds is given by the infrared watervapor channel (see Table 2.1). This channel (which is in the 5.7 - 7.1 11m band) is sensitive
to the water vapor content in the atmospheric layer between about 7 and 12 km, thus greatly
enhancing the visibility of cirrus. These data are used to check-the height classification
of clouds (low, middle, or high) made from the histogram analysis and to provide an estimate
of cirrus temperatures. Height assignment is discussed in section 2.3.3.
It is hoped that this type of pre-analysis of the radiances from two or three
channels will replace to a large extent, the subjective work of the skilled operator.
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Experience with METEDSAT data should lead to techniques for selecting situations where auto~
mated classification is applicable and those where back-up manual methods are necessary.
At Japan's Meteorological Satellite Center target selection procedures for
their satellite are based on human judgment, with the help of facilities to enhance the
images for better "and faster manipulation by the operator. A prototype of such facilities
~s the Man-Computer Interactive Data Access System (McIDAS) which was developed at SSEC,
University of Wisconsin (Suomi, 1975). This equipment provides electronic animation of
sequences of picture on a television screen and a number of functions such as contrast
enhancement, false-color coding, zooming, etc. This allows the operator to select any field
of the image in any spectral band (visible, infrared, or a color-composite of them), and to
concentrate on the most significant cloud features. Animation greatly improves the operator's
capability to select suitable cloud targets. For example, one can observe time changes and
avoid clouds that are either developing or evaporating.
Similar interactive devices have been developed at other agencies such as the
one at Goddard Space Flight Center, NASA as described by Billingsley et al. (1976). Also,
Japan is testing its IIImage Processing Console" (IPC) and the European Space Agency is
experimenting with its METEOSAT Interactive Console.
2.3.2

Tracking the Selected Targets

After the selection of a candidate target for wind determination is made, its
displacement between successive pictures has to be measured. Cloud displacements are measured
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by methods which· fall into two broad classes--automated computer methods and manual methods.
The former employs various means at pattern matching, using arrays of visible or infrared
radiance data observed at different times. Manual measurements are made by an operator who
marks the initial and final positions of an"individual cloud feature that can he tracked on
animated sequences of images. With an interactive system, discussed later, the benefits of
both methods can be exploited.

2.3.2.1

Automatic Methods

Cross-correlation is a typical computer method of pattern matching, first used
for ATS pictures by Leese et a1.
(1971). An array of data (i. e. all pixels within a predetermined " re ference window") is selected from an image taken. at one time and correlated,
element by element, with the pixels of an image taken at a later time. A number of correlation coefficients are computed with the first image moved to a number of shifted positions
(lag positions) on the second image within a (larger) Ilsearch windowl1 • The maximum correlaation coefficient occurs for the lag position which corresponds to the best overall fit of
the motion of all clouds and clear spaces during the time interval. That displacement,
corrected for picture perspective and scale, and divided by the time interval yields a
velocity vector which is assigned to a location at the center of the array (for an extended
discussion, see Sitbon, 1972).
These pattern-matching methods differ in the sizes of the two windows, the
correlation algorithms, and the strategies employed to reduce the computing load. Each
variation is associated with different characteristics that must be accounted for in interpreting the results.
The size of the "reference windoW-II and the spacing between them determines the
resolution of _the resulting field of measured winds. If the reference window is 32 by 32
pixels the corresponding area (at the ssp) is about 180 km (see Table 2.1). The crosscorrelation array, corresponding to the various lag positions, provides no information about
which features within the search window produced the maximum correlation. Thus the extracted
wind can be localized no better than ± 90 km. Use of a smaller window would increase the
resolution, but would degrade the computational stability because of the poorer sampling.
Various compromises such as the use of high resolution visible imagery will be discussed
later.
The size of a fixed-search window determines the maximum wind speed which can
be measured. If the search window is .64 ¥: 64 infrared pixels, the maximum lag position for
a 32 x 32 reference window will be ± 16 pixels, corresponding to a maximum wind speed of about
35 m "S~l at ssp if the two images -are taken 30 min apart. Use of larger-search windows
greatly increases the volume of computation..
Cross-correlation computations can be performed on general purpose computers or
Other
"correlationll algorithms compute a mean infrared temperature (or brightness) difference, or
difference squared, for each lag position. With these algorithms the best match is represented by the minimum.

by means of a Fourier transform which can be carried out with special purpose hardware.

Irrespective of the particular algorithm employed, interpretation of the results
is frequently difficult because of a variety of adverse conditions. Some typical examples
are as follows:
(a)

All small correlation values and no important maximum.
the pattern was not adequately persistent.

This means that

(b)

All large correlation values and no important maximum. In this case the
reference window was probably filled with a large uniform overcast or
nearly cloudless areas so that many lag positions produced high correlations.
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(c)

More than one maximum (a very frequent occurrence). Here the pattern
in the reference window is very similar to more than one pattern in
the larger search window.

Various methods used to treat these uncertain cases will be discussed later.
A strategy to save the computational load is essential to wind derivation
systems,if they are to deliver a set of wind observations within a useful operational tim~
and at a reasonable cost. There are some 3,000 to 4,000 reference windows of 32 by 32
pixels on an infrared picture. Hence a processing cycle of one hour can be achieved only
if all pre-processing, histogram (or other) analysis, and cross-correlation is performed at
the rate of one per second. Examples of computing strategies will be better illustrated by
giving a short review of methods developed by some of the satellite-agencies. This will also
illustrate the concepts mentiQned earlier. The following paragraphs make reference to
different sections of Figure 2.3.
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At NESS the automatic tecm~ique (Bristor, 1975) uses a reference window of
32 by 32 infrared pixels and a search window of 64 by 64. Usually picture intervals are
30 min but in the event one image is accidentally lost, 60 min intervals must be used. Even
with this longer interval, patterns can be tracked at speeds up to 35 ill 8-1 with ± 16 lag
positions. Since this technique is used in NESS to derive low level winds only, the search
window is of adequate dimensions.
Computation time is minimized by searching first for a meaningful pattern
match in the most likely portion of the search window. The most recent 850 rob analysis
provides an estimate of the lag position where the maximum correlation might be found. The
search starts from that point. The reduced-size search area is illustrated in Figure 2.3a.
This procedure also reduces the probability of finding spurious peaks. If a correlation
maximum is not found in this restricted area, computation continues for all possible lag
positions. Another time saving feature in the NESS pperation is the temperature-selection
of pixels before the cross-correlation (see section 2.3.1). If a large fraction of the
search window is comprised of higher (cold) clouds, leaving an inadequate sample for
dependable cross-correlation, the computation is not performed.
ESA uses a three-step procedure. Three successive infrared images are used
to determine a "first guess'! displacement. The central image provides the reference window
of 32 by 32 pixels (corresponding to 160 km on a side at the ssp). First the bi-dimensional
histogram is analyzed to determine whether the reference window contains suitable cloud
targets (see section 2.3.1). At this point no heights are determined. If the histogram
indicates suitable targets, the second step consists of the matching procedure which is
carried out both forward and backward in time in a search window 96 by 96 pixels. Only the
peak or peaks that appear in both time intervals are retained for step 3. Step 3 uses the
visible pictures that are simultaneous with the first and last infrared pictures. The new
reference window is 56 by 56 visible pixels (140 km on a side at the ssp) which is correlated
with the new search window of 64 by 64 visible pixels.
Figure 2.3b represents -a case where the displacement that was consistent
between _the first and second time intervals yielded a IIcoarse vector l l from about 250 degrees.
This proVided the location of the visible reference window centered at i ' jo and the larger
o
visible search window centered at iI' jl for subsequent calculation of a correction to be
added vectorially to the coarse vector. The large search area for the coarse vectors can
accommodate speeds up to 90 m s-l. Direct use of the visible image over such an extended
search ar-ea would be a prohi'bitive computing load.
It should be noted that this technique insures that targets are tracked only
if they persist at least one hour and are thereby more likely to be suitable tracers. At
night when visible pictures are unavailable, the third step must be omitted--the wind observatian is then based on the computed Hcoarse vector".
Japan also uses a two-computation procedure for tracking low clouds, calculating first a coarse vector and following with a correction. Their procedure follows the
man-computer interactive technique developed at SSEC, University of Wisconsin and incorporates advantages of the automatic and manual methods (Hamada and Watanabe, 1978). With the
interactive method, arrays for correlation are selected by an operator viewing an image on
an electronic display. The display enables one to center the reference window on any
suitable pattern and to specify the array size. The reference window may be -B by 8, l6·by
16, or32 by 32 pixels, while the search window is fixed at 64 by 64 pixels. As in the ESA
system, three successive visible or infrared pictures are used--visible fo~ 00 GMT (09 local
time) and infrared for 12 GMT (21 local time). The reference window comes from the central
image and the search windows from the other two. These dimensions will accommodate speeds
up to about 30 m s-l. The strategy for saving time in computing the "first guess" vector is
that of reducing the resolution of the imagery. The sampling rate for infrared images is
every second pixel on each line. Visible sampling takes every fourth pixel on every third
line, reducing search arrays of 256 pixels by 192 lines to 64 by 64, and reducing reference
windows of 128 pixels by 96 lines to 32 by 32. Figure 2.3c illustrates the infrared
procedure. After the "coarse vector fl is found, sizes of both the reference window and the
search windows are reduced, full resolution is restored, and correction vectors are computed
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for both time intervals. The degree of agreement between corrections for the first and
second time interval can be used as quality control data and the final vector is that
calculated from the latter time interval.

2.3.2.2

Manual Methods

The principal feature of manual methods that differs from automatic methods
is that an operator designates the beginning and ending positions of some individual cloud
targets on an animated sequence of images-.

From that point onward, computers are also used

in the manual methods. Once the operator has marked the two cloud positions, either on a
worksheet or on a cathode ray tube display, the locations are digitized and a computer
program performs the scaling and projective geometry to compute an earth-located vector.
The method is "manual" because each initial and final location must be carefully marked by
an operator.
Both manual and automatic methods must be used in operational systems. Manual
methods are too slow to be used routinely for large sets of wind data, but must be applied
to situations where pattern matching fails by yielding either an erroneous result or none at
all. The automated method can produce erroneous vectors where the arrays include clouds at
different levels which are moving with contrasting winds. The human eye and brain can
operate on noisy data, ignoring parts and tracking only selected targets. Frequently a
skilled operator can track cloud elements that are dimly visible beneath an upper layer and
can sometimes track a wispy upper cloud within the same area. By contrast the computer must
accept each bit of data at its face value and match the patterns which are the result of
different motions of two cloud levels. Discriminating between clouds at different levels by
infrared brightness temperature sometimes fails because the brightness cloud temperature can
be much warmer than the actual cloud temperature (see section 3.3).
At NESS and the Japanese Meteorological Satellite Center, high clouds are
manually tracked with photographic movie loops. At the University of Wisconsin, manual
tracking is performed on electronic displays of image sequences. Other optical means to
animate image sequences have been developed since the early experiments of Fujita soon after
the launch of ATS I (FUjita et al., 1968). A sophisticated instrument of this kind is
operating at the University of Paris (Sitbon, 1972). This facility produces animation without mechanical movement of the images. Slides of a sequence of pictures are placed in
different projectors. All projectors focus the images on a single screen. Animation is
achieved by switching on the different projectors in sequence. I.t is possible to off-set
and rotate the images with respect to each other until a selected cloud appears to be
stationary. The off-set value for this stationary condition is then recorded. This is
perhaps the ,most accurate method to'measure cloud'displacement. Moreover, cloud growth and
dissipation can be detected with utmost accuracy. Cloud tracking experiments in the U.S.S.R.
have been carried nut with similar optical devices.
The general tendency now is away from the photographic approach in favor of
electronic devices. The McIDAS system at the University of Wisconsin and the Japanese
system, which is patterned after McIDAS,were described earlier. With McIDAS, cloud tracking
can be performed in two ways--either by marking both initial and final position of the cloud
feature or by specifying (by means of a cursor) an area and calling upon a computer program
using a cross-correlation algorithm. Presently, perhaps the most sophisticated electronic
animation facility is the METEOSAT interactive console, which will be used for manual
tracking when the automatic system fails to give a straightforward result. This facility
can animate up to six false-color images and manipulate the data with a variety of computer
programs' callable with the console keyboard. That system is also capable of off-setting
images, similar to the optical system mentioned above (Sitbon, 1972), to display "stationaryll
cloud-so

2.3.2.3

SoUX'ces of Error in CZoud Tracking

The accuracy of the different techniques depends not only on variables such as
picture resolution and errors of registration and measurement,but on the way they combine.
The different ways these combinations occur depends,among other things, on some of the
system characteristics already discussed.
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Pattern-matching methods have several common characteristics. If an array of
displaced with no change of brightness, and no distortion qr rotation, a perfect
be found by simple translation of one image relative to another, and a crosscoefficient of unity would be computed. But cloud fields do change with time
correlation is never achieved.

Arrays that suffer large time changes produce low correlations which can make
location of the maxima uncertain. Therefore time changes must be minimized by using short
intervals of t~e. Half-hour and hour intervals have proven satisfactory for data with 415 km spatial resolution. But such short intervals impose severe demands on the accuracy
of picture registration.
Registration is defined as the matching of fixed features on two images.
Distortion-free pictures taken from the identical point in space could be superimposed and
every fixed feature would match exactly (i.e., be registered). In practice however, satellites are not strictly geostationary. The fact that the images are built up line-by-line
over a 10 - 25 min period, during which the scan axis can move, means that every picture
contains a different set of distortions which must be compensated by the data processing
system. The accuracy to which these distortions can be computed varies with distance from
the landmarks which are used to fine-tune the registration, with distance from the subpoints,
and with accuracy of the orbital parameters. Under good conditions (and excluding areas
near the horizon) registration error may be no more than one pixel, i. e., 5 - 12 km for
infrared data near the satellite nadir. It should be noted that this is better in general
than the accuracy of locating points relative to the Earth. Only registration accuracy
affects the accuracy of measuring cloud displacement.
Registration accuracy is especially critical·for cases of low wind speeds when
cloud motions are followed over half-hour to one hour intervals. In order to make useful
measurements of motion, the displacement must exceed the sum of all errors of its measurement. For example, a cloud displacement measured as 8 km with an error of ± 8 km could be
the result of an actual displacement anywhere from 16 km to no displacement at all. Thus
accuracy of the computer techniques, which require use of short time intervals is strongly
dependent upon accurate registration. In the manual method registration accuracy can be
made less critical by using longer time intervals.
Manual cloud tracking can utilize long sequences because it is not necessary
for large arrays of clouds to be persistent. Instead the operator can select a cloud feature
that persists throughout a long period and track only that feature while neighboring clouds
may grow, dissipate, or become distorted. Animated sequences over a 2 - 2.5 h period display many such cloud features. On the other hand, the operator can seldom mark a cloud
location to the nearest pixel. Typical trackable features are imaged by many pixels and the
operator IDay mark the center or an edge no more accurately than ± 2 pixels. This uncertainty
counteracts some of the gain realized from longer time interval. Accuracy of manual tracking
is adequate, therefore, only where displacements are significantly greater than 3 or 4 pixels.
For that reason the manual technique requires longer animated sequences· than that used by
pattern matching ~ethods.
Figure 2.4 shows the relation between measured displacement, measurement error,
and the resulting error in speed and direction. The inset illustrates the geometry involved.
A displacement vector M is measured from point a to point b. Registration and other errors
sum to an error of E. That i 9 , the endpoint, thought to be located at lib" might lie aUy-l.;lhere
on the circle with radius E. As a consequence, the measured vector contai~s errors in
direction and/or speed which bear a quasi-inverse relation. Maximum speed errors are associated with minimum directional errors and vice versa. The magnitude of these errors is a
function of the ratio E/M. The ordinate of Figure 2.4 is directional error while the abscissa
is labelled in two scales related to speed error. The upper scale is the ratio (R) of true
displacement to measured displacement (R = T/M) while the lower scale is percent of speed
error, viz. 100 (M - T)/T. The curves are for various values of E/M, showing the relation
between speed and directional error. For example, a measured displacement of 20 km which
contains a measurement error of 8 km yields E/M = 0.4 (for a half-hour in~erval, this
displacement amounts to 11 m s- l ). Figure 2.4 shows that the computed vector would be in

QUANTITATIVE METEOROLOGICAL DATA FROM SATELLITES

44

...

.

90°
M15 Measured displacement·{from a to an erroneous point b)
E=Radius of error -circle
TeExampte of an actual displacement that has been
underestimated

80°

0

w

70°

~

<
Z

60°

B
w

..

50°

15

40°

"

30°

~=0.8

0

GO

=-----~~~-~

20°
100l-J'---JI----/----/L---=...,~-

0° 2.0
.\n,-.'n--....,r..----,\;-;-'.--,J,-....,r,----,J~,r,,_f,___,1;r~+~------\....-t___'A---';;~~t__:,O
1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 .9 .8 .7 .6 .5 .4
R = Ratio of True displacement to Measured displacement (TIM)
-50%
I

,

-40

~30
I

-20

-10

I

I

±o%
I

10
I

20 30
I

I

50
I

I I I

100
J

d

0400600%

2UO

I II

II

I

I 1\

SPEED ERROR[PERCENT OF TRUE VECTOR = 100( M;T )]

~'_--SPEEDUNDERESTIMATED

.1.

SPEED OVERESTIMATED

--....;.~

Figure 2.4-The rela~ionship between direction errors and speed errors of wind
estimates which would result from a measurement error (~) of cloud displacement.
Curves are computed for various magnitudes of measurement error~ expressed in terms
of the ratio of real displacement to measured displacement (T/M). Inset: The
geometry involved in calculation of the curves

error as much as 24° in direction or -28% (if underestimated) and +70% (if overestimated) in
speed. These maxima of speed and direction error do not co-exist of course, e.g., if direction
is in error by 24° the speed error is near zero.
The foregoing demonstrates that accurate wind estimates can be made only with
the proper balance of time interval, registration (and other) errors, and displacement
distance. Pattern matching methods, requiring short time intervals, place stringent demands
on registration accuracy. This factor becomes critical with low wind speeds, particularly
in portions of the satellite image near the horizons where resolution is deg~aded and errors
due to distortion and registration are more serious. Consequently, large displacements
usually prOVide better estimates of wind than do small displacements.
Still another aspect of resolution must be considered, viz. its relation to
picture interval. Some 'wind observations are derived with infrared pictures with a resolution
of 5 - 8 Ian while others are derived from visible pictures with a resolution of 1- 2.5 kIn (see
Table 2.1). Many clouds that are depicted on visible pictures are too small to be seen with
8 km data. Such small scale clouds, especially cumuli, are short-lived so they cannot be
followed with half-hour pictures. A cumulus cloud visible on one picture may disappear within
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30 minutes and its twin may develop nearby~ thereby introducing an apparent motion different
from the air flow. To avoid this type of error, pictures must be taken at shorter intervals.
While this subject requires more study, indications at this time are that 1 km resolution
images that are used to derive winds from small clouds should be taken at 10 to 15 min
intervals. While even shorter intervals might reveal more information about the field of
motion, such short intervals are associated with small displacements so that the calculations are subject to the liE/Mil effect illustrated in Figure 2.4.

Again we see the need to

strike a balance among measurement error, the distance clouds are displaced, and the measuring technique employed.
The combination of registration errors and image distortion probably account
for a significant part of the error in manually tracked clouds, particularly when measurements are performed with movie loops which have been constructed from visually-aligned
images. Experiments with identical animations, however, show that some errors are introduced
because some techniques do not yield completely repeatable results.
Comparisons of winds estimated by different scientists using McIDAS (Suchman
et al., 1976) have shown reproducibility of 2 m s-1 (rms) for the cirrus level and 1.3 m s-l
for the cumulus level. In another experiment (Tecson and Fujita, 1976), an identical data
set was processed on McIDAS using full resolution (GOES visible, I km) data. Also, this
data set was processed on METRACOM (METeorologist TRacking COMputeti interactive system, a
film-loop-based system, at the University of Chicago, (Chang et al., 1973) at a reduced,
4 km resolution. The average difference was 3 m s-l with the coarse resolution observations
being systematically slower.
An unpublished study (HUbert, 1977) illustrated the reproducibility of both
manual and computer vectors. Both manual and computer-derived vectors were computed from
infrared images from the two GOES satellites that were simultaneously viewing identical
areas. The common fields of view are shown in Figure 2.1. For the same geographical
locations, differences were obtained separately for computer vectors and manual vectors.
These differences apparently were due to the cloud pattern appearance when viewed from
different spacecraft locations as well as to errors generally inherent in tracking clouds.
Computer vectors diff-ered by about 2.5 m s-l (average vector magnitude) and manual vectors
differed by about 3.0 m s~l. If we assume that each satellite contributed equally to these
difference~, the reproducibility of the techniques are, respectively, about 1.3 m s-l and
1.5 m .-1.
2.3.3

Height Assignment

The,difficulty in utilizing a cloud vector is that it must be- assigned to a
height where it represents the wind. Even if the height of the cloud top is known, this may
not be the correct level to which the vector should be assigned. This involves the question
of wind-cloud relationship which was discussed in section 2.2. The other major problem in
assigning cloud motion vectors to proper heights involves the emissivity of clouds in the
infrared.
Cloud top temperatures frequently do not provide adequate vector height
information. (See examples illustrated in Figure 2.14 discussed later.) In the case of
stratus, placing the vector at the height of the cloud top is quite satisfactory, but with
convective clouds, the vectors should be assigned to a level near cloud base. Since measurement of the temperature at cloud base is not feasible from satellite observations, it has
been necessary to adopt a statistical approach to determine height assignm~nt operationally.
Low level clouds over oceans are assumed to be cumuli and stratocumuli. The
vectors resulting from the automated procedures in NESS are all assigned to the 900 mb
pressure level, which is statistically near low cloud bases over oceans. Also, near disturbances and beneath thin upper clouds where a few low clouds may be tracked manually, these
vectors are assigned to the 900 mb level. The adequacy of this assignment of low cloud
vectors to a single level is discussed in section 2.4.3.
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In contrast to targets in the lower troposphere, upper cloud tracers appear
to be comprised of a greater proportion of layer clouds. Therefore it may not be critical
to distinguish between winds at cloud top versus cloud base.

Insctead, cloud emissivity is

the critical variable.
While convective clouds tend to radiate almost as black bodies, cirrus and
some middle clouds display emissivities that range from, say, 0.1 or 0.2 up to nearly unity.
(Thin cirrus with even lower emissivity exists, of course, but such clouds are rarely
suitable for tracking.) As a consequence the infrared-sensed temperature of cirrus may be
much warmer than its actual temperature. Thus a large part of the uncertainty in assigning
vector heights in the upper troposphere stems from the difficulty of determining cloud
temperatures.
The NESS operational method of determining upper cloud heights utilizes an
empirical technique for estimating cloud temperatures. Once the temperature is estimated,
the most recent upper air analysis is used to construct a temperature versus pressure
profile at the standard grid point nearest the cloud vector. The cloud temperature is
thereby converted to a pressure (height) (Bristor, 1975).
The NESS method of estimating cloud temperatures resulted from research with
the early ATS cloud vectors and independently-observed radiances from other satellites.
Upper cloud vectors and target temperatures were examined in connection with nearby rawinsonde data. It was observed that most extensive cloud patches (which typically provide one
or more trackable features) contained regions of high emissivity. In some instances these
regions are no larger than 1% of the total cloud area. Estimates of the (lI e ffective Jl bulk)
emissivity of these dense regions, calculated from their actual and apparent temperatures,
ranged upward from about 0.7. For those particular dense clouds the differences between
apparent and actual cloud temperatures are minimized and useful corrections can be estimated.
Upper cloud temperatures are currently obtained operationally in NESS by use
of the Man-Machine Interactive Processing System (MMIPS). MMIPS is a computer-controlled
device which, on command, displays the array of infrared temperatures of the cloud being
tracked as well as temperatures of the surrounding areas. These temperatures, together
with an estimated emissivity (in the range of 0.7 to 1.0), are combined to calculate the
cloud temperature with equation (2.2) discussed below. The accuracy achieved with ~his
method is described in section 2.4.3. No such calculations are attempted for clouds with
low emissivities because the uncertainties of the calculations are as large as the corrections themselves.
To illustrate this point, one can consider that the infrared radiance observed
by the satellite ST from a cirrus cloud is approximately given by

(2.1)
where
E

(1- E)

emissivity which is estimated on the basis of empirical rules,
high cloud" transmittance,
Planck radiance from high cloud,
radiance of underlying surface, observed by satellite in neighborhood
of the high cloud, and
radiance from the cloud (which yields its apparent temperature)
observed by satellite.
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Equation (2.1) solved for Sh gives:
(2.2)

The surface radiance Sb may be inferred from the ,clear-air pixels in the
neighborhood of the high cloud. Equation (2.2) yields Sh once ST is estimated from the
observed infrared array and a value of £ is chosen subjectively according to the general
appearance of the cloud.
The effect of errors in the assignment of £ is shown in Figure 2.5. The
figure has been constructed by assuming a cirrus cloud at 220 K in a tropical atmosphere
with an apparent surface brightness temperature of 290 K. The curves show the error in
cloud temperature that would be made, as a function of cloud emissivity, if the estimate of
emissivity used in (2.2) were in error by 0.05. For example, for an actual cloud emissivity
of 0.75, use of E = 0.70 or E = 0.80 would produce errors of - 50 mb or + 40 mb, respectively.
If the emissivity were only 0.25, however, an error in emissivity of 0.05 would produce
excessive height errors. Thus, (2.2) cannot be used to derive the temperature of clouds of
very low emissivity.

TEMPERATURE ERROR OF CIRRUS CLOUDS AT 200 MB
PRODUCED BY EMISSIVITY ERROR OF ± .05 COM~UTED FROM:

30

~

f.>:

fiJ

f3 f3
f3 _ --!L......!
b

E

Error produced by over-estimating
emissivity by 0.05

20 I--~--""",,"

N
N

E

.gf 10 ~-----1:'---=""'-----_:
t":
D
~
J!.

~P:±50MB

01--.-----;------------

o'"
::2

w
~ -101----l------!---------:::;_-~

Figupe 2. 5- EPrors in cloud
temperatures which would result
from using emissivity (f) which
is in error by ± 0.05 J in the
figure's equation as a function
of cloud emissivity. Cloud is
assumed to be cirrus at 220 K
in a tropical atmosphere. See
text for definition of terms in
the equation

~...

AP::+l00MB

W

::ew -20
....

II

,,
I

J

-30

Error produced by under-estimating
emissivity by 0.05

I

,
o

.1

.2

.3

.4

.5

.6

.7

EMISSIVITY OF CIRRUS

48

QUANTITATIVE METEOROLOGICAL DATA FROM SATELLITES
To avoid this difficult problem for some high clouds, the following procedure

is used.

Upper cloud patches frequently provide a number of individual targets.

Often a

featureless central area is surrounded by thinner patches with trackable features. Careful
inspection of the animation shows which of these are moving with a common velocity, hence
are estimated to lie at a common level. Once the analyst has tracked several targets in the
same layer, cloud temperatures can be calculated (as described above) even in dense clouds
where emissivities are relatively high., and that temperature is assigned to the entire group
of vectors. The analyst must, of course, avoid assigning this single temperature too far
afield. Invoking one's knowledge of the characteristics of clouds and upper level flow
patterns, this temperature assignment may be extended perhaps as much as 500 km along the
streamlines while restricting it to ± 100 km transverse to the streamline. This is another
instance that demonstrates the need for a skilled meteorologist in the analyst's role.
Occasionally thin cirrus targets are distant from dense neighbors so the above
method cannot be used. In those cases pressures are assigned directly, on a statistical
basis. Comparisons of cirrus vectors with rawins showed that the motion of cirrus at subtropical and middle latitudes corresponded best, on the average, to the wind at 300 rnb while
in the tropics, cirrus motions corresponded best, on the average, to winds at 200 mb. Whenever the analyst judges the temperature· determination to be unreliable (for any reason)
individual vectors are assigned to pressure heights of 200 mb, 250 mb or 300 mb, depending
on location, season, and synoptic situation. The height error resulting from this procedure
is smaller, in general, than the error that would be made by calculating the height (temperature) on the basis of a low emissivity.
An automated method of estimating emissivity and thence, cloud top temperature,
has been developed by Mosher (Suomi, 1975), using co-located visible reflectance and infrared
brightness temperature data. This has been implemented on McIDAS. After normalizing cloud
reflectivity for solar elevation and viewing angle, it is related to optical cloud thickness
via scattering theory and certain model assumptions. Optical thickness is then related to
emissivity in the infrared window and finally, the cloud top temperature is calculated on
the basis of that emissivity and the infrared brightness temperature of the cloud.
This method's chief advantage over the operational method used by NESS is that
it is objective, automatic, and fast. Its principal disadvantage as an operational technique
is that visible data are unavailable at night. To date little verification of this method
has been reported. It appears, however, that it may be a quite satisfactory technique when
applied to-highly emissive clouds, but subject to serious error when applied to clouds with
low emissivity. Moreover, it fails with cloud fields that differ from those assumed to exist
in the model, i.e., uniform, horizontally homogeneous layers of cloud. For example, consider
the case of a broken field of sub-resolution cumuli. Its overall reflectivity might be the
same as an overcast field of thin cirrus. Clopd top temperature estimates based on misinterpreting this reflectance as being that of an overcast of thin cirrus would, of course, have
no relation to the actual temperature of the cumuli. Obviously, application of this technique requires careful attention of a skilled operator.
At Japan's Meteorological Satellite Center the method of estimating cloud
height closely follows the NESS operational method just described. The infrared brightness
temperatures of high clouds are taken from a pre-selected interval of a histogram compiled
from the apparent cloud temperatures and the surface infrared radiance is calculated from
an operational sea surface temperature analysis. These are, respectively, ST and Sb of (2.2).
For clouds over-land, surface radiance is computed from the 1000 rob temperatu!e and vertical
temperature profile available from climatology. Equation (2.2) is then solved after inserting
a value for E which has been chosen on the basis of earlier statistical studies.
ESA estimates temperatures of clouds in the upper troposphere with an automated
procedure that uses radiances measured simultaneously in both the window and water vapor
channels (European Space Agency, 1978). Four measured radiance values are needed. Each
channel provides a radiance value over the cloud and in a nearby clear area. The relationship
between measured radiance and the Planck radiance, expressed in (2.2) can be written separately for each of these four measured quantities. These fouT equations are then combined
and the cloud emissivity (E) is eliminated by introduction of assumptions concerning the
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functional relation between emissivities in these two channels. (See Chapter 10 of European
Space Agency, 1978). The resulting equation contains terms involVing the four measured
radiances and the radiances from the cloud in the window and in the water vapor band. The
latter two depend, among other things, upon the atmospheric temperature profile and cloud
temperature. Since the ultimate result is not critically dependent upon details of the
atmospheric profile, these parameters can be computed from an average sounding. Tables of
the required radiances are therefore calculated from an average sounding, for clouds at a
series of different heights (temperatures). Each different cloud temperature yields a pair
of radiance values, one for the window, the other for the water vapor band. In order to
derive an estimate of cloud temperature, pairs of these tabular values are tried in the
equation with the four measured radiances to find the combination which most nearly
satisfies that equation. Once such a match is found, the Planck radiance of the cloud in
the window channel is converted to temperature and thence to pressure-height.

2.3.4

Editing Wind Vectors

The last step in wind extraction from geostationary satellite images is quality
control or editing. Generally both objective and SUbjective editing methods are used.
Objective methods can be based on tests made in the process of vector determination (internal
tests) or on comparisons made with the set of derived wind vectors (external tests). For
automatic methods of wind determination the particular internal tests applied depend on the
type of correlation altorithm used. Typical examples of features used for internal tests
are:
(a)

Pattern of Fourier-tral~sform: Excessive low-frequency content implies
avery large cloud system and the possibility that it is an unsuitable
target (~.g. frontal bands). A peak in the frequency pattern indicates
repetitive features and might suggest unsuitable targets such as lee
waves.

(b)

Pattern in the matrix of correlation coefficients: A number of peaks
(vector ambiguity); value of the peak coefficient (low value indicates
non-persistent cloud pattern); a lack of sharpness of the peak.

(c)

Where two time intervals are used (ESA and Japan), large difference of
the vectors for the same cloud pattern imply acceleration and may be
due to unsuitable targets.

(d)

Cloud height changes: Large changes in cloud height imply unacceptable
convective development or spurious matching of clouds at different
levels.

(e)

Comparison of displacement vectors with others derived in the same
general area. An upper limit of difference can be specified on the
basis of typical wind patterns.

External tests generally involve comparison of the derived winds with ~ priori
wind fields (e.g. from the most rec~nt analyses of the appropriate standard levels or with
satellite winds derived in the previous analysis cycle).
Some of the automated checks can abort the entire operation so that no vectors
are calculated for that sequence of satellite pictures. Typical of these conditions are
-missing scan lines that affect a large part of the image and failure to achieve accurate
registration. Once the sequence survives such checks~ automated tests are applied to the
derived vectors. Some conditions lead to the deletion of a vector from further consideration,
e.g., excessive deviation from the ~ priori wind field; or extreme conditions in the pattern
of Fourier-transform or cross-correlation matrices. In other cases, however, the doubtful
vector is not deleted, but rather it is "flagged tr to warn the manual editor of possible
errors. Also a doubtful vector may be referred back fo~ extraction by the manual procedure.
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With or without automatic tests,' all wind determinations from both automatic
and manual tracking have to be inspected by an editor. This person generally will have
available a number of facilities to survey the overall features of the derived data set.
Graphic displays. will allow the editor to superimpose the extracted vectors corresponding
to certain atmospheric layers over conventional analysis (e.g., 850 rob, 500 rob and 200 rob)
which will indicate locations of wave patterns- and frontal zones.

The analyst has little

trouble in identifying vectors which are inconsistent with the general field of motion and
such unreasonable vectors can be removed. On the other hand, deviant winds can be retained
if the analysis and/or the cloud pattern suggest the likely existence of some new or rapidly
changing circulation system.
The amount of data that need be removed during the manual editing depends to
a great extent upon the strictness applied to the target selection. Severe selection
criteria tend to retain vectors in undisturbed regions and delete those near disturbances
where the cloud patterns are more complex and subject to change. Weak selection criteria,
on the other hand, permit a great many vectors to survive. Many of them are valid, but in
complex cloud conditions many are likely to be invalid. Weak criteria therefore make greater
demands on the skill and time of the manual editor. The task is particularly difficult when
a densely covered field of vectors is displayed for editing, it is easy to overlook some bad
data.

An important fact is frequently overlooked at this point. Severe selection
criteria can indeed eliminate most invalid vectors, but in doing so they also eliminate
valid vectors near disturbances--the very region of greatest importance to analysis and
forecasting! Thus, a judicious balance must be struck between selection criteria and
editing. Each new satellite wind derivation system, as it comes into operational use, must
be carefUlly scrutinized to develop that balance.

2.4

Coverage and Accuracy

This section is based entirely on NESS' experience with the two geostationary
satellites located at 75°W and l35°W. Included are discussions of the areal coverage and
the agreement with rawinsonde measurements of wind.

2.4.1

Areal coverage

Fast-moving clouds can be tracked in regions as much as 60 degrees of
geocentric angle around the satellite subpo-int. Smaller displacements usually can be
measured at least 40° to 45° from the subpoint.
Typical coverage is illustrated by Figures 2.6 and 2.7 which display all wind
data derived during a 24 h period from two satellites. These maps illustrate an important
characteristic of satellite wind data: high level and low level observations tend to cover
different areas at anyone observation time. Comparison of the maps shows that perhaps 10%
of the total area is covered by data at both levels. In general, if too many upper clouds
exist, they obscure the low level targets. This suggests that particular efforts should-be
made to track low cloud dimly visible beneath upper clouds--a task for manual rather than
computer techniques.
Figures 2.8, 2.9, and 2.10 show summaries of coverage for a typical month,
January 1976. Low clouds (Figure 2.8) are abundant and coverage is good. High clouds
(Figure 2.10) are significantly fewer than low clouds and Figure 2.9 shows that middle cloud
vectors are even fewer. Only a small portion of middle clouds are suitable targets. Particularly in the tropics many middle clouds have a marked diurnal cycle and their apparent
motion is the result of development rather than advection.

2.4.2

Comparisons of CZoud Vectors with Rawins

Except for measurements from field projects such as those reported by Hasler
et al. (1976, 1977) there is little satisfactory lIground truthll for evaluating the accuracy
of satellite wind observations. Most accuracy statistics represent deviations between cloud
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Figure 2.8- Frequency of

SMS/GOES low level wind
data for January 1976

.::;100'"
JAN. 1976 WINDS BELOW 850 MR.
PERCENT OF DAYS WHEN EACH 5 - DEG SQUARE CONTAINED AT LEAST ONE VECTOR

Figure 2.9- Frequency of
SMS/GOES middle level wind
data for January 1976
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Figure 2. 10- Frequency of
SUS/GOES high level wind
data for January 1976
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vectors and balloon winds. Both data sources introduce their share of error, therefore,
differences cannot be attributed to error of solely one or the other.

Figure 2.11 shows three cumulative frequency curves summarizing deviations
of about 100 upper level cloud vectors from nearby rawins at the pressure levels assigned to
the cloud vectors. The difference between speed and vector magnitude deviations are due to
directional deviation which averaged about lO~. The third curve represents deviations at the
1T1evel of best fit" (LBF). This is the deviation at the level (anywhere in the vertical
profile of the rawin) where there exists the minimum·vector deviation. Sometimes this is
unrealistic and only an accidental fit, out statistically it is useful. Similar deviation
curves for low level vectors are shown in Figure 2.12. (The inset, showing the distribution
of the levels of best fit, will be discussed in the next section concerning height accuracy.)

JAN. 1976 _ DEVIATIONS BETWEEN UPPER CLOUD VECTORS AND RAWINS
AT ASSIGNED AND 'BEST FIT' LEVELS

Figure 2.11- Cumulative
frequencies of deviations
for January 1976 between
upper level cloud vectors
at assigned cloud heights
and nearby rawins at the
same level (heavy solid
curve). The dashed curve
summarizes speed rather
than vector deviations
between vectors and raw ins
at those levels. ftBest
Fit" (light solid) curve
summarizes vector deviations between cloud vectors
and rawins at the level of
best correspondence between
vectors and rawins
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Vector deviatipns between cloud vectors and rawins appear to -be related to
variables such as latitude and season, hence deviation statistics vary from study to study.
These January statistics are typical of results fram many other periods studied and they
illustrate two important characteristics arising from meteorological influences.
First, it appears that some 70-80% of the cloud vectors represent the synoptic

scale field of motion with about the same accuracy as rawins. This suggests that satellite
and balloon observations should be combined in synoptic scale analyses to take advantage of
the spatial coverage and density afforded by satellite observations. Smoothing inherent in
the analysis procedure will minimize the effect of the scattered poorer data.
Second, charactersitics which are common to every set of such statistics are:
(a)

Some 10% of the cloud vectors deviate so markedly from rawins that it
is likely that these largest deviations are due overwhelmingly to
errors in the satellite winds.

(b)

A substantial number_of these larger deviations are due to influences
other than erroneous height assignment as indicated by the fact that
deviations are also large at the IIlevel of best fit".

It must be recognized that sets of operational wind vectors will inevitably
include some data that do not represent winds at any level. They are not the result of
measurement error. Rather, they are the consequence of tracking clouds which are not
displaced by the wind, but rather are related to wave-like propagation and/or cloud growth
and decay.
A corollary is that the number of non-representative vectors depends upon how
selective is the process of choosing targets for tracking. It was pointed out in section
2.3.4 that an inverse relationship exists between the severity of the selection process and
the proportion of invalid vectors, as well as an inverse relation between severity of the
selection process and the meteorological information. Hence, a system that attempts to
maximize information pertaining to disturbed regions of the atmosphere must pay the price of
passing some invalid data. Guidance for arriving at an optimal balance will probably be
based on studies of the impact of satellite wind observations on analysis and forecasting.
Such experimentation has yet to be carried out.

2.4.3

Accuracy of Height Assignments

Middle and upper tropospheric cloud vectors are assigned to a height (pressure
level) by methods described in section 2.3.3. Low cloud vectors derived by NESS are assigned
to the 900 mb pressure level.
Where these data are near rawinsonde stations, a "level of best fit" (LBF) can
be calculated, after the fact, as an estimate of the I1correctll height. While the height
(pressure) of each LBF depends on several unmeasurable variables, it provides an estimate
of the magnitude of our height errors in a statistical sense. Therefore we might interpret
the difference between the assigned pressure and the pressure of the LBF as the error produced
by our method of determining cloud temperature. These errors, displayed as histograms in
Figure 2.13 provide a means for examining height assignment for bias and magnitude of error.
The histogram shows that the errors are well distributed about zero. Only a small amount of
bias is suggested for the data equatorward of 20 oN. The rms error at all latitudes is
approximately 50 mb.
In the case of convective clouds we might expect the LBF to correspond to a
height near the cloud base. The inset of Figure 2.12 shows the distribution of LBF's for
low level clouds. About 65% of the vectors fall in the LBF interval from 1000 rob to 790 mb
that is, about ± 100 mb from the assigned 900 rob level. In terms of geometric distance, this
is about the same as the error for upper cloud heights.
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2.5

Outlook for Improvement

As mentioned in the preceding discussions, the main problems in deriving winds
by measuring cloud trajectories are:
(a)

the selection of suitable (advected) cloud tracers, and

(b)

the determination of heights to which cloud vectors should be assigned.

Experience has shown that the subjective skill of a meteorologically-trained
operator is necessary to select suitable targets in complex situations and to edit the
derived vectors. This suggests that efforts to improve target selection might be directed
primarily toward providing the operator with better meteorological information in a manner
that is tailored to his particular needs. Analyzed wind fields are most useful when superimposed on animated sequences. In addition, derived wind quantities would be useful. For
example, vorticity or vorticity advection might highlight areas where change from the previous
flow might be expected. Fields of vertical shear would indicate regions where cloud motion
and vector height require special attention. Research is needed to identify further the
meteorological information most useful for this purpose. Development is needed to devise
means to present the information to the operator so that it can be used in a most efficient
manner.
Target selection might be improved by using additional infrared sensors. While
clouds are formed and dissipated by vertical motion and radiation effects, water vapor tends
to be conserved. Target selection based on a combination of data from the "window!! (10 to
12 ~m) and a wate~ vapor absorption band (6.7 or 23 pm) might enable the analyst to segregate
cloud motions due to non-advective effects. A test of these concepts is possible with data
from METEOSAT which carries a 6 - 7 lJID channel. Another goal in improving target selection is
to translate subjective manual methods into automatic procedures. The ESA approach to this
multichannel pre-processing of the reference window to be tracked (as discussed earlier in
section 2.3.1) will provide an interesting test of the feasibility of fully automated target
selection.
Errors due to height assignment can be decreased, but not eliminated, by a more
accurate determination of cloud top temperature. Placing the cloud vector at a level near
the top of layer clouds is usually quite satisfactory. For this type of cloud target,
improved methods of finding the cloud emissivity and thereby more accurate cloud top temperature will lead to very good height assignment. More than a single channel of infrared data
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may generally be required for this task. The optimum selection of infrared channels and an
efficient way of using their measurements must be found. It appears thGt the 6-7 ~m channel
on METEOSAT is aiding in deriving improved cirrus temperatures. Good spatial resolution is
needed in the infrared channels because tbe temperatures of relatively small areas are
required to define cloud height, rather than the average temperature of extensive areas.
Contrasted with. layer clouds, the temperatures of convective cloud tops are no
guide to the height at which the wind vector must be placed. As discussed earlier, present
experience suggests that such vectors represent wind near the cloud base. This may not be
true for all convective clouds. More studies must be made to understand better the factors
which influence the relationship between convective cloud motion and its ambient wind.
Vertical shear and stability, for example, might be important (Hubert, 1976). If so, the
assignment of vector heights might depend on the synoptic situation or the regional climatology.
Because convective and layer clouds respond differently to their environmental
winds, the height problem would be ameliorated by distinguishing between those cloud types.
Comparison of the four cases illustrated in Figure 2.14 shows this to be a difficult task
where only one infrared channel is available, because two common cloud types, cumulus and
altostratus (or perhaps thin altocumulus) display temperatures in the same range.
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Cross-correlation vectors were derived from infrared arrays of data centered
at the locations listed in Figure 2.14. These array locations were near the indicated
stations. Histograms display the frequency distributions of the infrared temperatures of
each 64 x 64 array. The nearby rawinsonde data were used to find the "levels of best fit"
which are shown on the appropriate histogram bar. Cases a, b, and c all include temperatures
near and/or colder than the 700 mb temperature, and a and c both show relative maxima of
those lower temperatures. But apparently case a represents cumuli moving with their base
wind (LBF at 980 rob), while case c represents middle clouds moving with about the 700 mb wind.
Case b, with only a few low temperatures also appears- to be comprised of middle clouds-probably a thin layer of altostratus just below 700 mb. Case d, included to show yet a
different type of temperature distribution, seems to be another case of cumuli extending to
about 800 mb but moving with the 900 rob wind. Notice that a few cloud tops of case d were
as cold as 274 K, aoout 650 mh.
These cases illustrate one of the most troublesome problems that demand
attention. The approach in NESS, described earlier, tries to confine the cross-correlation
to the lowest level clouds by rejecting all data, fram the selected arrays, that are colder
than the 700 rob temperature. The cases discussed in connection with Figure 2.14 suggest
that something more will be required. A sophisticated analysis of the frequency distribution
of temperatures, such as the histogram analysis used by ESA, may help discriminate layer from
convective clouds.
Additional infrared channels (such as the 6 - 7 11m channel of METEOSAT) might
also help to distinguish layer from convective clouds--or at least clouds confined to a thin
layer from those that extend through a deep layer.
In conclusion, the outstanding problems discussed here are currently being
studied. Preliminary results are encouraging, but it appears that progress may be limited
by the availability of only a single infrared channel on most of the geostationary satellites.
New sensors are being planned. Investigations with the current data indicate that the
ultimate solution to some of the outstanding problems will depend on multichannel techniques.

QUANTITATIVE METEOROLOGICAL DATA FROM SATELLITES

58

REFERENCES
Billingsley, J., 1976: Interactive image processing for meteorological applications at
NASA/Goddard Space Flight Center. Proceedings of the Seventh Conference on Aerospace
and Aeronautical Meteorology and Symposium of Remote Sensing from Satellites~ Melbourne,
Florida, November 16-19, 1976, 268-275.
Bizzarri, E., 1975:

The scientific aspects of METEOSAT.

Bizzarri, B. and Tomassini, C., 1976:

ESA Bulletin No.

3~

52-59.

Retrieval of information from high-resolution images.

Proceedings of the Symposiwn on Meteorological Observations from Space: Their Contributions to the FGGE~ COSPAR XIX, Philadelphia, Pennsylvania, June 8-10, 1976, 140-144.
Bristor·, C. L. (Editor), 1975: Central processing and analysis of geostationary satellite
data. NOAA Technical Memorandwn~ NESS 64~ Washingto-n, D. C., 155 pp.
Y. M., Tecson, J. J. and FUjita, T. T., 1973: METRACOM system of cloud~velocity
determination from geostationary satellite pictures. Satellite & Mesometeorology
Research Project Paper No. 110, Department of Geophysical Sciences, University of
Chicago, 29 pp.

Chang~

European Space Agency, 1978: METEOSAT~ meteorological users' handbook. Compiled by the
Meteorological Information Extraction Centre of the METEOSAT Data Management Department,
13 Chapters.
Fujita, T., Bradbury, D. L., Merrino, C. and Hull, L., 1968: A study of mesoscale cloud
motions computed from ATS-l and terrestrial photographs. Satellite & Mesometeorology
Project Research Paper No. 71, Department of Geophysical Sciences, University of Chicago,
25 pp.
Hamada, T. and Watanabe, K., 1978: Determination of winds from geostationary satellite
data--present techniques (lecture 8A). Paper for MMO/VN Regional Training Seminar on
Interpretation~ Analysis and Use of Meteorological Satellite Data~ Tokyo, Japan,
October 23 - November 2, 1978, 20 pp.
Hasler, A. F., Shenk, W. and Skillman, W., 1976: Wind estimates from cloud motions: Phase 1
of an in situ verification experiment. Journal of Applied Meteorology~ 15, 10-15.
Hasler, A. F., Shenk, W. and Skillman, W., 1977: Wind estimates from cloud motions: Results
from phases I, II.and III of an in situ aircraft verification experiment. Journal of
Applied Meteorology, 16, 812-815-.----Hubert, L. F., 1966: Mesoscale cellular convection.
Report J7~ Washington, D. C., 68 pp.
Hubert, L. F., 1976:

Meteorological Satellite Laboratory

The relation between cloud pattern motion and wind shear.

Monthly

Weather Review, 104, 1167-1171.
Hubert, L. F., 1977: Comparison of simultaneous vectors from GOES-l and SMS-2. NESS
internal memorandum report dated June 13, 1977, Washington, D. C., 15 pp. (Unpublished)
Hubert, L. F. and Timchalk, A., 1972: Convective clouds as tracers of air motion.
Technical Memorandwn~ NESS 40~ Washington, D. C., 12 pp.

NOAA

Hubert, L. F. and Whitney, Jr., L. F., 1971: Wind estimations from geostationary satellite
pictures. Monthly Weather Review~ 99, 665-672.

59

CHAPTER 2

Hubert, L. F. and Whitney, Jr., L. F" 1974: Compatibility of low cloud vectors and rawins
for synoptic scale analyses. NOAA Technical Memorandum~ NESS ?O~ Washington, D. C.,
26 pp.

Leese, J. A., Novak, C. S. and Clark, B. B., 1971: An automatic technique for obtaining
cloud motion from geostationary satellite data using cross-correlation. Journal of
Applied Meteorology, 10, 118-132.

Determination des champs de vents a partir de photographies de
satellites geostationnaire. Laboratoire de Meteorologie Dynamique, University of Paris,

Sirhan, P., (Editor), 1972:
France, 57 pp.

Suchman, D. and Martin, D. W., 1976: Wind sets from SMS images:
for GATE. Journal of Applied Meteorology, 15, 1265-1278.

An assessment of quality

Suomi, V. E. (Principal Investigator). 1975: Man-computer Interactive Data Access System
(McIDAS). Final Report: NASA Contract No. NAS 5-23296, Space Science Engineering Center,
University of Wisconsin, 255 pp.
Tecson, J. J. and Fujita, T., 1976: Cloud-motion vectors over the GATE area computed by
McIDAS and METRACOM methods. Proceedings of the Symposium on MeteoroZogicaZ Observations
from Space: Their Contribution to the FGGE~ caSPAR XIX, Philadelphia, Pennsylvania,
June 8-10, 1976, 245-247.
World Meteorological Organization, 1975: ~~ global observing system satellite sub-system information on meteorological satellite programmes operated by members and organizations.
MMO No. 411~ Geneva, Switzerland, 73 pp., (extensible with up-datings).

CHAPTER 3

SATELLITE DERIVED EARTH ·SURFACE TEMPERATURES

by

E. Paul McClain, National Environmental Satellite Service
NOAA, Washington, D. C., U.S.A.

3.1

Introduction

The importance of the global temperature distribution at the Earth's surface
has long been recognized. Earth surface temperature distributions, and their temporal
variations, on a local, regional, hemispheric, or global scale are of interest to -scientists

for the study of a variety of processes on land, in the sea, and in the atmosphere. These
range from local air-sea, air-lake, or air-land/ice interactions, and their relations to
local weather, to those influencing large-scale numerical weather prediction through changing
boundary conditions. Processes in the ocean also often have thermal expressions at the sea
surface, e.g., western boundary currents, mesoscale eddies, and upwelling. Earth surface
temperature is also an important parameter for monitoring climate and climatic change (WMOICSU Joint Organizing Committee, 1975).
After a brief historical review, this chapter treats the theoretical and
technical basis for measuring Earth's surface temperature from space, and the advantages
and limitations of making such measurements from satellites. A description of surface
temperature products derived from satellite infrared data follows, and the chapter concludes
with some remarks on recent developments in this area.
Although there were some early demonstrations of satellite-derived surface
temperatures using TIROS II infrared measurements (e.g., Fritz and Winston, 1962), the first
good opportunity for exploring this capability of deriving sea-surface temperatures from
space was provided by some of the early Nimbus and METEOR meteorological satellites after
about 1966 (Boldyrev, 1965; 1966). The Nimbus series was the first to carry high-resolution
(8 kIn), scanning infrared radiometers. Although these data were extremely " no i sy", it was
possible to detect in a crude way the main features of strong thermal fronts, such as those
associated with the Gulf Stream (Curtis and Rao, 1969). These data also served as a basis
for the first attempts to develop statistical methods of spatial and temporal compositing of
infrared (IR) measurements for the purpose of cloud-filtering and global temperature mapping
(Smith et a1., 1970).
Later, after better quality high resolution IR data became routinely available
from the NOAA operational environmental satellites in 1970, the feasibility of global mapping
of sea surface temperature on an approximately 300 kIn grid by the histogram method was fully
established (Rao et al., 1972). In 1973 experimental operational production of global sea
surface temperature charts (100 kIn grid), based on a modified histogram method, commenced on
a daily basis (Brower et al., 1976).
The only nations presently having operational meteorological or environmental
satellite systems from which some type of Earth surface temperature information can be
obtained are the Member States of the European Space Agency (viz. Belgium, Denmark, Federal
Republic of Germany, France, Italy, Sweden, Switzerland, and the-United Kingdom), Japan,
Union of Soviet Socialist Republics, and the United States of America. Their systems are
described in some detail by World Meteorological Organization (1975).
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CHAPTER 3
3.2

Methods of.Deriving Surface Temperature

3.2.1

Theoreticat Considerations

Th~ physical basis of remote sensing of the Earth's surface temperature is, in
the simplest terms, the emission of radiation in the thermal portion of the electromagnetic
spectrum. The detection and measurement of this thermal emission is accomplished by a
radiometer carried onboard either a ship, aircraft, or spacecraft.

The basic definitions and laws governing thermal emission are given by, among
others, Reeves (1975). A substance that is a perfect thermal emitter (absorber) is called
a blackbody, and the time rate of flow of energy (radiant flux in erg s-l) from a blackbody
depends on its temperature (Planck's Law). Planck's formula for blackbody spectral radiant
emittance, BA (radiant flux at a wavelength, A in cm, leaving a surface per unit area of
that surface in erg cm- Z s-l per cm of wavelength),is given as:
(3.1)

where

C
1

3.74 x 10-5 erg cm 2

C

1.44cmK,

T

z

8- 1

,

absolute temperature in K·

The total radiant emittance (integrated over all of A) of a blackbody is given by the StefanBoltzmann Law,

(3.2)

B

where

Actual substances are not true blackbodies, so it is customary to define a property called
spectral emissivity, £A' as follows
QA (real surface)
B;\ (blackbody)

(3.3)

The spectral emissivity of most common substances at the temperatures of a terrestrial or
marine environment is nearly independent of temperature. The. emissivity of water and snow
in the wavelength interval 8-12 ~m is near 1.0 (viz., 0.972-0.993); emissivities of soils
range from 0.90-0 ..97, and for most vegetation from 0.95-0.98 (Phinney and Arp, 1975).
The spectral radiance, lAce) in W m- 2 sr-1 , as seen by a satellite-borne
radiometer viewing an opaque surface throqgh an intervening cloudless atmosphere can be
written as
(3.4)

where

e

zenith angle of sensed location on Earth with respect to
satellite vertical,
emissivity of

Earth~s

Planck function,

surface,
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temperature at Earth's surface,
_ . spectral transmittance from pressure level Va through the
entire atmosphere in direction @,

atmospheric pressure at Earth's surface,
spectral radiant emittance- of the atmosphere at
temperature T,
T

atmospheric temperature,
spectral transmittance of the atmosphere from pressure
level p to the top of the atmosphere in direction 6.

The first term on the right of (3.4) is the surface contribution to the observed radiance,
the second term is the atmospheric contribution. The brightness temperature, T , corre~
b
sponding to an I is given by
A
(3.5)

In the two principal atmospheric "windowll regions of the spectrum (approximately 3.5-4.8 lJm
and 10-12 ~m) atmospheric absorption is relatively weak. but not insignificant. The observed
Tb is within a few degrees of the emitting surface temperature for cloudless atmospheres.

3.2.2

Calibration Technique

The radiant power collected by the radiometer (bolometer) depends on the total
radiant flux from the emitting surfaces of the scene viewed, the gases and aerosols of the
intervening portion of the atmosphere, and the spectral response of the radiometer (i.e.,
the radiometer filter response function, $A)' Thus, the energy received at the detector of
a radiometer having filter cutoffs at wavelengths AI' A2 would be
(3.6)

Most satellite radiometers are designed to have a linear relationship between
input radiant power and output voltage levels. Elect~ical calibration can then be provided
to establish the relation between the, analog voltage signal generated by the infrared
detector and count values in a digital data format. Thermal calibration is usually accomplished by having the radiometer frequently view both a known cold reference (viz., deep
space) and a known warm reference (viz., the housing of the radiometer, whose temperature
is monitored by means of thermistors). The relative response· function is known from pre~
flight laboratory measurements. The details of the calibration procedure applied to the IR
data from the NOAA satellites are given by Brower et al. (1976). A similar calibration
procedure is used for the IR measurements from the METEOR satellites (Kresilnikov, 1968).

3.2.3

Atmospheric Corrections

The effect of the intervening atmosphere on brightness temperatures sensed by
satellite radiometers in the 10.5-12.5 ,~m band make them lower than surface temperature by
a few tenths of a degree Kelvin in very cold and dry atmospheres to nearly 10 K in very warm
and moist atmospheres. Due to less absorpti~n by water vapor in the 3.7 ~m window the
corresponding corrections are about half as large as those in, the 10.5-12.5 ~m region. There
are several methods that have been employed to make a~mosphericcorrections. The simplest
is one in which an empirical correction is derived from a set of model atmospheres. This
correction takes the form of an additive 8T expressed asa f~nction of T and the departure
b
of the satellite viewing angle from nadir (Smith et al., ~970). Current operational procedures at NOAA/NESS make use of coefficients derived from coincident satellite temperature
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and water vapor soundings obtained from measurements by operational sounding instruments.
Another method requires knowledge of water vapor distribution in the vertical and horizontal
inferred from conventional radiosonde measurements (Cogan and Willand, 1976). If two or
more IR detectors, each sensitive in a diff~rent and unequally transparent part of the water
vapor window(s), view the same scan spot on Earth's surface simultaneously (i.e., through
the same atmospheric column), then the differences in their measured radiances provides an
atmospheric correction to either of the satellite brightness temperatures (Prabhakara et a1.,

1974).
3.3

Advantages and Limitations of Earth Surface Temperatures from Satellites

3.3.1

Water Surface Temperature

It is evident that only polar-orbiting or geosynchronous satellites can obtain
a measure of Earth surface temperatures over large areas on a repetitive and timely basis.
The only serious constraint to frequency of satellite coverage in any given area is cloud
cover. This limitation and some of the means for partially overcoming it are discussed
later.
Before the advent of satellites it was not feasible to obtain detailed largescale synoptic measurements of ocean surface thermal patterns. Ships, which were used to
make surface-based temperature measurements, were inherently unable to make the measurements
with the required spatial and temporal coverage. Climatological sea surface temperature
charts have been constructed by combining ship observations for periods of 25-50 years
(U.S. Naval Oceanographic Office, 1969). More recently, with the advent of modern global
communication networks and electronic computer analysis models, the U.S. Navy has generated
10-day composite sea-surface temperature charts for the North Atlantic and North Pacific
using surface measurements. These charts suffer from a lack of detail and inaccuracies
typical of data obtained from ships of opportunity (World Meteorological Organization, 1972).
Although useful for applications involving large-scale meteorological phenomena (i.e.,
boundary conditions for numerical weather prediction) they are still inadequate for many
oceanographic -purposes.
Even aircraft radiation-thermometer surveys (Saunders, 1967), such as those
being made by the U.S. Coast Guard for narrow Atlantic and Pacific coastal strips of the
U.S.A. are not adequate for many purposes. The cost of these flights has restricted their
frequency to one per month, and one aircraft cannot cover the area without flying for two
or three successive days. Also, coverage is obtained only for a narrow strip along the
flight track, so the contouring of the thermal field requires considerable interpolation
between track lines.
Satellite infrared radiometers have provlslon for in-flight calibration, but
occasional checking of this calibration against Earth targets of known temperature is
advisable. Studies have shown that relative temperature differences between ship and
satellite temperatures range from about 0.5-1.5 K root mean square (rms). Absolute temperature accuracy depends on an accurate atmospheric correction, which in turn depends chiefly
upon knowledge of the water vapor content of the atmosphere and whether the radiometer scanspot was free of clouds. Under the best of conditions the absolute temperature difference
between ships and satellites ranges from about 1-2 K (rms). However, verification of
satellite derived sea-surface temperatures is not an easy or straightforward task.
Shipboard sea-surface or lake-surface temperature measurements traditionally
have been made by either the bucket or the intake method (World Meteorological Organization,
1956; 1969). Both methods yield a bulk water temperature from a depth in the mixed layer
generally varying from 3-9 lli. Also~th methods measure the water temperature by direct
contact between the water and a thermometer element, i.e., what is measured is the thermal
eqUilibrium temperature.
Normally, only research vessels have employed other means of
surface temperature measurements such as thermistors (towed forward or off to one side of
the ship and generally within the first 10 cm or so of the water) or raaiation thermometers
(these are not in actual contact with the water and they measure the radiative temperature
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of the very uppermost fraction of a millimeter, or skin, of the water surface). As
mentioned above, virtually all ship-measured temperatures are thermal equilibrium temperatures rather than radiative, and are bulk rather than skin temperatures. Studies have shown,
however, that the differences between skin and bulk temperatures are generally much smaller
than the errors cited above (World Meteorological Organization, 1972).
Another verification difficulty stems from the differing spatial characteristics of the two types of observations: the- data from different ships are essentially
independent lTpoirrt" measurements, whereas satellite measurements are integrated averages
over areas 1-8 km (or larger) on a side. In areas of strong horizontal temperature gradients,
time differences between ship and satellite observations, or small location errors in either
data source, can contribute to apparent errors. These considerations, together with the
known uncertainties of intake temperatures from ships-of-opportunity (World Meteorological
Organization, 1972), make it unlikely that such comparisons will ever yield differences
much less than about 1 K in absolute value.
3.3.2

Land/Ice Surface Temperatures

Prior to the advent of satellite infrared observations, land/ice surface
temperatures were not mapped synoptically, except over rather small areas, for a number of
reasons. Surface-based observations simply cannot be taken with adequate spatial and
temporal coverage unless the area covered is very restricted. The variety of natural land
surfaces, ranging from bare soil or rock to heavy vegetative canopies, result in measurement
problems and often complex thermal patterns. Thermistor probes in good contact with the
soil surface are the most generally accepted means of measuring soil temperatures, although
infrared radiometry has also bEen used (Marlatt, 1967). Radiation thermometers and infrared
scanners aboard aircraft are being used increasingly to measure land/ice surface temperatures
(FUjita et al., 1968; Nixon and Hales, 1975), partly because of the ability of the aircraft
to cover larger areas than can be surveyed from the ground. Unlike water surfaces, other
surfaces such as soil, vegetation, or ice undergo large diurnal temperature variations and
the conversion from radiative (i.e., brightness) temperatures to physical temperatures is
greatly complicated by the variable and often poorly knoHn emissivity of these surfaces.
Land/ice-surface temperatures from aircraft or satellites are even more
difficult to verify than sea-surface temperatures. Satellite infrared imagery and data have
been used to map snow and ice boundaries and features (Barnes et al., 1972; 1974) and to
infer major sea ice types (LeSchack, 1975), but there is almost a total absence of surfacebased measurements of ice areas (Kuhn et al., 1975). Also, the scarcity of temperature
measurements over land areas has resulted in surface air temperatures, measured in standard
thermometer shelters being used in attempts to evaluate satellite-derived surface temperatures in such diverse activities as screw~worm eradication (Barnes and Forsberg, 1975),
forest-fire behavior studies (Waters, 1976), geothermal reconnaissance studies (Marsh et al.,
1975), fruit-frost forecasts (Bartholic and Sutherland, 1976), and delineation of urban heat
islands (Matson et al., 1978).

3.4

Surface Temperature Products from Satellites

3.4.1

Imagery Products

"Picture-type" products are popular because they can preserve the full spatial
resolution of the raw data and present them economically in a small piece of hard copy.
Furthermore, imagery lends itself readily to established photo-interpretive methods, geographic orientation, and comparison with other data displays. The typical Olltput format for
scanning infrared radiometers on board meteorological and environmental satellites is a
black-and-white (B&W) photographic image. The gray tones in these images vary proportionatel~ to the radiative temperatures of cloud tops and the Earth's surface.
The environmental temperature range is quite large (viz" over 100 K) in
comparison with the number of effectively usable (i.e., distinguishable) gray tones in a
B&W image. Although many modern image-display devices are capable of displaying as many as
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64 gray levels from black to white, the average human eye in practice can readily discriminate perhaps one-fourth this number. Consequently, distinguishable gray steps represent
sizable temperature increments (5-10 K) in typical meteorological IR images. It is
relatively easy, however, to display IR images using a truncated temperature range (e.g.,
20-30 K or less). In such so-called lI enhanced H infrared images each gray step can represent
a temperature increment of 1-2 K or less. Of course, all radiating surfaces in such images
having temperatures outside the specified range will'necessarily appear as saturated white
or black tone. It is possible, by rescanning the B&W image with a color television camera
and red is playing it in a device called a color density slicer, to increase the number of
distinguishable film density increments and thus create color-enhanced IR images (Reeves,
1975).

The chief use that can be made of B&W IR images that have been enhanced or
optimized for ocean or land surface scenes is the delineation of relative temperature
differences (i.e., thermal gradients or contrasts). Because the analog signal (voltages)
received from the radiometer can be calibrated in terms of the upwelling radiance received
at the satellite, and this radiance can be converted (under certain assumptions) into
brightness temperature, it is possible to derive quantitative data from infrared images.
The process involves comparing a standardized gray-step wedge appearing on each photographic
image to the voltage-temperature relationship obtained from the calibration data, and then
using a densitometer to measure film densities on the image.

3.4.2

Time-Lapse Presentations

A special image product is the film movie-loop showing a time-sequence of
successive infrared images obtained at relatively short time intervals from a geostationary
satellite (see Chapter 2). Individual B&W images enhanced for ocean scenes at half-hourly
up to two-hourly intervals over a period of several days to a week or more, are put together
in a continuous loop of movie film. Each image is repeated several successive times before
proceeding to the next. The loop is projected at 16 frames per second or slower to reveal
the relatively slowly changing thermal features of the ocean as a backdrop to the rapidly
changing cloud features (Legeckis, 1975). In principle this procedure can also be accomplished by video techniques, e.g., by use of the Electronic Animation System (Hubert and
Whitney, 1971). With such a system the individual B&W satellite images are first stored
sequentially on a video disk, then displayed in rapid succession on a television screen to
produce the time-lapse effect. On other types of equipment, such as the Man-Computer Interactive Data Access System (McIDAS), the entire process is accomplished electronically
(Suomi, 1975).

3.4.3

Digita~

Products

Digitization of the analog data stream and the production of digital outputs
provide information more compatible with quantitative presentation and manipulation. Also
some of the problems associated with variability in photographic processing can-be eliminated.

3.4.3.1

General Considerations

Once the analog IR data stream has been digitized, either image-type or
alphanumeric products can be generated. It is generally an easier and more flexible process
to produce the desired "enhancement" of the IR scene using digital data and a mini-computer
to drive the image-generation device than it is to do so with an analog signal. Digital
data also lend themselves to processing for removal of scene compression (foreshortening) at
the edges of the image resulting from curvature of the Earth (Legeckis and-Pritchard, 1976),
or for inclusion of gridding or rectification (i.e., mapping) of the data before display
(Conlan, 1973).

Alphanumeric products can take a number of forms, dependent partly on the data
base used. The simplest is a scan-line printout where each scan-spot value (as a digital
number or calibrated brightness temperature) is represented by a number, letter, or symbol,
printed out line-by-line. There is the option of averaging spots or lines, or both, to
suppress noise or reduce display area. The letters, numbers, and symbols can be chosen to
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produce rough contouring of temperature by adjusting the relative printing density to vary
monotonically with the temperature. Then the printout, when viewed at a distance, has a
crude gray-tone image appearance. The chief disadvantages of this type of product are: it
is inappropriate when high-resolution data are used or when any sizable geographic area is
covered; it is not readily contoured; and gridding is awkward and generally requires crossreferencing to the corresponding scanner image. If a rectified (i.e., mapped) data base
such as that constructed by computer for global cloud mapping purposes is available (Conlan,
1973), however, then computer-graphics methods can be used to generate values at grid points,
with or without isopleths.

The advent of interactive (i.e" man/machine) display devices coupled to mlnlcomputers now enables display, manipulation, and recording of digital data directly from
digital tapes (e.g., McIDAS). One product resulting from this type of capability is the
'lcolor-coded digital imager. as shown in Figure 3.1. This image combines the space-economy
and photo-interpretative advantages of an image with the quantitative character of a digital
printout (Warnecke et al., 1971; Strong, 1975). In an enhanced gray tone image, the oceantemperature patterns can be distinguished easily, but the temperature increment for successive gray shades is usually rather large (i.e., several degrees Kelvin). In the color-coded
image, on the other hand, the temperature pattern as well as the more precise temperature
values can be determined directly from visual inspection of the image. An obvious extrapolation of current experimentation is the use of color-coded digital images in either photographic or video graphic time-lapse presentations.
All of the image and digital products previously described are useful for
obtaining Earth surface temperature information only over areas of relatively limited extent
during times of little cloud cover. To map Earth surface temperatures repetitively over
regional, hemispheric, or global areas, it is necessary to composite spatially and/or
temporally those satellite IR measurements that are cloud-free within areas of several tens
to several hundreds of kilometers on a side and/or over periods of several days to a week or
so in length. For time scales of the order of a few days to about a week, most oceanic (but
not land) thermal patterns are conservative in comparison with cloud systems. This property
is made use of in a technique that is used in large-area mapping--it involves both spatial
and temporal compositing of the IR data. To reduce the effects of noise in the scan-spots
of raw IR data, all scan-spot data falling into small grid squares (e.g., 100 km on a side)
over a period of several days to a week or more are composited into frequency distributions
(i.e., histograms) of radiative temperature. By analyzing each histogram statistically to
determine the highest significant modal temperature, cloud-contaminated and noisy data are
effectively removed. Of course, the larger the grid used, the greater is the loss of
spatial resolution; also the longer the compositing period, the greater is the loss of
temporal information in the thermal patterns. The higher the resolution in the raw data
the higher are the probability of cloud-free scan-spots and the resolution in the final
product. High frequency of observation, as in the case of observations from geostationary
satellites, is also advantageous because statistically-adequate numbers of cloud-free scanspots can generally be accumulated over relatively small areas and relatively short compositing periods.

3.4.3.2

Operational Products

A variety of quantitative and semi-quantitative Earth surface temperature
products are derived operationally from satellite infrared measurements, and a number of
these are discussed below.
Global Operational Sea Surface Temperature Computation (GOSSTCOMP). In the
U.S.A. the National Environmental Satellite Service (NESS) of NOAA has developed a global sea
surface temperature observation system based on the Scanning Radiometer (SR) IR data from the
NOAA satellites. The technique used to obtain these temperatures, which is described in great
detail by Brower et al. (1976), is a fully automated computer procedure called GOSSTCOMP.
Surface temperature values are presently retrieved by statistical histogram-analysis applied
to the 1024 scan-spot infrared measurements in roughly a 100 km square area surrounding each
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Figure 3.1--NOAA 4 Very High Resolution Radiometer (VHRR) infrared color-coded, digital image
over the Gulf Stream and the Loop CUrrent on December 23) 1974. The color Bcale is related
to temperature (nearest degree Kelvin) as follows: very dark orangeJ ~ 25; dark orange
24-25; medium orange 23-24; light orange J 20-23; light blue) 17-20; medium blue) 14-17;
dark blue) 11-14; black 8-11; dark graYJ 6-8; light graYJ 3-6; white ~ 3.
J

J

J

J
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Figure 3.2-Histogram (left) is representativ? of a cloudfree area or a complete

overcast of low cloud with uniform cloud tops. Histogram (right) is typical of
a partly cloudy area with an adequate number of cloud free scan spots to obtain
a surface temperature retrieval. IR counts vary inversely with brightness
temperature (after Brower et al.~ 1976)
retrieval point (Figure 3.2). The detection of sufficiently cloud~free measurements to
enable a retrieval in each area, and a determination of the quality of the measurements,
are incorporated in a set of pre~retrieval and post~retrieval decision-making tests.
Accepted temperature retrievals are assigned geographical locations and corrected for
atmospheric attenuation by using time-coincident moisture measurements derived from the
Vertical Temperature Profile Radiometer (VTPR) on the same satellite.
The basic tool for quality control of GOSSTCOMP temperatures, and the procedure
for the production of temperature fields, is a specially developed Objective Analysis Tech~
nique (OAT). The previous day's temperature field produced with the OAT forms the main
comparison standard for the current day's retrievals, and prOVides the basis for two tests:
one for gross error evaluation (retrievals contaminated by cloud) and the other for high
moisture coefficients (retrievals having more uncertain atmospheric corrections). Furthermore, the OAT includes use of the following features: incorporation of climatology into the
field to allow for absence of fresh retrievals at those grid points where there are prolonged
periods of extensive cloudiness; the removal of anomalous retrievals before actual field
temperatures are computed; and partial preservation of horizontal temperature gradients
(the effect of a retrieval on surrounding field points is inversely proportional to the
temperature gradient). The effective resolution of the final analyzed field is difficult
to quantify as a single number because of the dependence of observational blending distance
upon temperature gradient and other factors, but probably averages closer to 400 km than
200 km. Some consequences of this degraded resolution are that ocean thermal fronts tend
to broaden and lose temperature contrast, and temperature patterns are often poorly depicted
near coastlines.
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Following lengthy testing in parallel with the operational GOSSTCOMP in early

1976, an extensively modified GOSSTCOMP technique was implemented in mid-1976.

The new

GOSSTCO}W multi-channel regression method, which has been described by Walton et al. (1976),
involves tests to place each VTPR measureme~t into one of three retrieval categories:
cloudfree, slightly contaminated by clouds, and heavily contaminated by clouds. The 12 ~m
brightness temperature from the VTPR is first compared with the Tb retrieval from the high
temperature side of the histogram of SR data. If the 50 km field-of-view of the VTPR is
essentially free of clouds, or is covered with a thermally uniform overcast, then there
should be little or no difference between the two brightness temperatures. Differentiation
between a uniform cloud cover and cloudfree conditions is more difficult, but is accomplished
by comparison of the 12 ~m and 13.38 ~m brightness temperatures from the VTPR. In a cloudfree scene the first term (surface contribution) in Equation (3.4) should dominate the second
term in the 12 ~m satellite-observed radiance, whereas at 13.38 ~m the second should dominate
the first. If a uniform overcast is present, the surface contribution term should dominate
the observed radiance in both spectral bands, and the corresponding brightness temperatures
will approach a common value.
After the categorization is completed, the cloudfree and slightly cloudcontaminated retrievals are then corrected for atmospheric attenuation by means of multipleregression algorithms using inputs of estimated sea-surface temperature (T ) and coincident
brightness temperatures (Tw) from VTPR water-vapor-channel measurements. 'he correlation
algorithm is of the form
(3.7)

where nT is the temperature correction for a single atmosphere; and aI' aZ' a 3 are regression
coefficients, derived by means of standard statistical techniques, using only the cloudfree
retrievals collected over the entire globe in the analysis. The moderately cloud-contaminated retrievals are corrected for atmospheric attenuation by means of a simple regression
equation that is a quadratic function of the sea-surface temperature estimate, Ts '
.Other changes made in the GOSSTCOMP operation in mid-1976 included: the
elimination of climatology from the OAT; an increase in the maximum change permitted in
the field temperature from one day to the next; and a reduction in the maximum search
distance for blending observations in the case of low-gradient areas. Evaluation of the
results of these changes indicates the follOWing: improved preservation of thermal fronts;
a generally smoother appearance to the field in low-gradient areas; approximately 50% more
retrievals; and better agreement with ship reports collected by the U. S. Navy (viz.,
global daily mean difference ranging from -0.7 to +0.6 K and rms deviation varying from 1.7
to 2.4 K).
The GOSSTCOMP runs daily on all data gathered in the previous 24 hours. Since
the NOAA satellites provide global coverage at least twice each day, there are two chances
to retrieve an SST value over any given cloud-free region. This corresponds to about 40,000
retrieval histograms before quality control. After all data rejection tests are completed,
6000-7000 remain on the average. Temperatures from the GOSSTCOMP are available to users in
two forms: (1) observations and (2) analyzed fields. These two product lines are available from NOAA's Environmental Data and Information Service (EDIS) on magnetic tape. In
addition, users with NOAA IBM 360/195 terminals can obtain data directly from disk storage.
GOSSTCOMP observation sets are presently available, each temperature observation being
documented with its position, date/time, satellite/sensor, as follows:
(1)

GOSSTCOMP Archive Tape - monthly sets of all GOSSTCOMP temperatures.

(2)

GOSSTCOMP Observation Transmission Tape - daily sets of all GOSSTCOMP
temperatures (this tape has similar content but a different format
than the Archive Tape).

(3)

GOSSTCOMP Observation Disk Data Set - This is the master file of observations from which the two itapes above are created. It can be accessed
by terminal users at any fime, but is updated once a day. A printout
based on this set is illu~trated in Figure 3.3.
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FigUI'e 5.5 - FieLd values of GOSSTCOMP sea-sUI'face temperature at half-degree
intervals of latitude and longitude in units of °C x 10 (e.g., 245 = 24.5° C)
for December 22, 1976. The one-digit number is the number of days since an
observation was made. If an observation was made on the current day~ the number
is replaced by a letter code indicating the number of observations used in
generating the temperatUI'e given (A = 1-4, B = 5-B, ... H = 29 or more)
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The various analyzed fields of GOSSTCOMP observations are generated after all
the daily values have been mapped onto a polar stereographic projection together with landsea identifiers, climatological temperatures, horizontal temperature gradients, observation
ages, and verification temperatures from sh~p reports. The most recent analyzed GOSSTCOMP
field is stored on disk daily and these analyzed fields are also written on tape, ten
successive days per tape, and are available from EDIS. A variety of methods for displaying
GOSSTCOMP observations and analyzed fields have been developed and used, but these displays
are not operational products and thus are not necessarily available for general distribution.
Many of these are described in detail and -illustrated by Brower et al. (1976). Figures 3.4
and 3.5 are examples of contoured displays of the analyzed GOSSTCOMP field (i.e., isotherms)
which have been generated by computer and displayed via microfilm. A variety of regional,
hemispheric or near-global presentations on several common map projections are available.
Average weekly or monthly temperature charts, as well as anomaly (departure from normal
or from any given base field) charts can also be pr~duced.
Broad-Scale and Fine-Mesh Sea Surface Temperature Derivations. The Japanese
Meteorological Agency (JMA) has developed a system for deriving sea surface temperatures
from the VISSR-IR data collected by their geostationary satellite, GMS. This system is
similar to the U.S.A. 's GOSSTCOMP, but it differs from it in several ways. Two types of
derivation are employed: (1) Broad-Scale Sea Surface Temperature (BSST); and (2) FineMesh Sea Surface Temperature (FSST). In the FSST the satellite-derived temperatures are
extracted over the area, 25°-45°N, 120o-160oE. Each temperature represents an average over
a grid area about 27.5 km on a side. This sea-surface temperature field will mainly be
used to monitor the variation of the Kuroshio Current.
Cloud filtering is accomplished in the BSST by preparing histograms of the
accumulated IR data in each grid area from eight observation times a day~ The highest
modal temperature from that sample is usually a good estimate of the space-mean brightness
temperature for the grid area.
The sample size is too small to use the histogram method for the smaller grid
areas of the FSST, so a different technique is employed. For nighttime conditions (IR data
only) a "differential histogram l l comprised of the brightness temperature differences between
adjacent scan spots is used. This allows for discrimination between two modes. One mode
is usually associated with the cloud-free portions of the target area, whereas the other
mode exhibits the much larger temperature differences associated with cloud edges. The mean
temperature for the grid area is computed from the brightness temperatures of those scan
spots comprising the minimum difference mode. For daytime conditions (IR and visible data)
the reflectivity of clouds and fog are higher than that of the sea surface in the visible
channel. Thus with the aid of an Image Processing Console (IPC), cloud data can be removed
by means of reflectance threshold values. The IPC consists of two Cathode Ray Tubes (CRT),
one in black and white with 64 gray shades, and the other in seven pseudo-colors with eight
gradations for each. The CRT's are connected with the main computer and operated in a manmachine interactive mode. Digitized image data received from the satellite are fed into the
computer, calibrated therein, and then transferred into the IPC by manual operation. By
applying a color conversion scale to the digLtized data, any range of radiances or brightness temperatures can be displayed on the CRT screen. Consequently, after obtaining the
cloud-free IR data by this method, every brightness temperature within the grid area at an
observation time is accumulated, and a daily mean T is subsequently determined.
b
With reference to section 3.2.1 the outgoing radiative energy emitted by the
sea surface that is detected by the VISSR on GMS is given by Equation (3.4), and the brightness temperature (T ) is defined by (3.5). Using Tb , the sea surface temperature, Ts ' is
b
expressed as

where ~T is the temperature correction due to water vapor attenuation in the atmosphere.
~T may be calculated (3.4) if the vertical distributions of water vapor and of temperature
in the atmosphere are known. However, because radiosonde measurements are not generally
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Figure :3.4 - Mercator-projection
microfiZm map section (Western
North Atlantic) of GOSSTCOMP
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August 17> 1976

24 AUGUST 1976
Figure 3.5-Polar stereographic projection microfilm map sections (N and S Poles)
of GOSSTCOMP sea-surface temperature (DC) for August 24> 1976
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available in ocean areas, an empirical formula must be used for correction of the observed
temperature. ~T is obtained empirically as a function of zenith angle of the satellite,
the observed Tb , and the precipitable water (Smith, et a1., 1970). Such a statistical
relationship was obtained using the statistical atmospheric data prepared for GMS (GMSSA).
The GMSSA data comprise a type of model atmosphere at each 5° longitude/latitude interval
over the area covered by GMS. It was found that the temperature correction varies with the
zenith angle of the satellite in the following manner:

~Te

=

A sec 2 e

+B

sec e

+ C,

(3.9)

where ~Te is the temperature correction; e is the satellite zenith angle, and A, B, and C
are constants at each grid point of the GMSSA for a given month or season. A relationship
between the precipitable water and the temperature correction can be represented as
(3.10)

Aw,

where ~Tw is the temperature correction associated with precipitable water, w;
Bw are
constants for a given month or season at each GMSSA grid point. It has been found that
(3.10) does not hold for precipitable water amounts less than 20 mm, however. Using (3.9)
and (3.10) and the air mass data fram the GMSSA, a relationship can be obtained between the
"observed" brightness temperature (T b ) and the temperature correction (nT) as shown in
Figure 3.6.
Not all of the brightness temperatures collected are from cloud-free regions,
as some are inadvertently derived from cloud-contaminated regions. Because of persistent
clouds, not all of the required sea surface temperatures are obtained from just one day's
observations. Therefore, the raw data should be subjected to quality control, so that data
from cloud-contaminated areas can be supplanted with data from the latest cloud free areas.
The method under development at the JMA is basically the same as the OAT used in the
GOSSTCQMP procedure described earlier in this section. However, five to ten day mean seasurface temperature will be used as the first guess field in the JMA method.
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Satellite-derived BSST
Feb.18--Feb.28, 1976

reb.18--Feb.28. 1976
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Figure 3.7-Simulated GMS time-composite BSST patterns (DC) off the east coast of the
United states for FebruaPy 18-28, 1976. The left side displays the analysis of
sate ZZi 1;e derived BSST obtained from GOES VISSR-IE data (temperai;ures are not corrected

for atmospheric attenuation effects). The right side displays the analysis of shipobserved sea surface temperatures. The grid point interval is about 110 km~ and the
temperature at each grid point is the mean temperature during the period

Since the characteristics of the radiometers on Japan's GMS and the U.S.A. ' 5
GOES are almost identical, VISSR data from the GOES were processed using the GMS system for
analysis of the Gulf Stream area to illustrate the method. An example of the BSST derivation
is sho\Yll in the form of a IO-day mean sea surface temperature analysis for February 18-28,
197n in Figure 3.7 (left side). For comparison an analyzed field of sea surface temperatures
based on ship data for the same time is also given (right side). The satellite derived
temperatures are consistently lower in value than theconvention~l ones because the former
are not corrected tor-atmospheric attenuation (the temperature corrections described previously were developed for the GMS area and could not be used in this example). The temperature
patterns, however, especially in the vicinity of the Gulf Stream, resemble each other.
Figure 3.8 (left side) shows an example of the FSST derivation in the form of a 5-day mean
sea- surface temperature chart for February 18-23, 1976. - An analysis of ship observed temperatures is also presented (right side). The patterns match each other fairly well, and some of
the· differences· between the two temperature patterns may be attributed to the irregular
distribution of the ship data.
The BSST will be disseminated through the Global Telecommunication System (GTS)
circuit every ten days. The FSST will be mapped and distributed to domestic users. Additionally, these -data will be stored on magnetic tapes and filed in the JMAf s archives.
METEOR Brightness Temperature Charts. The U.S.S.R. is making use of thermal
infrared measurements from their METEOR satellites to produce brightness temperature charts of
the Earth's surface and cloud tops (Novoseltzev, 1965; Beskin, 1968). Using calibration and
processing methods similar to those outlined in sections 3.2.1 and 3.2.2 (Krasilnikov, 1968),
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Ship observ/ltion FSST

Peb.18--Peb. 23. 1976
N

Feb.18--F'eb.2J, 1976
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Figu:t'e 3.8 -Simulated GMS time-composite FSST pattel"ns (DC) off the east coast of the
United States fol" February 18-23, 1978. The left side displays the analysis of satellite
derived FEST obtained from GOES VISSR-IR data; (temperatures are not corrected for
atmosphel"ic attenuation effects). The gl"id point intel"val is about 27.5 km. The l"ight
side displays the analysis of ship-observed sea surface temperatures; (dots indicate
ship locations)

brightness temperature charts are computer-produced from the scanning radiometer data in
polar stereographic projection (for high latitudes--see Figure 3.9) and Mercator projection
(for the tropical zone).

The measurements are averaged over 250 x 250km squares.

For

these temperature charts no attempt has been made to obtain estimates of actual surface
temperatures because of inaccurate knowledge of terrestrial emissivity, atmospheric absorption, variance in vertical temperature distribution and atmospheric composition. In addition, the errors connected with the sensors themselves affect the accuracy of temperature
measurements.
Great Lakes Surface Temperature Charts. Unmapped VHRR data are digitized
and computer-analyzed at a zoe interval for each of the five Great Lakes. The computer
product is hand-rectified upon transfer to base charts with the aid of an optical device.
The isotherms are. also somewhat smoothed to reduce the effects of high-frequency noise and
improve continuity. This chart (an example is given in Figure 3.10) is mailed bi-week1y to
various customers. The timeliness in issuing this type of analysis will be greatly improved
in 1979 because digital IR data from the operational TIROS N satellite will be transmitted
directly to the analysis site.
Computer-Formatted Sea Surface Temperature Gradient Charts. _This experimental
product is prod~ced daily for the Gulf of Mexico and coastal zone of the eastern U.S.A. from
VISBR digital data (Bristor, 1975). Four pairs of daytime IR and visible digital images
(each pair separated by two hours) are time compo sited by computer, the co-located visible
data being used to screen out IR data contaminated by clouds or land (Figure 3.11). This
brightness temperature product is being evaluated for detection and positioning of the Loop
Current and Gulf Stream.
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Figure 3.9- Radiation temperature chart for the Southern Hemisphere based on 8-12 p.m
data from METEOR 4. Temperature is given in degrees C; the nwnber 40 is added to
the actual tempeY'ature if it is a negative one (e.g.~ 47 is I!.rinted for _7°C). A
geographic grid (multipZes of 20) is shown using the symboZ )j{
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LAKE MICHIGAN
SATElLITE OBSERVED
SURFACE WATER TEMPERATURE-'C
ANALYSIS BASED ON NOAA 4 VHRR
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THiS PRODUCT IS PROQUCEO SOLELY fROM SATELLITE DATA USING AN EMPIRICAL
RELATIONSHIP TO CORRECT FOR ATMOSPHERIC HTENUATION. NO ATTEMPT HAS
BEEN MADE TO TIE THE OA1A 10 SURFACE OBSERVATIONS. HENCE IT IS POSSIBLE TO
EXPERIENCE AN OVERAll BIAS 1.12 0 CI BETWEEN THIS PRODUCT AND SURFACE
MEASUREMENTS. THE THERMAL PATTERNS AND GRADIENTS ARE CONSIDERABLY MORE

ACCURATE. IBETTER THAN
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Figure 3.10- ~reat Lakes (Lake Michigan) Surface Temperature Chart (DC) from
NOAA 4 VHRR data for June 6, 1976 (1530 GMT)
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Figure 3.11-Time-composited sea-surface thermal gradient chart derived from GOES-VISSR
(VIS and IR) data for 1400, 1600, 1600 and 2000 GMT on February 25, 1977, in the eastern
Gulf of Mexico. The satellite brightness temperatures from 11 0 C through 22 0 Care
represented by the folZowing~ respectively: 1" 2" "" 4., =" 6" -" 8" + 0" #" A. White
areas are land, shallow water, or persistent cZouds
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Figure 3.12-Gulf Stream Analysis chart from NOAA 5 VHRR data for May 1-4, 1977
Gulf Stream Analysis.

This product is a depiction of the water masses and

their associated fronts off the -east coast of the U. S .A. derived by photo-interpretation of

VHRR-IR images (Figure 3.12).

It is usually a composite obtained from several satellite

photos, as the entire area is not. cloud free at one time.

The prominent features of this

product are the north and south walls of the Gulf Stream, the front between slope and shelf
water, and warm and cold eddies (Stumpf, 1974).
GOES Image Sectors (Oceanographic). The current operational schedule calls
for a VISSR-IR image to be generated every three hours with a seasonally-adjusted gray-scale
designed to optimize depiction of ocean thermal features in the U.S.A. East Coast/Northwest
Atlantic sector. This product has a spatial resolution of 8 km and complements the Gulf
Stream Analysis described above.
Gulf Stream North Wall Bulletin. The aim of th~s product is to provide
mariners with outline depictions of the Gulf Stream from which they may estimate the velocities of currents for rOllting vessels. Through analysis of satellite, ship sea-surface
temperatures (SST), and bathythermograph data, NESS provides all-weather analyses of the
location of the north wall of the Gulf Stream three times per week.
West Coast Frontal Chart. This ocean thermal front analysis is generated
weekly (Figure 3.13). It is similar to the Gulf Stream Analysis, but the thermal patterns
are chiefly associated with upwelling processes.

3.4.3.3

Data Displays for Research Purposes

Although not available generally or in any routine or timely fashion, a number
of data display formats have been created and used in the course of research or development
activities concerned with applications of NOAA environmental satellite data. These are
described briefly below.
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Figure 3.13 - West Coast Frontal
Chart from NOAA 5 VHRR data for
October 18, 1978

Mapped SR Visible and Infrared Data~ Scanning radiometer measurements from
the NOAA polar-orbiting satellites are available in mapped form. The display format consists of brightness temperatures printed out in 32 x 32 grid-point arrays and Earth-located
with reference to the standard NMC hemispheric grid-box system used in numerical weather
prediction (Bristor et al., 1966), with or without a computer-produced isotherm analysis.
The brightness temperatures are calibrated and normalized to a nadir-view, but they are not
otherwise corrected for variable atmospheric attenuation caused by water vapor, etc., npr
for the presence of clouds.
Another display format is available for mapped SR data, a B&W photographic
print or transparency with the gray-scale selected to emphasize the oceanic portion of the
temperature range. This option has received relatively little use to date, principally
because the tape-recorded SR data are rather noisy, but should be employed more extensively
with the low-noise, digital TIROS N data (see section 3.5).
Unmapped SR, VHRR? and VISSR Data. Quantitative (but not Earth-located) data
formats, in addition to the image-type formats, are also available from NESS for VHRR and
VISSR observations (Legeckis, 1978). They consist of simple scan-line printouts, i.e., the
visible or infrared measurements-are printed out scan-spot by scan-spot, scan-line by scanline, analogous to the manner in which they are originally collected onboard the satellite
and in which they appear on a scanner-type photographic image. An example of this using
VrSSR-IR data is given in Figure 3.11. Such scan-line printouts can be generated with or
without removal of panoramic distortion and other geometric corrections. The printout
character table is selectable, of course, and can be chosen to produce simple contouring or
gray-tone simulation. Geographic referencing on such printouts can be accomplished by
computer-generated gridding (Kirkham and Stevenson, 1976) or by cross-referencing landmarks,
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cloud features, or thermal-scene patterns comrr~n to the printout and its associated photographic image. This process is aided by the superposition, electronically or by overlaying
a transparency, of an image grid whose line spot numbering has a known relationship to the
line/spot numbering of the printout. Such a gr~d overlay is shown superimposed on a VHRR-IR
image in Figure 3.14. _The number found at a given line/spot position of the printout can be
an average of selectable numbers of raw scan-spot measurements centered on that position.
Such spatial averaging is useful for purposes such as suppression of noise or unwanted
detail, or reduction of display area .

.-.

...

Figure 3.14- NOAA 4 VHRR-IR image over the Gulf Stream on Deaember 23, 1974.
It is the same image 5MbJn in Figure 3.1, but it is redisplayed here with a
gray scale for ocean 8cenes~ _reatified to remoVe geometric distortion8~ and
oveplaid with a grid
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Re.c'ent Developments
A third generation U.S.A. polar-orbiting operational environmental satellite

was launched in October 1978 (Schwalb, 1978). The NASA prototype of this series is called
TIROS N, but subsequent NOAA-funded satellites will be called NOAA (K+l) , (K+2), etc., where
K is the number of the last spacecraft in the present ITOS series. The major improvements
that TIROS N-will bring include the replacement of the SR and the VHRR by the Advanced Very
High Resolution Radiometer (AVERR) and digitization by an onboard data processor. The AVHRR
has four channels of 1.1 km resolution data; visible (0.55-0.90 ~m), reflected near infrared
(0.72-1.10 ~m), and two therma1-IR channels (10.5-11.5 ~ and 3.55-3.93 ~m). On later
satellites in the TIROS N series, a fifth window channel will be added to measure emitted
thermal radiation in the region from 11.5 to 12.5 pm and the visible band will be narrowed
to 0.55-0.70 ~m.
In the daytime the first two channels of AVHRR can be used to filter cloudcontaminated infrared measurements, and the third channel (10.5-11.5 ~m) can be used for the
actual surface-temperature computation. The fourth channel (3.55-3.93 ~m) cannot be used in
the daytime because of severe contamination by reflected solar energy, but it should be
superior to the third channel at night for two reasons: (1) much less water vapor attenuation; and (2) much more effective suppression of the e£fects of clouds that only partially
fill the f'ield of view of the radiometer. Furthermore, as illustrated by Smith and Rao
(1972), the difference between the 3.7 ~m and 11.0 pm window channel brightness temperatures
tend to be large and positive for middle and high clouds in the field of view, principally
because cloud emissivities at 3.7 ~m are significantly less than unity.
Prabhakara et al. (1974), using two spec.tral regions in 'the ll-L3 ~m window
having different degrees. of transparency, have shown that "·an excellent estimate of sea
surface temperature is' given by
(3.11)

where

a is a function of differential

atmosphe~ic

a good approxima tion, a cons tant.

absorption at. the wavelengths ~l' AZ and is, to

McClain and Abel (1977) have fitted calculated Nimbus 6 High Resolution
Inf·rared Sounder (HIRS) data at 3. land 11 llmf:rom a- diverse sampl'e of 32 c10udfree at;:mosphere& to· an expression of the form
(3.12)
where a and a are functions of zenith angle' e. Variation of a and S with e was small, in
agreement with the work of Prabhakara etal. (1974). The rms error in derived'T for the
dependent sample of 32 atmospheres was about 0.35 K at nadir and 0.50 K at a zenitg angle of
50 degrees. A regression fit of 148 coincident nighttime HIRS and ship observations yielded
an rms error in Tsfor the dependent set of 1.2 K.
This approach is to be further developed and tested with nightti~e TIROS N
.
measurements from the third and fourth channels of AVHRR. This method of maklng atmospherlc
corrections can be extended to daytime observations when the fifth channel is a~d~ to later
spacecraft of the TIROS N series. Meanwhile methodology may be develope~ to u~1l1ze the
visible channels of AVHRR in the daytime to screen out infrared observat1ons w1th too much
low cloud'iness.
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CHAPTER 4
APPLICATION OF QUANTITATIVE SATELLITE DATA TO
NUMERICAL ANALYSIS AND PREDICTION
by
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4.1

Introduction

The purpose of this chapter is to focus upon those characteristics of satellite
data which are most relevant to numerical weather prediction, and upon the particular problems
involved in the assimilation of these data into numerical models. The impact of satellite
data on forecasts, and the desirable attributes of data impact tests will also be discussed.
Satellite observational programs must ultimately be justified by a demonstrated
usefulness in operational weather analysis and prediction. However, many numerical analysis
and forecast models have been designed primarily to exploit data from other sources, namely
rawinsondes, pressure and wind observations at the Earth's surface, reports from aircraft,
and in some instances the human skills of synoptic analysis through interpretation of satellite cloud imagery. The need for data assimilation methods which discriminate among observations fram different sources, and extract the maximum information from each, has long been
acknowledged. To achieve this goal requires an appreciation of both data and numerical model
characteristics.
Since the advent of the first satellite-borne radiometric sensors, the
literature on meteorological data assimilation has been voluminous. This chapter does not
attempt acamprehensive survey of the data assimilation field, but approaches the subject from
the standpoint of the unique attributes of satellite data which need to be taken into account.
Excellent reviews of progress in data assimilation have already been published by Kasahara
(l972), Jastrow and Halem (1973), Bengtsson (1975), and McPherson (1975). ~ The latter two
reviews in particular have been freely drawn upon in this chapter.

4.2

Data Characteristics and Their Implications

4.2.1

Representable scales

Satellite derived temperatures differ significantly from radiosonde temperatures in the scale of variations which they sample, both in the horizontal and vertical. The
radiosonde essentially samples a local environment, while satellite-derived temperatures are
most correctly interpreted as averages over both a horizontal field of view and a relatively
deep layer. The effective extent of horizontal averaging depends upon both instrumental
resolution and subsequent processing. The intrinsic vertical resolution depends upon the
number and transmittance characteristics of the sensing channels, and the magnitude of instrumental noise, but the accuracy of temperature retrievals can be enhanced by the use of additional information from a forecast or from atmospheric covariance statistics (see Chapter 1).
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As a result of the above, small scale variations will be reflected more
faithfully in radiosonde measurements than in current satellite-based temperature retrievals.
Such variations may be important for short-range, high resolution forecasts, but unnecessary
and even harmful for larger scale prediction models which cannot adequately resolve them.
The important point is that, related to the scales of interest in a particular application,
remote soundings and radiosonde profiles will have different lI oo ise ll characteristics, and

therefore demand different treatment during the assimilation process. In analysis schemes
which incorporate the observational error characteristics as parameters (e.g., optimum
interpolation schemes), variations at scales below the threshold of interest should be
considered as part of the observational error.
A similar distinction exists between satellite cloud-derived winds and rawinsonde observations. The former represent an average over at least an interval of time between
successive images which is considerably longer than the two minute interval for rawins. Cloud
winds will therefore contain a lesser contribution from small time scale variations than will
rawins. Additionally, winds derived from the motion of layer clouds may represent an average
over a deeper layer than do rawins. On the other hand, winds obtained from low tropospheric
convective tracers correspond best to the level of the cloud base.
Notwithstanding both the different characteristics of the flow measured by
cloud winds and rawins, and other sources of error mentioned in Chapter 2, Hubert and Whitney
(1974) suggest that 70 to,,,80 percent of low level cloud winds represent the synoptic scale of
motion with about the same accuracy as -rawins. The two sources also appear to yield the same
synoptic scale analysis to within a mean vector, ,difference of 1.5 m s-l, suggesting that they
are sufficiently compatible to be combined in analyses of this scale.

4.2.2.

spatial Error Correlation

It has frequently been obseFVed that the errors in temperature profiles
retrieved by previous and current methods appear to be systematically associated with synoptic
weather systems. The availability; during the Data Systems Tests of August 1975 and February
1976, of sufficiently dense satellite data and collocated radiosondes has enabled this
assertion ,.to be verified .quantitatively for Nimbus 6 profiles. A knowledge of the spatial
error covarian~e enables appropriate weights to be assigned to observations in analysis
schemes based on optimum interpolation.
A consequence of spatial correlation in temperature errors is the limit imposed
on the absolute accuracy of analysis achievable by increasing the observational density.
Bengtsson (1976a) and Bergman and Bonner (197'6) have suggested that with current observational
and forecast error strue,tures, very little reduction in root mean square (ms) analysis error
is likely to be achieved by decreasing the separation of satellite derived temperatures below
about 400 -km. Since their reports, a considerable effort has been directed toward reducing
the spatial correlation of satellite soundings (principally through less spatial averaging
of measurements), but significant improvement has not been demonstrated.
Less attention has been focused on a potentially more positive attribute of
observations with spatially correlated errors, namely the ability to define horizontal
gradients and higher derivatives. This problem is considerably more complex than that
discussed above, and the relative merits of observations with correlated and random errors
depend upon both the strength of the spatial error correlation, and the observational separation and distribution. Under many circumstances, observations with spatially correlated
errors will define differential .quantities more accurately than will corresponding data with
random errors. With correlated observational errors, the analysis accuracy of differential
quantities is also less sensitive to the observation distribution around a grid point.

4.2.3

Time Variant Sampling

Polar orbiting satellites sample the total globe twice daily for any given
location. The most straightforward way of accounting for the asynoptic nature of the data is
to introduce them at the nearest model timestep. This approach is a logical extension of t~e
analysis~forecast cycle to the shortest possible period of time.
However, the asynoptic

CHAPTER 4

89

errors in data one or two hours off-time are usually small in comparison with current
observational errors, although they may be larger where rapid developments are occurring.
Also, there are practical advantages for data processing and three dimensional analysis
(particularly in the determination of horizontal gradients), if the data are batched into
reasonably large groups. In part £or these ·reasons, most assimilation systems currently in
operational use employ a 6 or 12 hour analysis-forecast cycle.
The asynoptic nature of data from orbiting satellites also highlights the
problem of "model shock",to be discussed in section 4.2.4. It has yet to be conclusively
determined whether this problem can be handled better" by introducing the data in a few large
. batches or frequent smaller ones.

4.2.4

Single Parameter Balancing

Satellite observational systems provide vertical temperature profiles, or winds
at one or more levels, but do not observe the complete mass and wind fields which are required
by numerical models based on the primitive equations. Methods for deriving a complete masswind specification from such incomplete data may be classified as dynamic or diagnostic. The
former utilize the time-dependent model equations to "induce l l the unobserved variables. The
latter employ a mass-wind relation at a fixed instant in time, as part of an analysis or
initialization procedure.

4.2.4.1

Dynamic Methods

Primitive equation models maintain an approximate balance between the mass and
motion fields according to the governing dynamical equations. When a change is introduced to
the mass or motion field, the model will attempt to restore a balance. The basis of dynamical
methods for determining the complete mass-wind distribution is the assumption that the model
adjustment process not only restores the balance, but also results in a realistic specification. Using simulated data, Charney et al. (1969) demonstrated that through dynamic adjustment, temperature data alone induced realistic changes in the wind field, although less
accurately at low than at high latitudes. Following this, assimilation research for some
time tended to- concentrate on dynamic rather than diagnostic methods for exploiting incomplete
data.
However, dynamic adjustment also has undesirable aspects. Geostrophic adjustment theory indicates that for perturbations smaller than a critical wavelength, the mass
field will tend to adjust to the wind field. At these scales, a forced adjustment of the wind
field to changes in the mass field can be very slow and computationally expensive (Temperton,
1973), as is forced adjustment of the mass field to changes in the wind field above the
critical wavelength. Additionally, the imbalance introduced by changing either the mass or
wind field will be manifested as gravitational oscillations (Ilmo del shock"). If the shock is
severe, the damping needed to dissipate it during dynamic adjustment may have undesirable
effects on the meteorological waves.

4.2:4.2

Diagnostic Methods

In view of the above problems, interest has continued in methods for exploiting
incomplete data which use a diagnostic mass-wind relation at the instant of time when the data
are introduced. Potential advantages of diagnostic methods are the explicit control over the
nature and extent of adjustments to the mass and wind fields, and the reduction of "model
shockl l by providing the model with mass and wind fields which are already close to balance.
In recent years, three major approaches have emerged:
(a)

The simplest approach is the application of a local adjustment to the
wind field according to analyzed changes in the mass field. Several
researchers have successfully applied geostrophic corrections to the
wind field in this way, but the inverse procedure of correcting the
mass field on the basis of wind data has been relatively neglected.
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(h)

mass~wind balance during analysis by use of
coupled covariance functions in a -multivariate op-timum interpolation

A second method enhances

scheme (e.g-. , Rutherford, 1973a, 1976), Tn this approacn, mass and
wind observations are treated simultaneously, and observations of both
types are used in the analysis of each field. In contrast with the
geostrophic correction -method, it is the interpolation functions and
not the an~lysis corrections which are explicitly coupled. If the
observations indicate a departure from the assumed mass-wind coupling,
this will be reflected in the analysis. But if only one of the two
types of data is present, the coupled cQvariances will result in
local adjustments to the unobserved field according to the assumed
mass-wind relation.
(c)

4.2.5

A third approach is based on the calculus of variat~ons. It requires
independent analyses of- the mass and-wind fields to have already been
performed, and is therefore strictly an initialization rather than an
analysis procedure. The mass and wind fields are subsequently adjusted
to conform either exactly or approximately, to a prespecified constraint,
by minimizing an error integral over the analysis domain. Originally
formulated by Sasaki (1958), this technique has been successfully
applied by Lewis (1972) in three dimensions using the thermal wind
and hydrostatic constraints.

Reference Level Requirement

One aspect of the incompleteness of satellite data which merits special
attention is the absence of a reference level pressure. Specification of the mass field
from the temperature distribution requires knowledge of the pressure at some specific altitude.
Experiments with both simulated and real data have suggested that a satellite observing system
consisting of temperatures and winds will not be able to provide a complete representation of
the mass and motion fields to an accuracy such as that needed for the Global Weather Experiment. An accurate specification of the pressure at some reference level will also be required.
Although current satellite-based observations do not provide quantitative measurements of
reference level pressure, they can be used indirectly for reference level specification in at
least two ways.
In areas where reference level (pressure or geopotential) observations are
sparse but not entirely absent, relatively dense wind observations such as are available from
geostationary satellite cloud motions may be used to improve the reference level analysis.
Methods incorporating an appropriate pressure-wind relation (e.g., Lewis and Grayson, 1972;
Endlich et al., 1972) are particularly suitable for this application.
Although not a quantitative type of information in itself, cloud imagery
combined with skilled human interpretation can infer quantitative information about a reference level pressure field. This is particularly valuable over oceanic areas where few o~her
reference level data are available (e.g., most of the Southern Hemisphere). The current
methods of using cloud imagery in numerical weather prediction combine the human skills of
pattern recognition and synoptic analysis with objective methods for quantitatively interpreting recognized cloud patterns. These have been summarized by Anderson et al. (1973) and
Guymer (1978). For the purpose of exploiting interpretive information which is more reliable
in pattern than in absolute value, the Hfield information blending ll technique (Holl and
Mendenhall, 1971) has been used to advantage in the Southern Hemisphere.
Finally, it should be mentioned that an observational technique currently
under development provides some hope for remotely sensed quantitative reference level data
from satellites in the future. The proposed system (Smith and Platt, 1977) would utilize a
combination of passive microwave and infrared observations with measurements of backscattered
laser radiation to determine both a temperature and pressure-altitude profile.

CHAPTER 4
4.3

Data Impact Tests

4.3.1

Background

91

In earlier chapters, statistics on the accuracy of several quantitative
parameters from satellites have been presented. These indicate the potential to significantly
improve the initial state for weather prediction. However, the expense to the community of
operational satellite programs must eventually be justified oy cost~effectiveness;
the data
should result in a significantly better service (e.g •., forecast), or a service of the same
quality at less overall cost. The purpose of data impact tests is to assist in providing
this justification.
The scope of this section will be limited to tests using real data (we shall
not consider simulation experiments using Ildata" generated oy models). Because of the
logistic task of setting up parallel analysis-forecast cycles (possibly with human intervention), and the computational expense of running sufficient forecasts to establish a meaningful
result, only a small number of data impact tests have been performed so far. Properly
addressed, such tests are an ambitious task, necessitating care in the formulation of aims,
experimental method, and interpretation of results.

4.3.2

Design of Tests

The simplest and most common type of impact test has been aimed at assessing
the effect of adding satellite data to an existing analysis-forecast system. In such tests,
a demonstrated positive impact is clearly meaningful. However, if the impact is neutral or
negative, an explanation may be that the additional satellite data are not being exploited
fully by the existing system. This is quite probable if the existing system has been designed
primarily for assimilating synoptic rawinsonde data. In such a case, it will be more useful
to compare the responses of two different systems, both designed to best exploit their
respective data bases.
Impact tests may also address the question of whether the availability of
satellite data- can lead to the reduction of conventional data networks. Similar care must be
taken in interpreting the results of these tests. Before concluding that-one set of observations can replace another, it is necessary to be sure that both sets have been used to best
advantage.
Another important aspect of impact test design is the verification procedure.The desirable attributes and refinements of forecast verification systems in general have
been excellently summarized by Bengtsson (1976b). The need for a discriminatory approach,
rather than a reliance on gross statistical measures, applies even more strongly to the
evaluation of data impact tests based on a limited number of cases. In particular, assessments of impact should be qualitative as well as statistical, should discriminate according
to geographical area and space-time scales, and should give emphasis tD synoptically active
test situations.
Finally, almost no attention has been given to quantitative criteria for
establishing a significant impact. The WMO-CAS Working Group on Numerical Weather Prediction
suggested in 1974 that a test period of several months may be necessary. At the minimum, the
test situations should include a range of seasons and synoptic regimes.

4.3.3

Results of Impact Tests

Several data impact tests performed in the last few years are detailed in
Appendix A. These tests have provided answers to a number of questions, although their scope
has been severely limited by practical considerations. In particular, the number of test
cases has usually been small, and all tests have assessed the impact of satellite temperature
data; none have assessed satellite winds. In some instances, these tests have suffered from
lack of discrimination in verification statistics, and from failure to assess the results
synoptically as well as statistically.
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The majority of tests have addressed the question of the incremental effect

of adding satellite data to an existing system. In general, the demonstrated impact of
satellite-derived temperature profiles on forecasts has been small. It may be that traditional data sources are adequate to specify the initial state for current large-scale numerical forecast models used for short and medium range forecasting. On the brighter side, the
few tests so far conducted on the ability of satellite data to replace existing systems
suggest that satellite temperature profiles may adequately compensate for the absence of
ocean weather ship data for broadscale numerical weather prediction (NWP). Also, there is
developing evidence that satellite retrievals may significantly enhance horizontal detail
useful to limited area, short range forecasts.

4.3.4

Future outlook

It is reasonable to expect a continuation of data impact tests with increasingly
improved methods of data amalgamation, increasingly higher quality data, and better evaluation
methods. In particular, most NWP centers are adopting analysis methods which-make sophisticated use of data ?rror characteristics. In principle, it should not be possible to degrade
an analysis by adding information, providing that the characteristics of the information are
well known. Considerable research effort is being dedicated to the development of man/computer
interactive methods for improvement of data quality before NWP application and for subjective
evaluation of data impact results. Given these developments one can expect increasing rarity
of negative impact results and, hopefully, a greater preponderance of significant positive
results.
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APPENDIX A
SUMMARY OF DATA IMPACT TESTS
. 1.

Bonner et al. (1976a)

Am:

u.

Assessment of impact of NOAA 2 Vertical Temperature Profile Radiometer (VTPR) data on
S. National Meteorological Center (NMC) Northern Hemisphere analysis and forecast system.

Method: Parallel 12 h analysis-forecast cycles, with and without VTPR data (A and B modes
respectively).
Data assessed:

VTFR soundings retrieved by minimum information technique.

Prediction model:
Sample:

Six layer primitive equation (Shuman and Hovermale, 1968)".

Analyses on 30 days in March and April 1973.

Forecasts to 48 h on 9 of these days.

Assessment methods: Statistical comparisons between A and B mode analyses, including mean
errors, rms errors, correlation coefficients, 81 skill scores, and number of occasions on
which each mode was better. Subjective synoptic assessments of analyses and forecasts.
Separate statistics obtained for three areas (North America, Atlantic, Pacific).
Results: Differences between A and B mode analyses were usually small (15 m rms over the
Atlantic, 25 m-rIDS over the Pacific for 500 mb geopotential). The A mode forecasts showed
a slight_improyement in 36 and 48 h predictions of geopotential, wind, and geopotential
gradients over North America, but differences between A and B modes were probably not
significant statistically or synoptically.
Comments: The small impact appeared to be primarily nue to bias in location of VTPR soundings,
which were mainly. in inactive areas and to the dependence of the retrievals· on a 12 h forecast
used as an initial guess. Since the time of this test, both the retrieval method for VTPR and
the NMC analysis system have changed.

2.

Jarvis (1973)

Aim: Assessment of (a) the impact of NOAA 2 VTPR data on forecasts of 1000 mb geopotential
along the Canadian west coast, and (b) the ability of VTPR data to replace synoptic ship
reports for regional forecasting.
Method:
Parallel 1 hanalysis-forecast cycles (A and B) with regional update model.
Cycle Bused VTPR 1000-500 mb thicknesses to adjust the 1000 mb geopotential. Cycle A did
not use VTPR data. Predictions to 18 h were run twice daily commencing at 0700 and 2100 GMT,
from analyses produced by each cycle. In a second phase, ship reports for 6 h prior to
forecast base time were excluded from cycle B, but not from cycle A.
Data assessed:

VTFR soundings retrieved by minimum information technique.

Prediction model: Single layer (1000-500 mb) quasi-geostrophic regional update model (127 km
grid), which utilized 500 mb predictions, and lateral boundary conditions from the then
operational Canadian Meteorological Centre (CMe) baroclinic model (381 km grid).
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Sample: Twice daily forecasts of 1000 rub geopotentia1 to 18 h from base times 0700 and 2100
GMT, January 21-29, 1973.
Assessment methods: Mean and rms errors of 1000 mb geopotential at 21 station locations_
along Canadian west coast. 51 skill scores for 9 station pairs. Forecast periods of 6, 9,

12 and 18 h.
Results: (a) No significant difference was found between forecasts with and without VTPR
data, both from a synoptic and statistical viewpoint. However, forecasts from both cycles
A and B improved upon the coarse mesh operational forecasts verifying at the same times.
(The latter did not have the benefit of more recent data). (b) In the second phase, the
omission of ship reports for the 6 h prior to forecast base time in cycle B did not significantly degrade the forecasts.

Rutherford (1973b)

3.

Aim: Assessment of the ability of NOAA. 2 VTPR data to replace Pacific and Atlantic weather
ship d-ata.
Method: Parallel 6 h analysis-forecast cycles.
Cycle B used all data except weather ships.
Data assessed:

Cycle A used all available data except VTPR.

VTPR soundings. retrieved by minimum information technique.

P-red'iction model:

Canadian Meteorological Centre (CMC) baroc1inic model.

Sample: Forecasts to 36 and 72 h from base times 1200 GMT, March 13, 1973 to 0000 GMT,
March 17, 1973 (8 cases).
Assessment methods: Forecasts from both cycles verified against cycle A analyses, over
(a) an area covering Canada, U.S.A., and adjacent oceans, (b) western Canada and adjacent
ocean, and (c) eastern Canada and adjacent ocean. Rms errors of geopotential computed at
1000-, 850, 500, and 200 rob, for total period and individual cases. Synoptic_ evaluations were
also performed.
_Results: The 36 and 72 h forecasts were better for cycle A over eastern Canada, but slightly
better for cycle B over western Canada and the total area (a). Verification against cycle A
analyses gave cycle A forecasts some advantage. Also, subjective modificatio~ (bogusing) was
used in cycle A, but not in cycle B. Synoptic evaluations indicated that in certain situations, like the development or filling of a storm, the ocean weather ship data were more
useful than the-VTPR, but that overall the VTPR appeared to be a ·suitable substitute.

4.

Atkins and Jones (1975)

Aim: Assessment of impact of NOAA 2 VTPR data on British Meteorological Office analyses and
forecas_ts.
Method: Parallel 12 h analysis-forecast cycles.
in operational cycle.
Data assessed:

VTPR data used in experimental

cycl~

but not

VTPR soundings retrieved by minimum information technique.

Prediction model: Ten level primitive equation (Benwell, 1971) in two forms: coarse-mesh
" oc tagon ll (Northern Hemisphere poleward of l5°N) , and fine-mesh 11 rec tangle ll (North Atlantic
and Europe).
Sample:

Forecasts to 72 h from base times 0000 GMT, March 9-15, 1974.
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(a)

against

operational analyses over an area including the Atlantic, most of Europe, and part of North
America, and (b) against observed values at 28 European and 6 Atlantic stations. Fine mesh
forecasts of rainfall verified against obse~ved areal averages (Great Britain and Western
Europe), Subjective assessments were made of analyses and forecasts of surface pressure,
500 rob geopotential, and rainfall rate, in five categories ranging from -"significantly better!l

through "slightly better" to " s ignificantly worse", using the criterion of the likely effect
on a weather forecast for the British Isles.
Results: Experimen~al coarse-mesh forecasts showed a consistent small improvement over
operational forecasts on basis of daily rms geopotential errors for periods 24 to 72 h; wind
forecasts indicated little difference. Fine-mesh rainfall forecasts showed insignificant
difference. Subjective assessments indicated experimental forecasts were slightly better,
but on no occasion would the differences have result~d in a different weather "forecast.
Comments:

Since this test, the method for operational retrievals of VTPR has changed.

5.

Belov and Bourtzev (1977)

Aim: Assessment of impact of temperature profiles from NOAA 2 VTPR data on Northern Hemisphere
500 rob analyses and forecasts.
Method: Parallel 12 h analysis-forecast cycles.
cycle B.
Data assessed:

VTPR soundings retrieved by minimum information technique.

Prediction model:'
Sample:

Satellite data used in cycle A but not in

Barotropic primitive equation model (Foux-Rabinovitch,1970)

Forecasts of 500 mb geopotential to J days fram base time 0000 GMT, November 23, 1973.

Assessment method: A and B analyses were assessed".on basis of mean absolute differences. A
and B forecasts were verified against A analyses using mean absolute differences. Assessments
were made in various areas with and without satellite and conventional data. Subjective
synoptic assessments were performed on both analyses and forecasts.
Results: Mean absolute difference of analyses was 24 m, but extreme differences were 200300 m. For areas with a large amount of satellite data and sparse conventional data, the
mean absolute difference was 29 m. Analyses in cycle A produced more detail in pressure
systems over ocean areas. An improvement of 10-20 m (about 20 percent) in mean absolute
error was achieved in forecasts of differing periods from cycle A. The improvement occurred
mainly over areas where satellite data -were present in ,the initial analysis-.
6.

Kelly

et a1.

(1976)

Aim: Assessment of impact of NOAA 4 VTPR data on Australian National Meteorological Analysis
Centre Southern Hemisphere analyses and forecasts.
Method: Experimental system used profiles locally retrieved from clear raqiance (CLRAD) data
at all model levels. Operational system used only VTPR 1000-500 mb thicknesses (NESS operational retrievals), indirectly through a manual analysis. Experimental system employed
continuous 12 h cycling. Operational system II co ld started" each 0000 GMT, through insertion
of manually analyzed sea-level pressure and 1000-500 mb thickness. The only manual intervention in the experimental system consisted of the sea level pressure analyses on each 0000
GMT and 1200 GMT (the same sea level analyses as used in the operational system).
Data assessed: Temperature soundings retrieved from VTPR data by a stat"istical discriminant
analysis technique (Kelly et al., 1976).
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models: Experimental cycle used a seven leyel, wave number 15 primitive equation
spectral model (Bourke 1974). Operational cycle used six level 500 km grid point filtered
baroclinic model (Maine 1972) for forecasts from 0000 GMT; and the spectral model as above
for forecasts from 1200 GMT.

Sample: Forecasts to 24 or 36 h from base times 0000 and 1200 GMT, April 15-28, and May 1330, 1976 ..
Assessment methods: Operational and experimental forecasts were verified against their
respective analyses. Forecasts of geopotential, wind speed, and temperature were verified on
basis 0-£ rms errors, correlation coefficients, and 51 skill scores. Statistics analyzed for
two areas (hemisphere, 20 0 -60 0 S; region 10 0 -40 0 S, 110 0 -160 0 E). Subjective synoptic assessments of analyses and forecasts of sea-level pressure and 500 rob geopotential.
Results: Forecasts from both systems had similar skill both statistically and synoptically
at and below 500 rob for the region. Experimental system slightly better above 500 rob in the
region and consistently better at all levels in the hemisphere for all forecast periods with
respect to temperature, geopotential, and wind statistics.
Comments: This test involved more of a compar.ison of the performance of two analysis-forecast
systems, rather than the impact of additional data on an existing system. However, it is
llkely that the differences above 500 rob reflect the impact of the additional data (lo~ally
retrieved temperatures from CLRAD data) above this level.

7.

Bonner

et a1. (1976b)

Aim: Assessment of how accurately NMC upper air analyses could be achieved using only surface
data End satellite temperature soundings; (i.e., without winds and temperatures from rawinsondes and aircraft) during pata Systems Test (DST) 4.
Method: Experimental mode utilized 6 h analysis~forecast cycle to assimilate surface and
satellite data (which were treated as synoptic); experimental analyses were compared with
NMC operational 12 h cycle analyses. AnalyseS' in both cycles were performed by the spectral
method of Flattery (1970).
Data assessed: Temperature profiles retrieved from NOAA 2 VTPR and Nimbus 5 sounding data
using a statistical regression procedure.
Prediction model: 6 layer global primitive equation model (Shuman and Hovermale, 1968);
2.5 degree latitude/longitude grid.
Sample.: Experimental cycle was run for per.iod of4 days (16 cycles). An average of 3000
surface reports and 155 satellite soundings were inserted at each analys~s time.
Assessmeat methods: Comparison of experimental analyses against temperature and wind
observations not used in the experimental cycle; comparison of experimental and operational
analyses on basis of geopotential variance versus latitude, both for the complete fields and
for decomposed waves.
Results: After four days, analyses from each cycle were similar with respect to positioning
of major systems, but systems were much weaker in the experimental cycle, at middle and high
latitudes, and for all wave numbers. The rms difference between 53 radiosondes over North
America and the experimental analysis was 3.3 K for 500 rob temperature and 12.6 m s-l for
300 mb wind speed. However, there were relatively few satellite data located in the verification area during the four days.

8.

Hayden (1976)

Aim: Assessment of impact of Nimbus 6 temperature soundings during DST 5 on NMC analysis
system.
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Method: Analyses were performed using the NMC analysis procedures with all available data
except rawinsonde data above 1000 mb. The resulta~t analyses were compared with the excluded
rawinsonde temperatures and winds.
Data assessed: Temperature profiles retrieved fram Nimbus 6 data using statistical eigenvector method during the August 1975 DST 5.

Prediction model: No prediction cycle was used explicitly. Initial estimates for each
analysis were taken fram analysis-prediction cycle (9 layer global primitive equation model)
generated without satellite retrievals (see study 9).
Sample:

Twice daily analyses, August 18-23, 1975.

Assessment methods: Means and standard deviations of the difference between rawinsonde
temperature and wind data and (a) initial guesses (12 h forecasts) , (b) analyses excluding
rawinsonde data, (c) analyses excluding Nimbus 6 data. A synoptic assessment of the
analyses corresponding to (b) and (c) was also performed.
Results: For temperature, the Nimbus 6 data improved upon the fit of the initial estimate
up to and including 200 mb. In a synoptic sense, the analyses corresponding to (b) and (c)
were very similar, and both showed little change from the initial guess. For winds, the
analyses with Nimbus 6 data degraded the initial estimate of the motion. This was confirmed
by a synoptic assessment which showed that, although the Nimbus 6 data (analysis b), and
radiosonde temperatures (analysis c) adjusted the mass field in a similar way, the stream
function field was not adjusted by the Nimbus data to the extent or accuracy it should have
been. The dynamic consistency of the mass and wind fields in the analyses with Nimbus data
was therefore doubtful.

9.
Aim:

Tracton and McPherson (1977); Desmarais et al.

(1978)

Assessment of impact of DST 5 data on the NMC operational-numerical weather prediction.

Method: Parallel 12 h analysis-forecast cycles made with and without satellite data. Assimilation of sounding. data by global spectral analysis method at synoptic times. Forecasts made
from parallel initial states.
Data ·assessed: Temperature profiles retLieved from NOAA 4 VTPR (statistical regression) and
Nimbus 6 (statistical eigenvector).
Prediction model: 9 layer global primitive equation model (Stackpole, et al., 1974) for
analysis forecast· cycle. 6 layer hemispheric primitive equation model for forecasts.
Sample: - Twice daily analyses made for the period August 18 - September 4, 1975.
conducted up to 84 h from 0000 GMT analyses for 10 days of the period.

Forecasts

Assessment methods: Analyses evaluated objectively with statistics of energetics and
subjectively according to synoptic features·. Forecasts evaluated with statistical measures
of rms and skill score, and with subjective interpretation.
Results: .Analyses produced with satellite data show less amplitude in the weather systems.
Evaluation of forecasts shows no consistent impact, positive or negative, ~rom satellite data.

10.
Aim:

Miyakoda et al.

(1977)

Assessment of the impact of DST 5 data on analyzed fields and forecasts.

Method: Basic states with and without satellite data accomplished by two techniques: 4
dimensional assimilation and optimum interpolation analysis. Forecasts made from parallel
initial states.
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Data assessed:

Temperature profiles retrieved from NOAA 4 VTPR (statistical regression) and

Nimbus 6 (statistical eigenvector).
Prediction model: Geophysical Fluid Dynamics Laboratory (GFDL) N48L9 global primitive equation
model (Manabe et al., 1974). Approximately 2° latitude horizontal resolution.

Sample: 17 days of data analyzed from August 18 - September 4, 1975,
valid at August 23, 28, and 30, 1975.

5 day global forecasts

Assessment methods: Analyses were subjectively compared for differences induced by data and
by analysis methods, individually and as a 17 day composite. Forecasts evaluated subjectively
and statis-tically in terms of rms difference and skill score relative to GFDL analyses ·(with
and without satellite data) and relative to NMC operational analyses (with VTPR, but without
Nimbus 6 data).
Results: Satellite data appear to cause bias errors in the 17 day mean analyses although
differences _·are largest in areas poorly represented by conventional data. Satellite data
appear to smooth the individual. analyses and thereby reduce the amplitudes of weather systems.
Forecasts from initial states with satellite data show modest but consistent improvement over
forecasts from initial states without satellite data irrespective of the type of analysis used
for verification.

11.

Ha1em et al.

(1977)

Aim: Assessment· of the impact of DST 6 data on the Goddard Institute for Space Studies (GISS)
forecast analysis system.
Method: Parallel ana~ysis-forecast cycles with and without satellite data.~ Assimilation of
sounding data based· on four-dimensionalop,titn-a.l statistical interpolation procedure,. Fore-casts made from parallel initial states.
Data assessed: Temperature profiles retrieved' from NOAA 4 VTPR (statistical regression) and
Nimbus 6 (statistical 'eigenvector).
Prediction model: 9 level global primitive equation model (Somerville et al., 1974);
latitude by 50 longitude grid.
Sample: Experimental cycles were run for the period of February 1-20, 1976.
were made from 11 cases chosen during the period.

40

72 h £orecasts

Assessment methods: Comparison of initial state differences with and without satellite data.
Statistical measures of forecast accuracy (skill scores and rms differences). Verification
of precipitation and surface temperature forecas't as issued in local forecast operation.
Results: Initial states show consistently large differences in areas with good satellite and
poor conventional data coverage. Systems somewhat weaker in cycle with satellite. Small, but
consistent, improvements shown in forecasts from cycle including satellite data although
forecasts from both cycles often poor. Local weather forecasts are improved with the inclusion of satellite data.

12.

Kelly

et a1.

(1978)

Aim:
Assessment of impact of high resolution Nimbus 6 sounding data 'on Australian region
forecasts during DST 5.
Method: Parallel 6 h analysis/forecast cycles made with and without satellite data. Assimilation of sounding data by combined successive correction/variational blending analysis
technique. 24 h forecasts made from parallel initial states.
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Temperature profiles xetrieved from Nimbus 6 data using statistical regression

Prediction model: 10 level regional primitive equation (Gauntlett et al., 1978) with semiimplicit time differencing and 240 km grid.

Sample:

Twenty-eight (24 h) forecasts for the period August 21 - September 3, 1975.

Assessment method: Forecasts evaluated objectively with 81 and rms over 5 verification areas.
500 mb geopotential and surface pressure fields evaluated sUbjectively.
Results: Significant improvements in forecast accuracy were achieved in the Australian
region. Decreases of more than five 81 points were obtained at all analysis levels over the
continent with greater improvements at downstream oceanic points. Similar results were
obtained using either the Nimbus or control run for verification.
13.

Druyan

et al.

(1978)

Aim: Assessment of impact of VTPR temperature soundings on numerical forecasts with Israel
Meteorological Service model.
Method: Forecasts made from initial states produced with and without VTPR data. VTPR data
introduced via a successive correction analysis method operating on the "no VTPR" analysis as
a first guess. Forecasts made to 48 h.
Data assessed: VTPR temperature profiles as retrieved by Goddard Institute for Space Studies
(GISS) and by National Environmental Satellite Service (NESS).
Prediction model:
Sample:

Three level baroclinic model with apprOXimately 370 km mesh (Bull, 1966).

26 forecasts with GISS data, January 1974;

13 forecasts with NESS data, January 1976.

Assessment method: Forecasts (heights at 1000, 500, and 200 mb) evaluated objectively with
correlation coefficient and rms comparison to conventional analysis over 4 verification areas.
Results: Small, but statistically significant, improvement in forecasts using satellite data,
although both positive and negative impacts observed in individual cases~
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