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FOREWARD

Uniform terminology and common practices of uncertainty analysis are absolutely crucial
for the ground based or space based radiometry projects of the National Aeronautics and Space
Administration (NASA), the National Oceanographic and Atmospheric Administration (NOAA)
and the Department of Defense (DoD) to exchange scientific data and results without the need for
duplication and repetition. The economic impact is even greater for exchanging data and results
around the world on global studies which is only possible through uniformity of terminology and
data analysis standards.

This need for developing a common practice for quantities, symbols, units and uncertainty
analysis has been recognized by scientists and engineers around the world. The first step taken to
my knowledge recently was the establishment of Space Based Observation Systems Committee on
Standards (SBOS COS) in 1988 by the American Institute of Aeronautics and Astronautics
(ATAA). As a historical perspective, the letter by Christopher Stevens of Jet Propulsion
Laboratory that shows various meetings in this endeavor and the overview on “AIAA activities in
Calibration Standards” by Edward Koenig of ITT Aerospace/ Communications Division is
reproduced in Appendix 1. It also lists the members of the subcommittee on sensor systems. I
would like to join with Clair Wyatt, the principal author of this document, in acknowledging the
efforts of various people in that list who helped in preparing this document. It is being published
as a NIST Handbook recommending it to be a common practice for optical radiation metrology.
It primarily deals with terms, symbols and definitions in radiometry based on the International
Standards Organization (ISO) definitions of basic radiometric quantities. The sensor systems
calibration methodology is based on the measurement equation approach that has been in practice
from the beginning at the National Institute of Standards and Technology (NIST). The uncertainty
analysis is based on the ISO Guide to the Expression of Uncertainty in Measurement, ISO/TAG
4WG 3.

Raju Datla, Optical Technology Division, NIST
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PREFACE

This recommended practice introduces several new entities. Of concern are the terms,
symbols, and units (nomenclature) used to describe sources, sensor performance analysis,
calibration, and uncertainty analysis of radiometric sensors. The definitions given in this document
are limited to those that apply to radiometric calibration and do not include illumination terms. It
has been the authors’ dream to create a document like this to facilitate communication and
dissemination of knowledge throughout the optical community. It is heartening to note that one of
the authors, Dr. V. Privalsky was already chosen by the Russian Space Agency to translate this
document into Russian.

The contents of this document were presented as a tutorial at the Fifth Infrared
Radiometric Sensor Calibration Symposium that was held by Space Dynamics Laboratory /Utah
State University in Logan, Utah, in May 1995. The document was revised based on the comments

of the participants to its present form.

Authors.

Key Words: Radiometry, Sensor Calibration, Uncertainty Analysis
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INTRODUCTION

This handbook provides recommendations for nomenclature, terms, symbols, units and
uncertainty analysis associated with the calibration of radiometric sensor systems. The scope
includes the radiant properties of sources; the geometry of radiation transfer; the measurement
equation used to predict sensor response; the calibration equation used to convert sensor response
to engineering units (radiance, irradiance, etc.); and the uncertainty analysis.

The contents are organized to correspond, somewhat, to the normal flow of flux (source to
sensor) and of analysis (predicted performance to generation of calibration equations and
uncertainty analysis). This document expands on the current practice of radiometry as described
in a recent NIST Technical Note [1].

The definitions of radiometric terms, symbols, and units in this document conform to the
definitions accepted by the International Standards Organizations (ISO)[2]. These standards
include quantities that are functions of wavelength (frequency or wavenumber); they may be
designated by the same term preceded by the adjective spectral and by the same symbol followed
by 4, v, or ¢in parenthesis; for example spectral emissivity €(4). On the other hand, if the
spectral power density, or spectral power concentration [3] is considered, it may also be
designated by the name of the quantity and by the symbol for the quantity with the subscript 4 (v,
or g); for example the spectral radiance,

L

Lil:d/l. (1)

Note that L, [W/(m’sr)] corresponds to watts per unit area per unit wavelength [(W/(m?sr))/um]
rather than watts per unit volume. Generally, wavelength is expressed in micrometers (um) for
infrared and in nanometers (nm) for ultraviolet and visible regions of the spectrum. The integrated

quantity is given by

L= ledl )

with units [W/(m?sr)]. In this document the NIST Guide for the Use of the International System



of Units (SI) is followed [4]. Also, the SI base units for quantities are in square brackets when
they are introduced for the first time.

The terms used for uncertainty analysis conform to the ISO Guide to the Expression of
Uncertainty in Measurement [5]. Based on the ISO Guide, NIST developed the guidelines for
uncertainty analysis. The document describing these guidelines 1s added as Appendix 2 [6].

Those aspects of the ISO Guide that impinge upon this document are as follows. The standard
uncertainty refers to components of uncertainty including both random and systematic effects.
Note that the term random is used rather than the term “precision,” and that the term systematic is
used rather than the term “bias.” The term combined standard uncertainty is used rather than the
term “accuracy” and has reference to propagated uncertainties. Finally, the term uncertainty

analysis is used rather than the term “error analysis.”

1. PART 1: SYMBOLS, TERMS, AND UNITS
1.1 DEFINITIONS

As indicated above, the scope of this document is limited to those symbols, terms, and units
frequently used in the calibration of radiometric and spectrometric systems. Consequently, there is
no attempt to create an exhaustive list of terms.

In order to avoid large or small numerical values, decimal multiples and sub-multiples of the ST
units are added to the system making use of the standard prefixes [7]; for example, centimeter
with a factor of 102 and a symbol of cm, nanometer with a factor of 10® and a symbol of nm, and
micrometer with a factor of 10 and a symbol of um.

The ISO standard also addresses the question of alternative names and symbols for various
terms. It also recognizes a class of “supplementary” units like the radian and steradian as a class of

dimensionless units [8].

1.1.1 WAVELENGTH/WAVENUMBER
The wavelength A [m] is defined as the distance between two adjacent points in a periodic wave
having the same phase. The wavenumber o [m™] is the number of waves in a given length

interval.



1.1.2 FLUX
The radiant energy flux @, [I/s or W] is the power emitted, transferred or received; @, [s"] is
the quanta-rate emitted, transferred or received. The subscripts e and p refer to energy and photon

rates respectively. The symbol @ is used without subscripts when it is clear from the context.

1.2 GEOMETRICAL PROPERTIES OF SOURCES

Sources are characterized in terms of geometrical properties to facilitate calculations using the
geometry of radiation transfer [9]. Table 1 provides a list of terms, units, and symbols for
characterizing sources. Also indicated in the table are the types of geometrical information
inherent in the entity: positional and/or directional. Definitions are given, in the sections to

follow, for each of the source characterizations listed in Table 1.

1.2.1 RADIANCE/PHOTON RADIANCE

The average radiance L, of a source is the ratio of the total flux [W] to the product of the
projected source area A cos@ and the solid angle w; into which the radiation is emitted. The
subscript s refers to the source. This definition also holds for average photon radiance except the
total flux has units of photons per unit time [s™]. The radiance L at a point on the source in a

certain direction is given by

Lo m A d%0
A Aw-0 AA4 cosf Aw, d4 cosf dw, G)

The radiance is a measure of the flux of a source per unit area per unit solid angle at a point and in
the direction of propagation. Thus the radiance provides the most general description of the

source since it contains both positional and directional information. The total flux is given by

(szfL cosf dw, d4._ . @)



1.2.2 RADIANT EXITANCE/PHOTON EXITANCE

The average radiant exitance M ,,, of a source is the ratio of the total flux [W] to the total area
of the source A, This definition also holds for average photon exitance except the total flux has
units of photons per unit time [s]. The limiting value of the average exitance of a small portion of
the source as the area is reduced to a point is the radiant exitance M of the source at a point and

is given by

im A d@
M= aa-obg ) =g @)

s s

The radiant exitance is a positional measure of the emitted flux of a source per unit area at a point.

The total flux is given by

diszdAs. (6)

1.2.3 RADIANT INTENSITY/PHOTON INTENSITY

The average radiant intensity I is the ratio of the total flux [W] to the total solid angle w
about the source. This definition also holds for average photon intensity except the total flux has
units of photons per unit time [s?]. For an isotropic source the flux is radiated into 47 sr (a
sphére) and for a flat surface into 2n sr'(a hemisphere). The limiting value of the average radiant
intensity as the solid angle is reduced in value about a particular direction is the radiant intensity 7

in that direction and is given by

[~ m [_AE] .42
AwsﬂO A ws d (‘)s ’ (7)
The total flux is given by
P = f Idw, . (8)



TABLE 1

BASIC RADIOMETRIC TERMS, SYMBOLS, AND UNITS

(With geometrical information where appropriate)

Wavelength

Wavenumber

Radiant energy flux, Radiant power

Photon flux

Radiance (positional-directional)

Photon radiance (positional- directional)

Radiant exitance (positional)

Photon exitance (positional)

Irradiance (positional)

Photon irradiance (positional)

Radiant intensity (directional)

Photon intensity (directional)

A [m]
o [m™)
@ D, P [W]or[I/s]
@, @ [s7]
L L, [W/(m? sr)]
L, L [sY(m?sr)] or
[ m?sr!
M, M, [W/m’]
M, M  [sYm?or[s'm?
E,E, [W/m?]
E.E [sY/m?] or [s* m?]
L1, [W/sr]
I,I [s/sr] or [s! sr™]

Note: Subscripts e and p as are not used when it is clear from the context.



1.2.4 IRRADIANCE/PHOTON IRRADIANCE

The average irradiance E_, is the ratio of the total flux [W] to the total incident surface area,
and is a measure of the incident flux per unit area. This definition also holds for average photon
irradiance except the total flux has units of photons per unit time [s”]. The limiting value of the
average irradiance of a small portion of the incident surface A, as the area is reduced to a point is

the irradiance E at that point is given by

5= im A@. 4@
" adool T g ®

4 [

The subscript ¢ designates a sensor collector or aperture. The irradiance is a measure of the

incident flux per unit area at a point. The total flux is given by
P = f Edd, . (10)

1.2,5 FIELD ENTITIES

The terms of radiant exitance, radiant intensity, and radiance are usually thought of as having
reference to a source; irradiance on the other hand is considered as having reference to a receiver.
However, these concepts can be applied within a radiation field away from a source or receiver.
For example, if a barrier containing an aperture is placed in a radiation field, it has the properties
of a source for the flux leaving the aperture and a receiver for flux incident upon it. Thus, there is
no fundamental reason for distinguishing between the incoming or the outgoing flux. On the
contrary, there exists great utility in considering all these as field entities. It is possible, for

example, to calculate the flux at any stop, aperture, or detector within a system,

1.3 SPECTRAL FLUX
The entities of radiance, irradiance, radiant intensity, and radiant exitance are differential with

respect to wavelength (or optical frequency). For example, the average spectral flux is the ratio



of the total flux integrated over all wavelengths to the total bandwidth. The limiting value of the
average spectral flux over a small portion of the spectrum as the bandwidth is reduced to a

wavelength (or a wave number) is the spectral flux @, at that wavelength and is given by

lim A® do

%= pi-0 5l T g (11)

which is designated as the spectral density function or concentration. The total flux is given by

P = f Ddi . (12)

Similar definitions could be written for spectral radiance, spectral radiant exitance, spectral
radiant intensity, and spectral irradiance. The entities spectral radiant exitance and spectral
radiant intensity are written in abbreviated form as spectral exitance and spectral intensity
respectively. In addition, it is recognized that these entities can also be written as a function of
wave number.

Table 2 provides a tabulation of the various source spectral entities considering permutations of

wavelength or wave number and energy or quanta rate.

1.4 THE GEOMETRY OF RADIATION TRANSFER

The calibration of a radiometric sensor consists of a series of experiments in which the sensor
response to a standard source is obtained. The radiant flux is transferred from the source to the
receiver according to the laws of the geometry of radiation transfer. This geometry is utilized to
calculate the flux incident upon the entrance aperture of a sensor during calibration using the
geometrical entities defined below and the source characterizations given above. Table 3

summarizes the terms and units pertinent to this section.

1.4.1 PROJECTED AREA

The area of a rectilinear projection of a surface (not necessarily a plane surface) onto a plane



Table 2

SOURCE SPECTRAL TERMS, SYMBOLS, AND UNITS

Energy/Wavelength
Spectral radiance
Spectral exitance
Spectral intensity

Spectral irradiance

Energy/Wave number
Spectral radiance
Spectral exitance
Spectral intensity

Spectral irradiance

Quanta/Wavelength
Spectral photon radiance
Spectral photon exitance

Spectral photon intensity

Spectral photon irradiance

Quanta/Wave number
Spectral photon radiance
Spectral photon exitance

Spectral photon intensity

Spectral photon irradiance

)

bq;.‘QSQ

)

b~

~ 5

[

S

[W/(m? sr)] or [(W/(m?sr))/um]
[W/m?®] or [(W/m?)/um]

[W/(m sr)] or [(W/sr)/um]
[W/n’] or [(W/m®)/pm]

[W/(m sr)]
[W/m]

[W m/sr]
[W/m]

[s*/(m? sr)] or [(sY/(m®sr))/um]
[s/m*] or [(s"/m?)/um]

[s/(m sr)] or [(s*/sr)/um]
[s'/m’] or [(s"/m?)/um]

[s/(m sr)]
[s?/m]

[s™ m/ sr]
[sYm]




perpendicular to the direction of the projection is the projected area as illustrated in Figure 1 and

is given by

4, = f cosf d4 . (13)

Figure 1. Illustration of the projected area.

1.42 SOLID ANGLE

The solid angle element de of a cone formed by straight lines from a single point (the vertex)
is numerically equivalent to the area intercepted on the surface of a unit hemisphere centered at
the vertex which is itlustrated in Figure 2, and dw = sin @d8d¢. Therefore, the solid angle w for

a right circular cone with its center on the Z-axis will be

2n e .
w = fo d¢>f0 sind d@ = 2n(1-cos6&) (14)



where @ and ¢ are the polar and azimuthal angles respectively and @is the cone half-angle. For a

full hemisphere @is equal to 90°, and Eq. 14 yields w= 2m sr.

1.4.3 PROJECTED SOLID ANGLE
The projected solid angle element d€2is the solid angle element dew projected on to the plane
of observation as shown in Figure 2. It involves another cosine (d€2= dwcos ). For a right

cicular cone the projected solid angle (2 is given by

Q= fcosﬁ dw = m sinf@ . (15)

Again, for a full hemisphere @is equal to 90°, and Eq. 15 yields @= 7 sr. For small anglesi.e. @

less than 10°, the value of 2 will be approximately the same as w.

X

Figure 2. Tlustration of solid angle and projected solid angle.
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1.5 SENSOR PARAMETERS

The measurement equation includes, in addition to the source and geometry of radiation terms,
the sensor parameters as given below. In general, the Greek symbol p is used for relative sensor
responsivity while the italic R is used for the absolute values. However, the notation of the italic
symbol S, for relative sensor responsivity and the italic § for the absolute value is sometimes used
in the literature based on the notation of the International Commission on Illumination (CIE) [3].
There have been considerable discussions between Fred Nicodemus of the National Bureau of
Standards (NBS, now NIST) and others in the late 70s [9] on what symbols to be used for these
quantities. The use of common symbols for these derived quantities is desirable, but not essential
as long as they are properly defined and consistently used in a document. However, the use of
common symbols for basic quantities that are connected to SI units is highly recommended as laid

out in this document.

1.5.1 RELATIVE SPATIAL RESPONSIVITY

If deployed in space, the radiometric sensor aperture is bombarded with unwanted flux which
arrives from outside the instrument’s field of view, such as the sun, earth, stars, atmosphere etc.
The sensor output for a spatially pure measurement is a function of the radiant flux originating
from the target (within the sensor field of view) and is completely independent of any flux arriving
at the instrument aperture from outside this region. Thus, the characterization of the spatial
response, or angular field of view of a sensor, is an essential part of the sensor calibration. In this
regard, the sensor relative spatial responsivity p( 0, @) is defined as the function that gives the
dependence of the spatial responsivity over the sensor’s entire hemispherical view relative to the
peak responsivity in the direction of its optic axis. Thus, p(8 @) is unitless and is the normalized
point-response function which is obtained as the measured off-axis response to a point source.

This function can be integrated to provide the solid-angle field-of-view as

Q= AO,$)de2 (16)

(hemisph)

11



A detailed discussion on how to determine the sensor field-of-view from the off-axis response to a

point source is given in Ch.10 Ref.[15].

1.5.2 ENCIRCLED (ENSQUARED) ENERGY

The encircled energy or ensquared energy &, is unitless and is defined as the ratio of the energy
incident upon a circular or square detector to the total energy in the image of a point-target on the
detector. This image is generally spread out because of imperfect imaging and is called the point
spread function. The encircled energy is significant only when the point spread function width
becomes a factor in determining the senor response. For example, the simplest case is that the
point spread function causes radiation to fall outside the detector active area. An example of a
less extreme case is when the point spread function must be averaged over a spatially nonuniform
region of the detector. It should be noted that the encircled energy is in general unity for the

image of an extended- area source.

1.5.3 THROUGHPUT AND RELATIVE APERTURE

Throughput and relative aperture or f~number are unitless measures of the “flux gathering
power” of an optical system and are defined in reference to Figure 3 where A is the area of the
field stop. The sensor throughput is defined as the product of the entrance pupil area 4, and its

projected field-of-view (2, [m® sr] and can be written as

Ac‘Qc = Ac AFS/f2 (17)

which is 4, 7 sin®@for a circularly symetrical field-of-view for angles where tan @ = sin .
The relative aperture I or F/# is given as the ratio of the effective focal length fto the entrance
pupil diameter D, and is given by the following equation in terms of the index of refraction » and

the cone half-angle « for angles where tan & =sin «

F = fiD = (2n sina)” (18)
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Figure 3. Optical schematic for a simple optical system illustrating the half -angle field-of-
view 6, and the cone half-angle .
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TABLE 3
GONIOMETRIC TERMS AND UNITS

Polar angle 0 [degree]
Azimuthal angle 1) [degree]
Field-of-view half-angle ) [degree]
Relative aperture F unitless
Cone half-angle o [degree]
Entrance pupil diameter D [m]
Projected area 4, [m?]
Solid-angle @ fsr]
Projected solid-angle o2 [sr]
Throughput AQ fm? sr]
Index of refraction n unitless
Effective focal length f m

Field stop area Apg m?

Note: The equations containing @ are only valid for a solid angle represented as a right circular
cone with its central axis coincident with the sensor optical axis, and @ represents the half-angle

for a circularly symmetric field-of-view.
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2. Part TI: THE RADIOMETRIC SENSOR CALIBRATION

Radiometric calibration is accomplished in a series of experiments in which the sensor output is
observed in response to a number of standard sources. It is necessary to evaluate the sensor
performance in the spatial, spectral, and temporal domains as well as to measure the noise and
nonlinear characteristics of the system. These experiments are expressed in terms of a
measurement equation.

Henry Kostkowski and Fred Nicodemus of the National Bureau of Standards (now NIST)
introduced the concept of a “measurement equation.”[9][10][11] In order to solve this equation
it is necessary to measure pertinent quantities, or obtain all pertinent sensor component
specifications from the manufacturer of the sensor. This equation is also called the “system
performance equation” in the literature.[10] This equation is especially useful in the efficient
design of calibration experiments and evaluating measurement uncertainties.

The measurement equation can also be used to determine calibration coefficients for the
reduction of field data to convert sensor response to incident flux. This is obtained by what
amounts to an inversion of the dependent and independent variables.

Thus, the calibration equation provides incident radiant flux in terms of the sensor
output. In the following, Section 2.1 develops the measurement equations and Section 2.2

provides the corresponding calibration equations for both radiometers and spectrometers.

2.1 THE MEASUREMENT EQUATION

The purpose of this section is to begin with a general statement of the measurement equation
which is written in terms of sensor and standard source parameters that is valid for radiometers
(both spatial and large-field single-detector systems) and spectrometers. Then, solutions of this
general measurement equation are illustrated for the specific cases of a spatial radiometer and a
spectrometer.

The measurement equation yields sensor output for a specific source configuration. It is a
system equation, i.e., it models the sensor system performance in terms o