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SPECTRAL RADIANCE-TEMPERATURE CONVERSIONS FOR
MEASUREMENTS BY AVHRR THERMAL CHANNELS 3,4,5

P.A. Davis
Satellite Research Laboratory
National Environmental Satellite, Data, and Information Service
Washington, DC 20233

Abstract

This report reviews the relationship between spectral radiance
and brightness temperature for the Advanced Very High Resolution
Radiometer (AVHRR) Chs. 3, 4, 5 of the NOAA-7, -9, -10, -11, -12
satellites. The iImpact on the Ch.3 radiance of the solar spectral
irradiance and reflectance is examined as well. All information
necessary for easy generation of detailed spectral radiance tables
for brightness temperatures to any desired thermal resolution is
provided for each of the thermal channels on the five satellites.
By generating appropriate spectral radiances for each 0.1 degree,
temperature (in tenths of degree) becomes an index for extremely
rapid computer conversions (table look-up) of spectral radiances.
Use of the same table for converting radiances (based on measured
counts) to brightness temperatures requires a table search for each
radiance. Abbreviated tables, equally spaced in temperature, of
spectral radiances and brightness temperatures are presented for
each of the thermal channels, along with the unique effective
wavenumber that links each pair of variables through the Planck
function. Precise calculations for any radiance/temperature can be
made from the Planck function by using the appropriate effective
wavenumber as a Ffunction of the brightness temperature (for
calculating spectral radiance given the brightness temperature) and
as a linear function of the logarithm of the spectral radiance (for
calculating brightness temperature given the measured radiance)
However, more efficient precise calculations are achieved by
replacing the variable effective wavenumber with a fixed centroid
wavenumber for each channel, along with the associated effective
temperatures fTor the brightness temperatures. Thus, the Planck
function (or its inverse), together with three tabulated constants
for each channel (the fixed centroid wavenumber and the slope and
intercept of the linear relation between effective temperature and
brightness temperature) is recommended for all precise spectral
radiance or brightness temperature calculations.

Filtered Ch.3 solar spectral irradiances for each satellite
have been specified to enable the determination of top-of-the-
atmosphere scene reflectance for Ch.3, once the thermal emission
for daytime Ch.3 is removed from the measured spectral radiance.
Thermal limitations of Chs.3,4,5 measurements are discussed.
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1. INTRODUCTION AND SCOPE

In an earlier NOAA Technical Report (Rao, 1987) , the prelaunch
calibration, and its physical basis, of Chs.l and 2 of the Advanced
Very High Resolution Radiometer (AVHRR) was reviewed and the
relationships between reflectance factors of the integrating sphere
source and the AVHRR signals were described for the benefit of
users. The same data source for extraterrestrial solar spectral
irradiance, used in that report, was used here to update the Ch.3
reflectance factor. All of the signals for Chs. 1 and 2 arise from
the scattering and reflectance of solar radiation in the atmosphere
and at the surface, but only part of the daytime Ch.3 signal arises
from scattered/reflected solar radiation, the rest being made up by
emission from the surface and atmosphere. Data from Ch.l and 2 can
be helpful iIn the separation of Ch.3 reflected radiance from the
emission. In contrast to Chs.l and 2, Chs.3,4,5 have the advantage
of onboard calibration.

For this report, we accept the calibrations already performed
(Planet, 1989) for Chs.3,4,5 and review the iInterconversions
between brightness temperature and spectral radiance determined
from the radiometric measurements (traceable to the laboratory
blackbody source and the prelaunch reference measurements).
Spectral radiance determinations depend on the thermal emission
sources, taken here as blackbody, and on the relative response
characteristics of the AVHRR channels as determined by ITT, and
assumed to be spectrally fixed since prelaunch. Utilization of the
blackbody source and the instrument spectral response curves to
define the relationship between spectral radiance and brightness
temperature occurs repeatedly in the calibration cycle. NOAA
Technical Memorandum 107 describes procedural details. A specific
relationship holds for each channel on each satellite. This report
reviews the relationships for AVHRR Chs.3,4,5 of the Tfive-channel
instruments on NOAA-7,-9,-11,-12 satellites, covering over 11 years
of data. Although there was no Ch.5 on NOAA-10, data from NOAA-10
AVHRR Chs. 3 and 4 were included (with over 5 years of early
morning/Zevening coverage) to supplement the other morning satellite
(the Ffive-channel NOAA-12) and because of the presence of the ERBE
instrument on NOAA-10, with compatible broadband scanning coverage.

Users of AVHRR data frequently convert spectral radiance to

temperature, or vice versa. A counts-to-radiance regression
relationship is provided with the AVHRR Ib data (Kidwell, 1991) for
each scanline of each channel. While there is no unique path

leading directly from a measured digital count (as an index) to
brightness temperature, the reverse path exists for going directly
from brightness temperature to radiance for any Ffixed spectral
response Tfunction. This work was initiated for the purpose of
providing simple direct options for users to communicate between
the iInfrared spectral radiance of the measurement and the
associated brightness for radiometric) temperature.



Since narrowband channels (AVHRR) actually are polychromatic
(rather than monochromatic), the conversion from measured spectral
radiance to brightness temperature, or from brightness temperature
to spectral radiance, cannot be done directly from only the Planck
function, 1i1.e., not without integration over the spectral range of
the instrument response function. The Planck function defines the
blackbody spectral radiance as a Tfunction of the brightness
(emission) temperature and the wavenumber (or wavelength); the
inverse defines brightness temperature in terms of the spectral
radiance and wavenumber. Furthermore, the relationship between
spectral radiance and temperature is not represented precisely by
any simpler function than the Planck function.

Four general conversion options are 1indicated below and
described in more detail in Section 3. Detailed results from the
first "option," if not used directly from tabular form, are needed
for the development of the other options. The four options are:

D For a specific range of blackbody (brightness)

temperatures, to any degree of precision desired, the
corresponding range of measured spectral radiances can be
constructed by determining the weighted average of the Planck
Ffunction (blackbody spectral radiance) with respect to the
instrument spectral response function over the spectral range
of the measurement. This procedure is the only way to exactly
construct a detailed table of all possible measured spectral

radiances for the corresponding brightness temperatures. The
table may be used directly for conversion between variables.

(2) From the Option 1 generation of all radiance-temperature
pairs, it is possible to define an effective wavenumber, as an
intermediate variable for each pair, that yields the correct
spectral radiance or brightness temperature when the Planck
function is applied, with either the temperature or the
radiance as input.

(3 A fixed centroid wavenumber can be defined for each of the
channel spectral response functions. With this wavenumber and
the results from Option 1, an effective temperature can be
defined as a linear function of the brightness temperature,
and used in place of the brightness temperature in the Planck
function, so as to yield the matching spectral radiance.

(4 A fTourth "option"™ is simply to accept an abbreviated table
of spectral radiance and brightness temperature pairs from
Option 1 and to convert directly from one variable to the
other by appropriate interpolation.

The spectral radiance-temperature relationships described are
based on the prelaunch calibration with the laboratory blackbody
and the channel relative spectral response curves as defined by
ITT, and assumed unchanged since launch. In-Flight calibration

3



with the onboard reference target is traceable to the laboratory
standard. Platinum resistance thermometers (PRTs) are used to
monitor the reference target temperature. Thus, during all post-
launch counts-radiance calibrations, and during nonlinear
corrections (see Weinreb et al., 1990), the same radiance-
temperature transfer specification, as described herein, is
maintained for each channel

In the following sections, the spectral response functions,
equivalent widths, and centroid wavenumbers are described first,
independently of any radiant sources. That discussion is followed
by the definition of the thermal spectral radiance, effective
wavenumber, and effective temperature, as well as procedures for
actually computing the radiance, temperature, and wavenumber
variables iIn application. Then follows a discussion of the solar
impact on Ch.3 measurements. The calibration relationships (counts-
radiance-temperature) fTor Channel 3 are based on blackbody emission
only, whereas in the daytime the signal received in Ch.3 Ffrom
reflection of solar irradiance could exceed the emission. In that
case, 1T the daytime measurement is converted to spectral radiance
and to temperature through the established radiance-temperature
conversion, the implied brightness temperature will significantly
exceed the viewed target emission temperature. Therefore, to
properly translate the Ch.3 signal, it is necessary also to define
the reflectance from the ratio of the non-emission component of the
spectral radiance of the measurement to the incident solar spectral
irradiance. Appropriate denominators for reflectances are outlined
for each Ch.3 of the five satellites considered. In the final
section, applications of the relationships and calculated products
are discussed, along with the thermal limitations for each channel.



2. AVHRR SPECTRAL RESPONSE FUNCTIONS

The key element in the radiance-temperature conversion is the
relative spectral response function for each AVHRR thermal channel
on each satellite. The relative response functions of the AVHRR
filters, as defined by ITT (see references) in terms of wavelength
and normalized to their maximum values, have been illustrated in
the NOAA Polar Orbiter Data Users Guide (Kidwell, 1991) for all of
the Tfive satellites considered here. The normalized response
values also have been summarized at the original wavelengths in the
Appendix Table A1 for all 14 channels. Although listings are in
wavelength, all analyses in this report have been performed in the
wavenumber regime. The wavenumber v is the reciprocal of the
wavelength A and is equal to the ratio of the frequency f to the
speed of light c:

1/A = f/c,
-dA/A

Vv
and dv

The relative spectral response functions, originally defined
at equally spaced wavelengths, for the AVHRR channels may be

denoted as i, the maximum relative response is denoted as iHX
Suppose that represents the normalized response function at
wavenumber v and represents the normalized response function at
wavelength A. At any wavenumber or wavelength, the normalized

response Ffunction is simply the ratio of the relative response to
its maximum value for the channel, or i|t/iliMX. Thus, the normalized
spectral response varies between zero and unity (at ij=ijimx)

The equivalent spectral widths for each channel are given by
the integration of the normalized response function over the
spectral range of the channel. In wavenumber

Wwv (1)

whereas for wavelength

\M = dX :'fV\(j>( (2)

Another characteristic of the spectral response function that
has been used in this report is the '"centroid"” wavenumber vc, the
wavenumber limit which equally divides the spectral width:
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All spectral integrations in this study were performed in
trapezoidal fashion over wavenumber for all thermal channels, using
only the point values provided by ITT for the relative response,
but changing from the equally spaced wavelengths to the
corresponding unequally spaced wavenumbers. Figure la illustrates,
for Ch.3 of NOAA-11, the original ITT channel response curve data

equally spaced in wavelength. In Figure Ib, the same spectral
response points are replotted in wavenumber (no Qlonger equally
spaced), with a reversal of features. Figure lIc data result from

the reanalysis by NOAA/NESDIS, using the curve obtained by Ffitting
the original ITT points with a cubic spline, then resampling at
equal wavenumber iIncrements with up to four times as many response
points as iIn the original curves. A comparison of calculated
spectral radiances resulting from use of our trapezoidal
integration over the original ITT points only (curve Ib) with those
from the NESDIS operational procedure for Ffitting and resampling
(curve 1Ic) showed negligible differences. This jJustified the
simple approach, involving only the original ITT points, adopted by
Weinreb (1992) and followed here.
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3.THERMAL EMISSION AND RADIANCE-TEMPERATURE CONVERSIONS

Since the thermal radiation source, as iIn the laboratory, is
taken as a JplacJ”body” t"ie radiant energy per unit wavenumber in the
units mW m sr (cm ) may be expressed as spectral radiance by
the Planck function:

C \é — ztl. %
v [EXP(C2\/T) - 1]
where (., = 2he2, C2 = hc/k, v = wavenumber in crit , and T 1i1s the

brightness temperature in Kelvins. These definitions include c as
the speed of light, h as Planck®"s constant, and k as Boltzman®s

constant. 2Num’\r|caJ| yalues adopted were Cl = 1.191066E-05 in the
units mWm sr (cm )% and C2= 1.438833 cm-deg. In terms of energy

per unit wavelength:

Cx A,'5

[exp(c2/\t) - 1] ®)

Radiances measured through the narrowband AVHRR Channels 3,4,5
on the NOAA polar orbiting satellites are assumed to arise from
blackbody sources as described by equation (4). Accordingly, the
spectral radiance, R,, derived from a polychromatic AVHRR band
measurement may be expressed over wavenumber by

JIX <&y dv _ Jbv Ov dv

fv dv ~ ©)

or, over wavelength by

= L
Bx dX
X o RV —— ™
’ W, v Wx

The extreme right side of Eq. 7 TfTollows from the fact that the
integrals in the numerators of Egs. 6 and 7, representing the
measured band radiance, must be identical.

The procedure used for generation of the look-up tables 1in
Option 1 is to specify the brightness temperature for the Planck
function in Eq. 4 and to perform the weighted average with respect

9



to the spectral response Tfunction over the channel wavenumber
range, as expressed through Eq. 6. Each derived spectral radiance
can be related through the Planck function to the brightness
temperature and to wavenumber. If the empirical spectral radiance

replaces the blackbody spectral radiance in the Planck
expression, this relationship <can be exploited to provide
alternative means (Options 2 and 3) for generating either variable
(spectral radiance or brightness temperature) without returning to
the spectral response functions.

For Option 2, the brightness temperature TB is held fixed and
the Planck function is solved for that effective wavenumber, ve,
that yields the R, calculated in Option 1:

R
[EXP(C?\}Jth) - 1] &)

IT the spectral radiance is measured, the R, would correspond to
the value, E,-, (for the 1ith channel) defined in the NOAA Polar
Orbiter Data Users Guide (Kidwell, 1991) as a linear function of
the measured counts, C,

R,, = E( = “jC + ABi,

where a; and /- are the slope and intercept of the linear relation.
The inverse of Eq. 8 can then be used to specify the brightness
temperature corresponding to the measured spectral radiance,

C, v

7 — -
Inf (@ va7a) + 1]

For the determination of the true effective wavenumber for each R,
and Tb pailr, equation (9) can be solved numerically by successive

approximation for ve, to any desired precision, to ensure that
inf(Q V3 /rv) +i] - (c2\Jth) - 0 (10)

As a first guess for the solution of Eq. 10, we use the radiance-
averaged wavenumber. Once the effective wavenumber ve has been
established, it is employed in either Eq. 8 or Eq. 9. Computed
results for the effective wavenumber ve have been included in Table
A2 of the Appendix for an array of temperatures and radiances that
represents an abbreviated subset from the Option 1 table. Table A2
illustrates the variation of ve with brightness temperature and
with spectral radiance.

For Option 3, the wavenumber is held fixed and the brightness

temperature is adjusted to maintain the proper Planck function
relationship. Accordingly, the wavenumber 1is replaced with the

10



fixed centroid wavenumber wvc for each channel, and TB is replaced
with an effective temperature TE, which 1is defined as a linear
function of TB (discussed in Sec. 3.3). Thus, f¥for Option 3, Egs.
8 and 9 become

R Qyl (id
v  [EXP(C2Vc/Th) - 1]

and

_ C2vc
Te = T(T8) In[ (que/inv) + 1] (12)

All variability on the right side of Eq. 11 is now contained within
the brightness temperature through the effective temperature TE.

The relative behavior of these terms, as a function of
wavenumber, might be better understood from the example illustrated
in Fig. 2. Spectral response functions for AVHRR Chs. 4 and 5 of
NOAA-11 appear along with plots of the blackbody spectral radiances
(Eq. 5 scaled for plotting convenience) Tfor two brightness
temperatures, 200K and 300K. The product of the blackbody spectral
radiance and the spectral response function makes up the integrand
in the numerator in Eq. 6. From the tabulations in Tables A2, the
Ch.4 RAD for NOAA-11 1i1s 12.07 mW m"2 sr* (cm’l) for T=200K and
112.41 for T=300K. Similarly, the Ch.5 RAD is 16.71 for T=200K and
127.52 for T=300K. Note that since the shapes of the spectral
response curves are similar, the larger magnitudes for Ch.5 than
for Ch.4 reflect the 1illustrated fact that, for a given
temperature, the spectral radiances decrease with increasing
wavenumber in this part of the thermal wavenumber spectrum.

Also from Fig. 2, taking account of the scaling factors, it
can be seen that the effective wavenumbers from Table A2(d) point
to positions on the blackbody source curves with the same spectral
radiances (Ri”D"s) quoted above. For Ch.4 the effective wavenumbers
are 926.8 cm" for T=200K and 927.9 for T=300K, whereas for Ch.5 the
corresponding effective wavenumbers are 841.4 and 842.3. For
comparison, the corresponding fixed centroid wavenumbers in Egs. 11
and 12 are 928.7 for Ch.4 and 841.9 for Ch.5. Note that the
centroid wavenumber for Ch.4 exceeds both effective wavenumbers
(for 200K and 300K), while corresponding effective wavenumbers for
Ch.5 straddle the Ch.5 centroid wavenumber. These shifts are
compensated by the corresponding effective temperatures (replacing
the brightness temperatures) which are 200.23K and 300.09K for
Ch.4, and 200.05K and 299.96K for Ch.5. Thus, the centroid
wavenumbers point to the same spectral radiances as the effective
wavenumbers but they lie on blackbody curves at slightly different
temperatures

11



Figure 2.
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3.1 Option 1 - Generation of Temperature-Radiance Look-Up Files

Brightness temperatures are specified through Eq. 4 for
calculations of spectral radiance through Eq. 6 to establish the
temperature—radiance tables. For our use, 1450 temperatures (in
tenths of degrees) were specified over the range from 185.0K
through 329.9K for AVHRR thermal channels on the NOAA-7, -9, -10,
-11, and -12 satellites. Samples from each dataset are included in
Table A2. The detailed tables of spectral radiance for each
brightness temperature are the basis for direct conversion from one
variable to the other, without need for any other information.

During the generation of the temperature-radiance look-up
tables, it was also possible to generate two other variables that
can be used for direct application of the Planck function (which
requires wavenumber specification) to obtain either the desired
spectral radiance (for the given brightness temperature) or the
brightness temperature (given the spectral radiance). One of the
variables is the effective wavenumber used in Option 2. The other
variable is the effective temperature, which simply replaces the
brightness temperature while holding the wavenumber fixed, as used
in Option 3. Calculations of these two variables under Option 1
enables their application under Options 2 and 3, without the need
for readdressing the spectral response function. Consequently,
either Option 2 or Option 3 also could be applied to reproduce the
detailed look-up Tfiles generated in Option 1.

3.2 Option 2 - Effective Wavenumber

Using the Planck function and the effective wavenumber, it is
possible to compute the spectral radiance directly from Eq. 8 if
given the brightness temperature. Similarly, given the spectral
radiance, the inverse of the Planck function can be used to compute
the brightness temperature (Eq. 9). In the Ffirst application, the
effective wavenumber must be known as a function of the brightness
temperature, whereas for the second application the effective
wavenumber must be known as a function of spectral radiance. In
the Users Guide (Kidwell, 1991), which actually employs Option 2,
only a few effective wavenumbers (referred to as central
wavenumbers) are listed, and they refer to the midpoints of several
specified temperature ranges. By contrast, Table A2 lists the
effective wavenumber every 5 degrees in brightness temperature,
along with the corresponding spectral radiance (covering either
variable as user input). In terms of our imposed 0.1% accuracy
requirements, as applied here to wavenumber, it can be determined
from Table A2 that for Chs.4 and 5 it would be acceptable to use
even a single mean effective wavenumber for the entire temperature
range. However, for Ch.3, the use of a central wavenumber from the
Users Guide at the lowest limit of its temperature range would
result in errors exceeding the 0.1% level. On the other hand,
interpolation in effective wavenumber over the 5-degree temperature
intervals in Table A2 would always yield high accuracy consistent
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with AVHRR measurement precision.

For completeness, in the event the user preferred to calculate
the effective wavenumber associated with any given brightness
temperature (without Table A2), Table 1 was generated to provide
the coefficients of regression relationships. For high accuracy in
Ch.3 wavenumber (Table la), it was necessary to use a second order
fit in terms of temperature, yielding three coefficients:

WNO = ve = A2 + A3T + A4T2 (13)

For Chs.4 and 5 a linear fit to temperature is more than adequate,
yielding two coefficients that are listed in Table Ilb and lc:

WNO = ve = A0 + A,T (14)

In the event the user was given the radiance and wished to
calculate the effective wavenumber, a Qlinear relationship was
established between the effective wavenumber (for all channels) and
the natural logarithm of the spectral radiance:

WNO = ve = A0 + Al In (RAD) (15)

The pairs of coefficients are listed in Table 2 along with the
explained variance and standard error of estimate.

Figure 3a illustrates the actual nonlinear relationship
between the NOAA-12 Ch.3 effective wavenumber and the brightness
temperature (fit by Eq. 13), and Figure 3b illustrates the very
good linear relationship between the Ch.3 effective wavenumber and
the logarithm of the spectral radiance (fit by Eq. 15).

3.3 Option 3 - EFffective Temperature (with Centroid Wavenumber)

This procedure for Option 3, for directly calculating spectral
radiance or brightness temperature through the Planck Tfunction
using the Tfixed centroid wavenumber and a variable effective
brightness temperature (Weinreb et al., 1981), is clearly the best
alternative to Option 1 (although derived therefrom), and requires
only three constants (no variables) be used with the Planck
expression. Option 3 is preferable to Option 2 on the basis of its
simplicity and efficiency. Option 2 required dealing with an
intermediate variable, the effective wavenumber, which had to be
expressed as a function of whichever independent variable was used
(brightness temperature or spectral radiance). By contrast, in
Option 3 the wavenumber 1is held constant, and the variable
effective temperature Tt replaces the brightness temperature TB,
rather than adding another variable. The derived effective
temperature TE is very close to the brightness temperature TB and
is linearly related to it. In fact, the effective temperature Iis
that brightness temperature in the Planck function that produces
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Table 1.

Coefficients for determining effective wavenumbers for

spectral radiance calculations given the brightness
temperatures for AVHRR channels (Five satellites).
WXB = effective wavenumber/ (cm'')

(a) Channel 3

SATELLITE
NOAA-O7
NOAA-09
NOAA-10
NOAA-11
NOAA-12

(b) Channel 4

SATELLITE
NOAA-O7
NOAA-09
NOAA-10
NOAA-11
NOAA-12

(C) Channel 5
SATELLITE
NOAA-O7
NOAA-09
NOAA-11
NOAA-12

WNO

a?
2625.24
2633.04
2618.06
2628.74
2595.17

A0
923.939
926.424
906.867
924 .653
917.336

brightness temperature (Kelvin)

= a? + a3t

A3

0.252845
0.245070
0.232567
0.231784
0.241014

= Aqg + A,T

Al
0.012052
0.010454
0.009330
0.010753
0.012617

WNO — A0 + AjT

A0
838.331
842.694
839.569
834.568

R? =
SE =

Al
0.008874
0.008316
0.009240
0.008550

15

+ adt?

A4

-0.000324
-0.000314
-0.000298
-0.000296
-0.000309

R2

99.76
99.75
99.82
99.76
99.79

R2

99.88
99.89
99.88
99.87

R2

99.97
99.97
99.96
99.97
99.97

SE
0.0259
0.0228
0.0170
0.0232
0.0251

SE
0.0132
0.0118
0.0137
0.0134

percentage explained variance
standard error of estimate

SE
0.0688
0.0660
0.0636
0.0623
0.0657
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Figure 3. Effective wavenumbers (WNO) Tfor AVHRR Ch.3, NOAA-12,
at every 5 K in brightness temperature
(a) WNO and brightness temperature, 185 - 325K
(b) WNO and logarithm of spectral radiance
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Table 2. Coefficients for determining effective wavenumbers for
brightness temperature calculations given the spectral
radiances for AVHRR channels (five satellites).

WNO = effective wavenumber (cm*l)
In(RAD% = natural _ logarithm of spectral radiance
RAD = spectral radiance, mW m’2 sr  (cm*1)*
WNO = A0 + Al In (RAD)
INSTRUMENT An A, R SE
NOAA-07
CH.3 2672.57 1.42576 99.99 .0380
CH.4 924.918 0.551589 99.08 .0504
CH.5 838.820 0.442847 97.68 .0589
NOAA-09
CH.3 2678.98 1.38158 99.99 .0386
CH.4 927.279 0.477348 99.10 .0433
CH.5 843.162 0.413154 97.77 .0541
NOAA-10
CH.3 2661.51 1.31289 99.99 .0332
CH.4 907.577 0.434389 98.89 .0427
NOAA-11
CH.3 2672.19 1.31179 99.99 .0384
CH.4 925.528 0.491849 99.08 .0449
CH.5 840.081 0.460473 97 .68 .0613
NOAA-12
CH.3 2640.13 1.37486 99.99 .0361
CH.4 918.338 0.581050 98.99 .0551
CH.5 835.028 0.428324 97.57 .0581
R2 = percentage explained variance
SE = standard error of estimate
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the given spectral radiance when the centroid wavenumber is used.
Since the 1linear relationship between Tt and TB 1is Ffixed, two
constants (slope and intercept) define it. Linear regression
yields the intercept a, and the slope a2 of the linear relationship
of Te and TB for each channel on each satellite:

Te = a, + a2 Tb (16)

Table 3 summarizes the results. The fTit is so good that the
explained variance is about 100 percent, whereas the standard error
of estimate is only about .003 K. The small standard error simply
expresses the closeness of the temperatures (consistent with the
small variation of effective wavenumber with temperature), and the
suitability of substituting effective for brightness temperature.
Despite the closeness of Tt and TB, the effective temperature must
be used with the centroid wavenumber to obtain the highly accurate
result. Furthermore, the constants of the regression relationship
can be inserted with the brightness temperature so that the actual
effective temperature does not even appear in the expressions:

~1 vC (17)

EXP[C2vc/ (ax + a2TB)] - 1

or
S (C2vc/a2) £i (18)
In[ (C,v|/Rv) + 1] az
where the channel specific constants vc, a.,, and a2 have been

summarized in Table 3. The only difference between these equations
and (8) and (9) is that vc has replaced the variable ve, and Tp has
been replaced by Tt (=al + a2TB). Fig. 4 shows a plot of the linear
regression of Tt on TB, using data points at every 5 degrees of

brightness temperature for Ch.3 of NOAA-12. Differences are very
small and the correlation is excellent. The straight line of Tfit

is slightly off the diagonal, but approaches it at higher
temperature. The actual effective temperatures for each thermal
channel on the five satellites are listed in Appendix Table A3 for
the same 29 brightness temperatures included in Table A2. Eqs. 17
and 18, along with the appropriate constants from Table 3, maintain
high accuracy over all domains of either iInput/output variable,
brightness temperature or spectral radiance. These same equations
can be applied directly by the user to generate detailed look-up
tables of radiance and temperature.
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Table 3. Centroid wavenumbers and coefficients for determining the
corresponding effective temperatures used in calculating
spectral radiances or brightness temperatures for AVHRR
thermal channels (five satellites).

vc = centroid wavenumber (Fixed for channel)
Th = brightness temperature
Te = effective temperature = al + a2TB
INSTRUMENT *] a.
NOAA-07
CH.3 2686 .64 1.98770 0.997602
CH.4 929.021 0.64162 0.998398
CH.5 841.559 0.41456 0.998803
NOAA-09
CH.3 2691.99 1.91196 0.997549
CH.4 930.699 0.53787 0.998624
CH.5 845.805 0.40064 0.998867
NOAA-10
CH.3 2673.86 1.81551 0.997666
CH.4 911.105 0.54969 0.998683
NOAA-11
CH.3 2683.65 1.80307 0.997455
CH.4 928.693 0.50009 0.998633
CH.5 841.866 0.24153 0.999043
NOAA-12
CH.3 2652.98 1.90524 0.997503
CH.4 921.731 0.53981 0.998423
CH.5 837.390 0.34462 0.998938

NOTE: With the above regression coefficients, the explained
variance iIn each case is 100% (to 5 decimal places) and the
standard error of estimate is on the order of 0.003 deg K.
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Figure 4. Regression of effective temperature on the associated
brightness temperatures for NOAA-12 AVHRR Ch.3
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3.4 Option 4 - Interpolation in Tables

This Tfinal e<"option"” is the only recourse to any of the Ffirst
three options, i.e., if the user chooses neither to generate and
implement a detailed table (file) look-up procedure nor to employ
the Planck function and appropriate parameterizations to compute
each temperature-radiance conversion. Basically, this option is to
accept abbreviated tables produced by one of the other options.
Suppose that the radiances and temperatures appearing in Table A2
are adopted as the basis for table entry, interpolation, and
output. Table A2 provides the '"truth" at every 5 K in brightness
temperature with the corresponding precise spectral radiances
defined from Option 1. To achieve desired accuracy through linear
interpolation in these tables (rather than to employ higher order
interpolation), the table entries of brightness temperature should
instead be paired with the natural logarithm of the spectral
radiance. On the other hand, suppose that instead of Table A2 with
entries every 5 K, table entries were available for every 1 K. In
that case, simple linear interpolation between the brightness
temperature and the spectral radiance (rather than its logarithm)
is acceptable, leading to uncertainties that meet the 0.1 percent
accuracy requirement for the radiance. As an example of the latter
table, for comparison with Table A2d, Table 4 presents the 1l-degree
data pairs for NOAA-11 Ch.4. The left-most column compares with
similar data in Table A2d; instead of 29 pairs of temperature-
radiance, Table 4 presents 145 such pairs (without the effective
wavenumbers). Table 4 may be stored as a radiance file with the
temperatures as an index. In both cases, simple interpolation is
required for this option, but no consideration need be given to
effective wavenumber or effective temperature.
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T
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325

Table 4.

RAD
7.03405
8.50145

10.17617
12.07243
14.20394
16.58381
19.22448
22.13771
25.33448
28.82501
32.61874
36.72429
41.14950
45.90141
50.98627
56.40961
62.17620
68.29012
74.75476
81.57282
88.74651
96.27728
104.16621
112.41374
121 .01990
129.98419
139.30580
148 .98346
159.01552

T
186
191
196
201
206
211
216
221
226
231
236
241
246
251
256
261
266
271
276
281
286
291
296
301
306
311
316
321
326

NOAA-11 AVHRR Ch.4 spectral
every one degree

RAD
7.31164
8.81935

10.53725
12.47949
14 .65964
17.09069
19.78496
22.75404
26.00877
29.55922
33.41465
37.58353
42 _.07354
46.89155
52.04370
57.53532
63.37108
69.55489
76.09002
82.97906
90.22403
97 .82639
105.78701
114.10631
122.78412
131.81998
141.21289
150.96156
161.06429

T
187
192
197
202
207
212
217
222
227
232
237
242
247
252
257
262
267
272
277
282
287
292
297
302
307
312
317
322
327

RAD
7.59706
9.14565

10.90731
12 .89606
15.12537
17.60811
20.35643
23.38180
26.69490
30.30562
34.22309
38.45561
43.01070
47 .89507
53.11470
58.67482
64 .57989
70.83372
77.43944
84 .39953
91.71588
99.38985
107.42218
115.81319
124 56266
133.67003
143.13422
152 .95386
163.12718
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radiances for
in brightness temperature.

T
188
193
198
203
208
213
218
223
228
233
238
243
248
253
258
263
268
273
278
283
288
293
298
303
308
313
318
323
328

RAD
7.89042
9.48048

11.28645
13.32226
15.60124
18.13614
20.93899
24.02107
27.39293
31.06430
35.04413
39.34060
43.96102
48.91200
54 .19934
59.82811
65.80264
72.12663
78.80303
85.83425
93.22203
100.96762
109.07169
117.53444
126.35552
135.53438
145.06976
154 .96027
165.20410

T
189
194
199
204
209
214
219
224
229
234
239
244
249
254
259
264
269
274
279
284
289
294
299
304
309
314
319
324
329

11
13
16
18
21
24
28
31
35
40
44
49
55
60
67
73
80
87
94
102
110
119
128
137
147
156
167

RAD
19184
82395
67479
75818
08736
67491
53272
67194
10294
83532
87786
23854
92458
94239
29763
99523
03940
43362
18082
28323
74250
55975
73553
26997
16272
41295
01949
98083
29507



4. INCIDENT SOLAR RADIATION FOR CHANNEL 3 REFLECTANCES

In this section, i1information on the iIncident Ffiltered solar
radiation is provided to enable the user of daytime Ch.3 data to
make adjustments for planetary reflectance once the thermal
emission portion of the signal is distinguished. For compatibility
with the practice in the thermal emission region, wavenumber is
used iIn the discussion, although wavelength is carried along as
well because of its traditional use iIn the shortwave spectrum.
While radiant energy sources for the daytime Ch.3 measurement
include both thermal emission and reflected solar radiation, the
latter may be dominant. For Chs. 4 and 5, the solar component is
negligible in comparison with the thermal emission. Table 5
provides an 1input list of the extraterrestrial solar spectral
irradiance (at normal incidence and at mean Earth-sun distance)
expressed both in the traditional way as 1A per unit wavelength,

and as 1,, per unit wavenumber. In the Ffirst case, as in the
analyses for Chs. 1 and 2 (Rao, 1987), the units are in W m" ,
whereas for the latter case the units are in mW m2 (cml) . The

wavelengths and corresponding wavenumbers appearing in Table 5 were
selected to cover the spectral range from 3.325 to 4.15 /xm, since
this covers the response domain of any of the Ch.3 filters used to
date. Most of the data points were determined by interpolation in
the wings of the tabled values presented with Neckel and Labs
(1984). Use of these curves instead of those based on Thekakara
has led to modification of some estimated Ch.3 albedos, as, for
example, those used in CLAVR Phase-1 (Stowe et al., 1991), through
a slight reduction in solar spectral irradiance for the channel.

Just as with incident blackbody emission, the iIncident
Ffiltered solar spectral 1irradiance, in wavelength units, can be
expressed after integration over the normalized spectral response
function as

SA (19)

or, iIn wavenumber units, as

Sv (20)
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Table 5. Incident solar spectral irradiance (from Neckel & Labs)
over the spectral range of AVHRR Ch.3.

WLN = wavelength in micrometers

WNO = wavenumber in cm -2-1
I(L) = spectral irradiance in wavelength (W m" 2um )™ *
I(N) = spectral irradiance in wavenumber (mW nt (cm ) )
WLN 1 (L) WNO I (N)
3.325 17.81 3007.52 19.690
3.350 17.30 2985.07 19.415
3.375 16.84 2962.96 19.182
3.400 16.39 2941.18 18.947
3.425 15.94 2919.71 18.699
3.450 15.50 2898.55 18.449
3.475 15.08 2877.70 18.210
3.500 14.67 2857.14 17.971
3.525 14.28 2836.88 17.744
3.550 13.90 2816.90 17.518
3.575 13.53 2797.20 17.292
3.600 13.17 2777.78 17.068
3.625 12.83 2758.62 16.859
3.650 12.50 2739.73 16.653
3.675 12.18 2721.09 16.450
3.700 11.87 2702.70 16.250
3.725 11.58 2684 .56 16.068
3.750 11.30 2666.67 15.891
3.775 11.02 2649.01 15.704
3.800 10.75 2631.58 15.508
3.825 10.47 2614 .38 15.318
3.850 10.20 2597.40 15.119
3.875 9.96 2580.65 14 .940
3.900 9.72 2564 .10 14.784
3.925 9.49 2547 .77 14.620
3.950 9.27 2531.65 14.464
3.975 9.06 2515.72 14.315
4.000 8.84 2500.00 14.144
4.025 8.63 2484 .47 13.981
4.050 8.42 2469.14 13.811
4.075 8.23 2453.99 13.666
4.100 8.05 2439.02 13.532
4.125 7.86 2424 .24 13.374
4.150 7.68 2409.64 13.227
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Since the numerators iIn Egs. 19 and 20 are equal and represent the
irradiance available for the Earth-atmosphere reflectance
measurement, the two spectral irradiances are related through their
denominators (equivalent widths)

S* = s, (W,/WA)
where the equivalent widths are the same as iIn Egs. 6 and 7.

Inasmuch as it is convenient to represent a Filtered radiance
measurement as a spectral radiance, i.e., normalized by equivalent
width, the effective wavelength or effective wavenumber may be
described as that spectral location on the source curve (if known)
that points to the defined spectral radiance. In other words, from
Egs. 19 and 20, spectral irradiances associated with the effective
wavelength (Ae) and the effective wavenumber (ve) are depicted,
respectively, from

~ ’ SV - (21)

Note that reference here is to the incident irradiance, not the
measured radiance.

Fig. 5 again shows the response curve for NOAA-11 Ch.3, along
with blackbody emission at a temperature of 255K, and the solar
spectral 1irradiance incident at the top of the atmosphere
as presented with the Neckel and Labs solar spectral 1irradiance
distribution (at normal distance from the sun) within the spectral
range of Ch.3. For illustration purposes, the solar irradiance was
converted to an equivalent isotropic spectral radiance through a
division by n, and the resultant was Tfurther scaled through a
division by ten. The two source curves demonstrate that the solar
irradiance increases with wavenumber while the thermal emission

decreases much more rapidly with wavenumber. Accordipgly, the
effective wavenumber for the 255K emission is at 2669 cml, whereas
it is at 2685 cm ! for the solar source. If the solar source curve

is to be interpreted in terms of an isotropic emergent rather than
incident radiance, then the scaling by division by ten corresponds
to an emergent spectral radiance equivalent to a 10% reflectance.
Conversely, relative to a horizontal surface, the downscaled curve
could also correspond to a reduction of the iIncident solar
irradiance by changing from an overhead sun (zero degree solar
zenith) to a slant path with a solar zenith angle of 84 degrees
(cos 84° = 0.1) and complete (100 percent) reflectance of the
reduced amount 1incident horizontally. In either case, the
reflected solar energy would dominate over the 255K emission to
Ch.3. On the other hand, for a 50K increase in emission

temperature, effective emission wavenumber increases slightly to
2672 cm" and spectral r~diaripe iInpr”ases by more than an order of
magnitude to 0.763 mW m"z sr* (cml) , much closer to the incident
solar radiation (exceeding the illustrated S/10 curve). Thus, the
Ch.3 daytime response is dominated much more by the reflected solar
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energy over relatively cool surfaces (water clouds) than over hot
surfaces.

Table 6 lists all of the pertinent Ch.3 parameters in both
wavelength and wavenumber units. Wavenumber units are typically
used for the emission analyses of AVHRR thermal channels, whereas
wavelength units are used in the reflectance analyses of AVHRR
Chs.1 and 2. However, for the Ch.3 reflectance determination, it
is necessary to deal also with the spectral radiance from thermal
emission. The effective wavenumber for solar irradiance in Ch.3
exceeds that for thermal emission (see Table A2) , as it should.
(Also, effective wavenumber is not simply the reciprocal of
effective wavelength.) Equivalent widths are defined from the Ch.3
response function, 1independent of the energy source.

The top-of-the-atmosphere Ch.3 normalized reflectance is
expressible as

A3 =T Rs /(S, cosZz D2) = Rs /(SN coszZ D2 (22)

where Rs is the measured spectral radiance arising only from the
reflected solar radiation, is the channel TfTiltered solar
spectral irradiance at normal incidence (overhead sun at 1 A.U.) 1in

wavenumber units, SN = SJir in radiance units, Z is the solar zenith
angle, and D2 represents the square of the ratio of mean-to-actual

Earth-sun distance at time of measurement. In application of (22) ,
the difficult part is to separate Rs from RE, the spectral radiance
for emission in Ch.3; the latter might be estimated on the basis of
thermal measurements from Chs. 4 and 5. Given RE, the idea is to
assign Rs as the residual difference of the estimated Ch.3 emission
from the total measured spectral radiance, RT, or Rs = RT - RE. One
current procedure (Stowe et al., 1991) for estimating RE is taken
from sea surface temperature studies using regression relationships
on multichannel nighttime measurements over the ocean. T3 is
related to T4 and to the split window difference T4 - T5. Improved
scene-dependent procedures for estimating the Ch.3 emission from
Chs. 4 and 5 are under development, especially for backgrounds with
spectrally varying emissivity. Ch.3 reflectance of the viewed
background may also be estimated from Ch.l and Ch.2 measurements,
with the aid of models.
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Figure 5. Normalized spectral response for NOAA-11 AVHRR Ch. 3 along
with spectral radiance ((units: mW m"2 sr*T (cm"1)"T) from

blackbody emission at 255K and isotropic reflectance of
extraterrestrial solar spectral irradiance (S=10(v)/r)

27



Table 6. AVHRR Ch.3 Tfiltered solar spectral irradiances,
effective wavelengths and wavenumbers, and equivalent
widths in wavelength and wavenumber (Five satellites).

10(L)

10(N)
WLN
WNO

EQW(L)
EQW(N)

SATELLITE 10(L)

Ffiltered solar spectral i”rradiance in
wavelength (SA) (W m urmn )

Ffiltered solar spectral irr~d™Lance in
wavenumber (") (MW m (cm ) )
effective wavelength (/xm

effective wavenumber (cm )
equivalent width in wavelength (jun).,
equivalent width in wavenumber (cm )

loy/7r mw M2 Ceml) Lo el

NOAA-07 11.5642
NOAA-09 11.6646
NOAA-I10 11.3691
NOAA-11 11.5443
NOAA-12 11.0355

WLN EQW(L) 10(N) WNO EQW(N)  sN
3.727 . 399554 16.0850 2686.25 287.257 5.120
3.718 .401426 16.1500 2692.73 289.936 5.141
3.744 .381927 15.9536 2673.02 272.174 5.078
3.728 .388229 16.0696 2684.72 278.902 5.115
3.774 .384275 15.7323 2651.68 269.551 5.008

28



5. APPLICATIONS DISCUSSION

It is assumed that most users requiring many radiance-
temperature conversions would prefer not to develop again the
specific relationship of spectral radiance to each brightness
temperature from integrations over the channel spectral response
functions and the Planck function. In this study, the response
functions were convolved with the Planck function, and as a basis
for rapid conversion by direct table look-up of spectral radiance,
extensive fTiles of brightness temperature (as an index in tenths of
degrees) with the corresponding spectral radiances have been
generated for AVHRR Chs.3,4,5 on the NOAA-7, -9, -10, -11, and -12
satellites (NOAA-10 had no Ch.5). To convert from radiance to
temperature from the same data pairs, it is only necessary to do a
table search. In lieu of the extensive tables for direct look-up,
only brief tables (Tables A2a-e) are presented in the Appendix,
covering each channel and satellite to provide pairs of spectral
radiance and brightness temperature at every 5 K over the range of

interest. Linear interpolation in these skeleton tables yields
accurate conversions between data pairs if the natural logarithm of
the radiance, 1instead of the radiance, 1is used with temperature.

For more convenient linear interpolation directly involving the
radiances, rather than the logarithms of radiances, the spacing of
table entries should be decreased from every 5 K in temperature to
every 1 K, with a Ffivefold increase in table volume.

When the detailed Option 1 computations were performed, it was
possible to generate alternative "effective" variables, effective
wavenumber and effective temperature, which can be applied with the
Planck function to compute directly either the spectral radiance or
the brightness temperature, given the other variable as input.
Current practice (Kidwell, 1991) is to use the effective wavenumber
for such alternative calculations, although only a few of the
effective wavenumbers are provided (as "central™ wavenumbers) for
particular temperature ranges. (Many more effective wavenumbers
are listed in Table A2)) Although the only really significant
variations occur with Ch.3, the potential problem with the approach
is that the effective wavenumber is an intermediate variable, and
as such, 1is a TFfunction of temperature ((if radiance 1is to be
determined) or is a function of the radiance (if temperature is to
be determined). Actually, the first conversion that a user of the
IB data encounters is to determine temperature from the radiance,
but the effective (central) wavenumbers in the Users Manual are not
identified iIn terms of radiance. For completeness, for those users
who prefer to use the effective wavenumber for temperature-radiance
conversion, Tables 1 and 2 of this report provide the coefficients
for direct precise estimation of the effective wavenumber, either
as a Ffunction of temperature or of the logarithm of the radiance.
The technique also could be applied to generate a detailed look-up

table.

29



The most direct alternative approach to accurate computations
of the spectral radiance or the brightness temperature, whether for
specific applications or for generation of detailed tables, is to
introduce the effective temperature (to replace the brightness
temperature as a variable® along with a fixed centroid wavenumber
for each channel. For insertion in the Planck function, the slope
and intercept of the linear relation of effective temperature to
brightness temperature, as well as the centroid wavenumber, become
constant parameters (no intermediate variable or function needed);
these data were tabulated in Table 3.

Figs. 6(a,b) represent plots of log spectral radiance and
brightness temperature, over the data points appearing in Appendix
Table A2(d) for Chs.3 and 4 of NOAA-11. Although the data plots
appear suited for simple curve fitting, the accuracy of the Planck
function cannot easily be met with any other representation. The
ordinate scale in 6(a) is compressed more than in 6(b) because of
the much greater range of Ch.3 magnitudes. This tends to conceal
the fact that the log radiance-temperature relationship is more
linear for Ch.3 than for Ch.4. Figs. 6a and 6b illustrate the
suitability of linear interpolation between plotted data points.

For each scanline of AVHRR GAC IB data, the calibration slope
and intercept are given to define the linear relation of radiance
to the measured digital counts (within a 10-bit range) fTor each
channel. The Ch.3 response does not extend to the same low
temperatures as for Chs.4 and 5, and the achievable thermal
resolutions may vary significantly over the temperature range

experienced. However, the behavior of each channel can be
ascertained from the calibration data presented, along with the
radiance-temperature relationship. To 1illustrate this point,

consider the sample discussion iIn section 3.3 of the NOAA Polar
Orbiter Data Users Guide (Kidwell, 1991). The spectral radiance
for channel 1 is given in terms of the measured counts (C) as

E, = S, C + 1,

where S and 1 are the scaled slope and intercept. In the example
given, the slopes and intercepts, after unsealing, yield

E3 = -.001526 C + 1.517761 mW m"2 sr’l (cml) | (23a)

E4 = -.160156 C + 159.088867 mW m"2 sr*l (cm"1)’l (23b)

The intercepts provide a measure of the radiance at saturation (for
zero counts) . For this example, it is assumed that the same slopes
and intercepts apply to NOAA-11 measurements, with radiances that
conform to the radiance-temperature relationships depicted in the
Appendix. Table 7 is an extraction from complete detailed spectral
radiance-temperature tables (not shown here) between temperatures
of 320 and 325K in Table A2(d). From this table, the intercepts in
Egs. 23a,b indicate saturation temperatures of 322.7K and 325K for

30



AUHRR CH.3 NOAA-11
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LOG SPECTRAL RADIANCE
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AUHRR CH.4 NOAA-11

BRIGHTNESS TEMPERATURE <K>

Figure 6. Logarithm of spectral radiance as a function of the
brightness temperature for NOAA-11 AVHRR
(@) Channel 3
(b) Channel 4
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Table 7. Spectral radiances and temperatures for the saturation
(high temperature) region for NOAA-11 AVHRR Chs.3 and 4.

TMP CH3 RAD TMP CH4 RAD
320.0 1.37332 320.0 148.98346
320.1 1.37846 320.1 149.18062
320.2 1.38362 320.2 149.37796
320.3 1.38879 320.3 149.57536
320.4 1.39398 320.4 149.77296
320.5 1.39918 320.5 149.97073
320.6 1.40441 320.6 150.16862
320.7 1.40965 320.7 150.36665
320.8 1.41490 320.8 150.56477
320.9 1.42017 320.9 150.76311
321.0 1.42546 321.0 150.96156
321.1 1.43076 321.1 151.16016
321.2 1.43608 321.2 151.35893
321.3 1.44142 321.3 151.55774
321.4 1.44677 321.4 151.75677
321.5 1.45214 321.5 151.95595
321.6 1.45753 321.6 152.15524
321.7 1.46293 321.7 152.35469
321.8 1.46835 321.8 152.55420
321.9 1.47379 321.9 152.75395
322.0 1.47924 322.0 152.95386
322.1 1.48471 322.1 153.15385
322.2 1.49020 322.2 153.35400
322.3 1.49570 322.3 153.55429
322.4 1.50122 322.4 153.75473
322.5 1.50676 322.5 153.95529
322.6 1.51232 322.6 154.15602
322.7 1.51789 322.7 154.35689
322.8 1.52348 322.8 154.55783
322.9 1.52908 322.9 154.75897
323.0 1.53470 323.0 154.96027
323.1 1.54034 323.1 155.16171
323.2 1.54600 323.2 155.36328
323.3 1.55167 323.3 155.56494
323.4 1.55737 323.4 155.76678
323.5 1.56308 323.5 155.96881
323.6 1.56880 323.6 156.17094
323.7 1.57455 323.7 156.37321
323.8 1.58031 323.8 156.57556
323.9 1.58609 323.9 156.77814
324.0 1.59189 324.0 156.98083
324.1 1.59770 324.1 157.18369
324.2 1.60353 324.2 157.38666
324.3 1.60938 324.3 157.58974
324 .4 1.61525 324.4 157.79301
324.5 1.62113 324.5 157.99641
324.6 1.62704 324.6 158.19997
324.7 1.63296 324.7 158.40363
324.8 1.63890 324.8 158.60742
324.9 1.64485 324.9 158.81139
325.0 1.65083 325.0 159.01552
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Ch.3 and Ch.4, respectively.

The ratio of the iIntercept to the slope (1j/S,-), when
truncated, provides a measure (for zero energy) of the mavirmim
digital count generally attainable with negative gain. Thus, for
our sample data, Ch.3 would have a maximum count of 994 and Ch.4 a
maximum count of 993. These counts are completely consistent with
the laboratory prelaunch calibration of the instrument. However,
at the very low temperature end (maximum count) for Ch.3, where the
instrument no longer has the capability to respond to the small
signal, meaningless specific counts iIn excess of the indicated
statistical maximum, may occur. When this occurs an erroneous
radiance would be specified, and should be avoided.

IT It is assumed that the uncertainty iIn measurement is as
large as a single count, then the slope in Eg. 23, which expresses
the range of the spectral radiance for a single count, gives such
a measure of radiance uncertainty. Consider here the corresponding
implied temperature resolution at each extreme. The slope for Ch.3
and the detailed data in Table 7 show that at the saturation point
a single count would correspond to a change of only 0.03 degrees.
For a precision of 1 count, this is the thermal resolution limit
(prior to saturation). For Ch.4 at the saturation limit, a single
count would be associated with a temperature difference of 0.08 K.
Therefore, Tfor very warm scenes the potential exists for thermal
discrimination to better than 0.1 K. Since the actual signal noise
generally shows an uncertainty of about 3 counts for Ch.3 (more
like 0.09 deg rather than 0.03 deg at the hot end) and only about
a one-half count for Ch.4 (closer to 0.04 on the hot end), the
tenth of a degree precision claim is still proper. [Given the
radiance from Eq. 23 for saturation (zero count) and for a count of
1, the corresponding temperature could be computed from Eq. 9 using
the effective wave-number from Eq. 15, or directly from Eq. 18 with
the appropriate constants from Table 3.]

Thermal discrimination at the low temperature end (@pproaching
the maximum count) presents a different situation. Fig. 7(a) is an
expanded view of the radiance(counts)-temperature relationship for
Ch.3 of NOAA-11 in the low temperature region. The 15 highest
counts (ordinates) and the corresponding 15 lowest temperatures are
included in Fig. 7). The temperature gap between neighboring
points is a measure of thermal resolution. Note how rapidly the
resolution iImproves with temperature. The shape of the curve at
the low temperature end in 7a should become asymptotic as the count
of 994 is reached. By applying the Ch.3 counts as sample input to
Eq. 23a, it is found that ((with the negative gain setting) the
maximum count of 994 vyields an E3 value of 0.000917 from the
statistical energy-counts relationship, although the true maximum
count should be associated with zero energy. An E value of .000917
corresponds to a temperature of 198.3K, but because the curve
becomes asymptotic here, this temperature is unreliable. At one
less count, or 993, the E3 is 0.002443, which corresponds to a
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temperature of 209.0K. [Again, given the radiances from Eq. 23,
the temperatures can be computed from Eq. 9 using the wavenumbers
from Eq. 15, or from Eq. 18 (the preferred alternative) using
constants from Table 3, or could be extracted from a suitable
temperature-radiance table.] Thus, a single Ch.3 count beyond 993
at the low energy extreme in this example has an associated thermal
resolution in excess of 10 K; the actual thermal resolution at that
low end might worsen if the actual slope/intercept led to a lower
temperature at the 993 count. For NOAA-11 the actual Ch.3
prelaunch noise level was estimated at about 1.25 counts. Post
launch noise for Ch.3 has averaged near 3 counts, which suggests
that at the low energy extreme there would be uncertainty for
temperatures below 220K (corresponding to a digital count of about
991). Useful temperature information from Ch.3 could be expected
at or above 220K, unless the noise was larger. As can be seen from
the last two points in Fig. 7a, at counts of 981 and 980, the
corresponding thermal difference is still 1.1 degrees per count;
therefore, at a 1l-count noise level a thermal precision of 1 degree
is only realized for temperatures above 238K. On the other hand,
with a noise level of 3 counts and the same slope and intercept, a
1 degree precision for Ch.3 is not actually achieved until 259K.

Fig. 7(b) illustrates the counts-temperature relationship at
low temperatures for Ch.4. Data points and tick marks on the
ordinate are for every ten counts (instead of each single count as
in Fig. 7(a) for Ch.3). Ch.4 (and Ch.5) 1is responsive to much
lower target temperatures than is Ch.3, and its maximum count of
993 corresponds to a brightness temperature well below our scene
temperature limit of 185K. This limit was based on limits imposed
in the laboratory (especially for Ch.3) and as a typical observed
lower limit for background scenes. In fact, from Eq. 23b, the E4
for a temperature of 185K would lead to a count of 949, some 44
counts below the Ch.4 maximum. Furthermore, the energy associated
with a single count at 185K corresponds to a temperature increment,
or thermal resolution, of 0.6 degrees. This resolution improves to
less than 0.4 degrees per count at a temperature of 200K. Since
the actual noise level fTor Ch.4 1is generally only about a half
count, these thermal resolutions are cut in half, to 0.3 degrees at
185K and less than 0.2 degrees at 200K. Thus, the thermal
resolution of Ch.4 for the coldest scenes is more than an order of
magnitude better than for Ch.3, which has difficulty in responding

with any precision to scenes colder than 220K.

While the thermal resolution actually achieved with Chs. 4 and
5 ranges from less than 0.5 deg at the cold end to less than 0.1
degree at the warm end of the range, the noisier Ch.3 has much more
variation in thermal resolution (from essentially no resolution for
the coldest targets to less than 0.1 deg for the warmest targets).
These thermal limitations, as well as the high temperature cut-off
at saturation, are important for thresholding or differencing
applications with the AVHRR data, especially when combining Ch.3

with Ch.4 or Ch.5.
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AVHRR measured counts and associated thermal responses
for low brightness temperatures, NOAA-11 AVHRR Ch.3
(at each count from 980 to the limiting count of 994)
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Figure 7b. AVHRR measured counts and associated thermal responses
for low brightness temperatures, AVHRR NOAA-11 Ch.4
(for every 10 counts)
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6. CONCLUDING REMARKS

The method for generating detailed files of spectral radiances
for temperatures in tenths of degrees (Kelvin) over the range of
brightness temperatures encountered by the AVHRR thermal sensors
simply involves integrations of the spectral response functions for
each iInstrument over the Planck source function and normalization
with respect to the appropriate equivalent width (treated here in
wavenumber for AVHRR Chs.3,4,5). Only with evidence of change in
the spectral nature of the channel response would calculations have
to be redone. Given any of these brightness temperatures, the
temperature can be used as an index for rapid direct recovery of
the spectral radiance of the measurement. Since the temperatures
are given at the highest resolution considered attainable, there
are many more temperatures than there are corresponding digital
counts (radiances) arising from the measurements, which were
digitized to ten bits. IT the spectral radiance was given for
entry, it could not be used as an iIndex to recover the temperature.
Instead, a table search would be required until a threshold was
reached to point to the appropriate temperature index in the Ffile.
Direct indexing from counts (radiance) to temperature cannot be
done uniquely because of changes 1in the spacecraft thermal
environment, changes 1in gain, or even possible changes 1iIn the
transmittance of the optics which could degrade with time.

As an alternative to temperature-radiance look-up tables, or
even less extensive tables requiring extensive iInterpolation,
direct computations can be made, either of brightness temperature
given the spectral radiance, or of spectral radiance given the
temperature, without reference again to the channel response
functions. The most common (current) approach makes use of an
intermediate variable, effective wavenumber, together with the
Planck function. Consequently, all coefficients have been provided
for simple direct determination of the effective wavenumber, either
as a function of temperature (as the independent variable) or as a
function of the logarithm of the radiance (if the radiance is the
independent variable). Actual variations of effective wavenumber
are significant only for Ch.3 (appropriate means would suffice for
Chs. 4 and 5). These relationships, for the specific channels on
specific satellites, could also be used with the Planck function to
generate detailed tables of matched spectral radiances and
brightness temperatures

A more desirable alternative, from the point of view of both
directness and simplicity, is to use the constant (fixed) centroid
wavenumber, instead of the variable effective wavenumber, and
replace the brightness temperature with an effective temperature,
which is a linear function of the brightness temperature. Thus, for
each channel, only three constants (centroid wavenumber and slope
and i1ntercept of the linear relationship between effective and
brightness temperatures) are needed for accurate calculations of
temperature or radiance (one given the other) through the Planck
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function (Egs. 17 and 18), either as required, or for the
generation of detailed look-up tables.

The fact that there exists a 10-bit signal for thermal data
does not mean a uniformly distributed thermal resolution to the
channel brightness temperatures. In fact, the thermal resolution
varies considerably, with a maximum resolution (less than 0.1 deg)
for highest temperatures (near saturation) and poorest resolution
at the coldest scene temperatures, particularly for Ch.3. From
prelaunch data it appears that Ch.3 cannot be considered thermally
responsive below about 210K (with less than 1K resolution below
about 240K), but post launch data indicate a higher average noise
level which casts doubt on the reliability of any Ch.3 data below
220K, regardless of thermal resolution. The usefulness of Ch.3 is
restricted both by thermal resolution limits and by its daytime
response to reflected solar radiation. Toward the cooler portion
of its useful thermal range, the daytime signal can be dominated by
reflected solar radiation, thereby providing a useful check on
cloud reflectance variations. Simulations suggest that emission
would be comparable to the reflected solar radiation for a top-of-
the-atmosphere reflectance of about one percent at a solar zenith
angle of 60 degrees. (This implies that daytime Ch.3 measurements,
with some solar input, might normally tend to exceed or level off
near 240K, unless the reflectance forces a much higher apparent
temperature.)

At low temperatures, then, it Is not reasonable to work with
strict thresholds, especially not those involving small differences
between channels. At the highest temperatures, where the thermal
resolution is highest and image enhancements most meaningful, an
ongoing check on saturation temperatures should be maintained for
each channel (from the calibration data with each scan), with a
record of the frequency of occurrence of saturation. The frequent
occurrence of saturation could bias long-term averages of the Ch.4
or Ch.5 brightness temperature. For Ch.3, saturation could occur
from solar reflectance, even over cold surfaces. In that event,
reliable reflectance determinations cannot be made.
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APPENDIX

Tables for AVHRR Chs. 3-5 on Five NOAA Satellites, and Including:

El; Spectral Response Functions ) )
2) Brightness Temperatures and Spectral Radiances, with

Effective Wavenumbers, and
(3) Effective Temperatures.
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Table A1. Normalized relative spectral responses for the AVHRR
thermal channels (Five satellites)

WLN = wavelength in micrometers
WNO = wavenumber i1n cm'l

(a) Channel 3

WLN WNO NOAA-7 NOAA-9 NOAA-10 NOAA-11 NOAA-12
3.325 3007.52 0.0000 0.0000 0.0000 0.0000 0.0000
3.350 2985.07 0.0000 0.0000 0.0007 0.0000 0.0000
3.375 2962.96 0.0000 0.0000 0.0007 0.0000 0.0000
3.400 2941.18 0.0021 0.0000 0.0000 0.0000 0.0000
3.425 2919.71 0.0041 0.0000 0.0000 0.0000 0.0130
3.450 2898.55 0.0139 0.0066 0.0000 0.0000 0.0120
3.475 2877.70 0.0339 0.0451 0.0020 0.0114 0.0150
3.500 2857.14 0.0863 0.1533 0.0164 0.0750 0.0180
3.525 2836.88 0.3641 0.4967 0.1549 0.3366 0.0350
3.550 2816.90 0.8038 0.8593 0.4468 0.7101 0.0890
3.575 2797.20 0.9322 0.9634 0.7954 0.8521 0.3250
3.600 2777.78 0.9656 1.0000 0.8609 0.9335 0.8020
3.625 2758.62 0.9687 0.9960 0.9264 0.9656 0.9320
3.650 2739.73 1.0000 0.9738 0.9562 0.9770 1.0000
3.675 2721.09 0.9949 0.9998 0.9762 0.9798 0.9440
3.700 2702.70 0.9969 0.9971 1.0000 0.9642 0.9590
3.725 2684.56 0.9743 0.9985 0.9967 0.9723 0.9410
3.750 2666.67 0.9774 0.9567 0.9818 0.9615 0.9190
3.775 2649.01 0.9260 0.9560 0.9729 0.9548 0.9230
3.800 2631.58 0.9399 0.9890 0.9425 0.9780 0.9490
3.825 2614.38 0.9718 0.9988 0.9532 1.0000 0.9430
3.850 2597.40 0.9492 0.9843 0.9622 0.9908 0.9280
3.875 2580.65 0.9260 0.9698 0.9234 0.9951 0.9220
3.900 2564.10 0.8891 0.8659 0.8788 0.9082 0.8960
3.925 2547.77 0.7293 0.5714 0.7715 0.6527 0.8810
3.950 2531.65 0.3652 0.2057 0.4826 0.2489 0.8430
3.975 2515.72 0.1073 0.0531 0.1927 0.0531 0.6530
4.000 2500.00 0.0318 0.0125 0.0563 0.0085 0.2830
4.025 2484 .47 0.0144 0.0042 0.0167 0.0000 0.0910
4.050 2469.14 0.0092 0.0000 0.0054 0.0000 0.0300
4.075 2453.99 0.0024 0.0000 0.0029 0.0000 0.0130
4.100 2439.02 0.0024 0.0000 0.0010 0.0000 0.0120
4.125 2424.24 0.0000 0.0000 0.0000 0.0000 0.0000
4.150 2409.64 0.0000 0.0000 0.0000 0.0000 0.0000
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Table 1 ,continued.
(b) Channel 4

WLN NOAA-7 NOAA-9 NOAA-10 NOAA-11 NOAA-12
9.8 0.0000 0.0000 0.0000 0.0000 0.0000
9.9 0.0000 0.0000 0.0000 0.0008 0.0000
10.0 0.0019 0.0000 0.0000 0.0008 0.0190
10.1 0.0062 0.0041 0.0006 0.0047 0.0230
10.2 0.0422 0.0484 0.0006 0.0379 0.0370
10.3 0.3465 0.3122 0.0019 0.2707 0.1470
10.4 0.7481 0.8664 0.0186 0.8738 0.5060
10.5 1.0000 1.0000 0.1085 1.0000 0.8920
10.6 0.9535 0.9658 0.4930 0.9984 0.9730
10.7 0.9457 0.9604 0.9953 0.9741 1.0000
10.8 0.9264 0.9074 1.0000 0.9454 0.9580
10.9 0.8488 0.8619 0.9157 0.9214 0.9080
11.0 0.7984 0.8029 0.8806 0.8940 0.8960
11.1 0.7326 0.7490 0.8580 0.8217 0.8840
11.2 0.6473 0.6250 0.7597 0.7062 0.8030
11.3 0.4690 0.3850 0.6512 0.4689 0.7300
11.4 0.2810 0.0833 0.5674 0.1145 0.5180
11.5 0.0589 0.0083 0.4174 0.0328 0.2000
11.6 0.0085 0.0000 0.1535 0.0041 0.0330
11.7 0.0034 0.0000 0.0270 0.0015 0.0190
11.8 0.0000 0.0000 0.0025 0.0000 0.0000
11.9 0.0000 0.0000 0.0000 0.0000 0.0000

Additional normalized spectral response points for NOAA-7 only:

WLN NOAA-7 WLN NOAA-7 WLN NOAA-7
9.950 0.0000 10.650 0.9419 11.025 0.7752
10.150 0.0155 10.675 0.9419 11.050 0.7674
10.250 0.1298 10.725 0.9457 11.075 0.7403
10.350 0.7442 10.750 0.9457 11.125 0.7209
10.425 0.8566 10.775 0.9341 11.150 0.6822
10.450 0.9535 10.825 0.9031 11.175 0.6589
10.475 0.9845 10.850 0.8837 11.225 0.6240
10.525 0.9884 10.875 0.8682 11.250 0.5814
10.550 0.9767 10.925 0.8411 11.275 0.5271
10.575 0.9612 10.950 0.8217 11.350 0.5426
10.625 0.9475 10.975 0.8062 11.450 0.1147
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Table 2! ,concluded.

WLN
10.90
11.00
11.25
11.30
11.35
11.40
11.45
11.50
11.55
11.60
11.65
11.70
11.75
11.80
11.85
11.90
11.95
12.00
12.05
12.10
12.15
12.20
12.25
12.30
12.35
12.40
12.45
12.50
12.55
12.60
12.65
12.70
12.90
13.00

NOAA-7
0.0000
0.0015
0.0015
0.0121
0.0616
0.2263
0.5284
0.7914
0.8865
0.8987
0.9508
1.0000
0.9826
0.9405
0.8956
0.8966
0.8920
0.9091
0.8679
0.8342
0.7949
0.7577
0.7132
0.6850
0.6604
0.5892
0.3510
0.1472
0.0443
0.0203
0.0106
0.0027
0.0032
0.0000

WLN

11.2
11.3
11.4
11.5
11.6
11.7
11.8
11.9
12.0
12.1
12.2
12.3
12 .4
12.5
12.6

(c) Channel 5

NOAA-9
0.0000
0.0327
0.5240
0.9733
0.9813
1.0000
0.9541
0.9359
0.8941
0.8094
0.7353
0.6302
0.2842
0.0200
0.0000
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WLN
10.9
11.0
11.1
11.2
11.3
11.4
11.5
11.6
11.7
11.8
11.9
12.0
12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8
12.9

NOAA-11
0.0000
0.0050
0.0052
0.0059
0.0618
0.4779
0.8041
0.9043
0.9282
0.9341
0.9816
1.0000
0.9123
0.8453
0.7724
0.4561
0.0863
0.0174
0.0101
0.0096
0.0000

WLN

11.2
11.3
11.4
11.5
11.6
11.7
11.8
11.9
12.0
12.1
12.2
12.3
12 .4
12.5
12.6
12.7
12.8

NOAA-12
0.0000
0.0140
0.0450
0.5010
0.9360
0.9830
0.9980
0.9840
1.0000
0.9440
0.8540
0.7710
0.7070
0.3540
0.0360
0.0220
0.0000



Table A2.

Brightness temperatures,

spectral radiances and

effective wavenumbers over the measurement range of AVHRR thermal

channels

spectral radiance

TMP
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325

[TMP = temperature (K)2, WNO =
(mW m sr—-1 (cm—1)-1)]
(2) NOAA-07, CHS.3,4,5
CH3 WNO CH3 RAD CH4 WNO
2660.736 0.000231 926.088
2661.476 0.000396 926.171
2662.182 0.000662 926.251
2662.856 0.001077 926.328
2663.500 0.001712 926.402
2664.116 0.002662 926.473
2664.706 0.004057 926.542
2665.271 0.006066 926.609
2665.813 0.008910 926.675
2666.333 0.012873 926.738
2666 .833 0.018311 926.800
2667 .313 0.025670 926.861
2667 .775 0.035498 926.920
2668.221 0.048461 926.979
2668.650 0.065360 927.036
2669 .063 0.087153 927.093
2669.463 0.114965 927.149
2669.848 0.150117 927.205
2670.220 0.194138 927.261
2670.580 0.248788 927.316
2670.928 0.316079 927.372
2671.265 0.398292 927 .427
2671.592 0.497996 027 .484
2671.908 0.618071 927 .540
2672.215 0.761720 927 .597
2672 .512 0.932487 927 .656
2672 .801 1.134279 927.715
2673.082 1.371370 927.776
2673.354 1.648424 927.839

44

wavenumber

CH4 RAD
7.04949
8.51895

10.19582

12.09431

14.22811

16.61033

19.25339

22.16902

25.36820

28.86113

32.65721

36.76507

41.19252

45.94658

51.03350

56.45880

62.22722

68.34283

74 .80901

81.62844

88.80332

96.33514

104.22488
112.47305
121.07964
130.04417
139.36577
149.04318
159.07481

(cm—-1),

CH5 WNO
839.955
840.008
840.060
840.109
840.158
840.204
840.250
840.295
840.338
840.381
840.424
840.466
840.507
840.549
840.590
840.631
840.672
840.715
840.757
840.800
840.844
840.890
840.936
840.984
841.035
841.087
841.142
841.201
841.263

RAD =

CH5 RAD
10.28512
12.21507
14 .38073
16.79383
19.46531
22.40524
25.62280
29.12633
32.92324
37.02011
41.42265
46.13579
51.16364
56.50958
62.17628
68.16571
74.47923
81.11761
88.08105
95.36931
102.98154
110.91658
119.17285
127.74834
136.64079
145.84763
155.36598
165.19279
175.32468



Table AZ2.

Brightness temperatures,

spectral radiances and

effective wavenumbers over the measurement range of AVHRR thermal

channels
spectral

TMP
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325

CH4 RAD
6.97933
8.43834

10.10404

11.99070

14.11207

16.48130

19.11090

22.01268

25.19767

28.67617

32.45768

36.55089

40.96371

45.70324

50.77581

56.18702

61.94171

68.04399

74.49736

81.30460

88.46789

95.98885

103.86853
112.10748
120.70570
129.66284
138.97807
148 .65015

[TMP = temperature (K)2, WNO
radiance (mW m sr—-1 (cm—-1)-1)]
(b) NOAA-09, CHS.3,4,5
CH3 WNO CH3 RAD CH4 WNO
2667.458 0.000221 928.287
2668.175 0.000380 928.359
2668.860 0.000635 928.429
2669.513 0.001034 928.495
2670.138 0.001646 928.560
2670.736 0.002563 928.622
2671.308 0.003911 928.682
2671.856 0.005853 928.740
2672.382 0.008607 928.797
2672.887 0.012447 928.852
2673.373 0.017722 928.906
2673.840 0.024867 928.958
2674.289 0.034416 929.010
2674.722 0.047023 929.060
2675.138 0.063471 929.110
2675.541 0.084698 929.160
2675.928 0.111807 929.209
2676.303 0.146095 929._.257
2676.665 0.189062 929.305
2677.015 0.242439 929.353
2677.354 0.308203 929.401
2677.682 0.388598 929.450
2678.000 0.486154 929.498
2678.307 0.603706 929 .547
2678.605 0.744412 929 _.597
2678.895 0.911768 929.647
2679.176 1.109626 929.699
2679.448 1.342208 929.751
2679.714 1.614118 929.805

45

158.67755

wavenumber

(cm-1),

CH5 WNO
844 .212
844 .263
844 _311
844 358
844 .404
844 .448
844 .491
844 _.534
844 575
844 .615
844 655
844 .695
844.734
844 _.772
844 _.811
844 _.850
844 .889
844 .928
844 .968
845.008
845.049
845.091
845.135
845.180
845.226
845.275
845.326
845.380
845.437

RAD =

CH5 RAD
10.10172
12.00776
14.14837
16.53545
19.18010
22.09258
25.28226
28.75762
32.52632
36.59510
40.96989
45.65577
50.65705
55.97729
61.61932
67.58529
73.87674
80.49456
87.43910
94.71021
102.30726
110.22912
118.47436
127.04106
135.92709
145.12991
154.64674
164.47458
174.61018



Table A2.

effective wavenumbers over the measurement range of AVHRR thermal
RAD

channels

spectral radiance

Brightness temperatures,

[TMP =

(mW m sr—-1

temperature (K) 2,

(C) NOAA-10, CHS.3,4

TMP
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325

WNO = wavenumber
(cm=1)-1)]
CH3 WNO CH3 RAD CH4 WNO
2650.690 0.000247 908.538
2651.371 0.000423 908.601
2652 _.020 0.000705 908.661
2652.639 0.001146 908.720
2653.231 0.001819 908.776
2653.797 0.002824 908.830
2654 .339 0.004298 908.883
2654 .858 0.006417 908.934
2655.355 0.009414 908.984
2655.833 0.013585 909.032
2656.292 0.019301 909.080
2656.732 0.027027 909.126
2657.157 0.037332 909.172
2657.565 0.050910 909.217
2657.958 0.068593 909.261
2658.338 0.091371 909.305
2658.704 0.120412 909.349
2659.057 0.157081 909.392
2659.399 0.202957 909.435
2659.729 0.259859 909.479
2660.048 0.329860 909.522
2660.357 0.415309 909.566
2660.656 0.518851 909.610
2660.946 0.643446 909.655
2661.228 0.792382 909.701
2661.500 0.969300 909.748
2661.765 1.178201 909.796
2662 .021 1.423466 909.845
2662 .271 1.709867 909.896
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(cm—-1),

spectral radiances and

CH4 RAD
7.63055
9.18907

10.96154

12.96180

15.20307

17.69797

20.45836

23.49533

26.81923

30.43957

34.36504

38.60355

43.16217

48.04718

53.26412

58.81775

64.71210

70.95052

77.53574

84.46980

91.75420

99.38988

107.37719
115.71609
12440604
133.44609
142 .83482
152 .57069
162 .65155



Table A2.

Brightness temperatures,

spectral radiances and effective

wavenumbers over the measurement range of AVHRR thermal channels

[TMP = temperature (K)2, WNO wavenumber (cm—-1),
radiance (mW m sr—1 (cm—-1)-1)]
(d) NOAA-11, CHS. 3,4,5
TMP CH3 WNO CH3 RAD CH4 WNO CH4 RAD
185 2661.298 0.000230 926.570 7.03405
190 2661.977 0.000395 926.644 8.50145
195 2662.625 0.000660 926.716 10.17617
200 2663.244 0.001074 926.784 12.07243
205 2663.835 0.001709 926.850 14.20394
210 2664.401 0.002658 926.914 16.58381
215 2664.943 0.004052 926.975 19.22448
220 2665.462 0.006060 927.035 22.13771
225 2665.960 0.008903 027.093 25.33448
230 2666.439 0.012865 927.150 28.82501
235 2666.899 0.018305 927.205 32.61874
240 2667.341 0.025666 927.259 36.72429
245 2667.767 0.035499 927.312 41.14950
250 2668.177 0.048470 927.365 45.90141
255 2668.572 0.065383 927.416 50.98627
260 2668.953 0.087194 927 .467 56.40961
265 2669.321 0.115035 927.517 62.17620
270 2669.676 0.150224 927.567 68.29012
275 2670.019 0.194297 927.616 74.75476
280 2670.351 0.249015 027.666 81.57282
285 2670.672 0.316395 927.715 88.74651
290 2670.983 0.398721 927.765 96.27728
295 2671.284 0.498568 927 .815 104.16621
300 2671.576 0.618821 927 .865 112.41374
305 2671.859 0.762689 927.917 121.01990
310 2672.134 0.933724 927 .969 129.98419
315 2672.401 1.135838 928.022 139.30580
320 2672.659 1.373316 928.076 148.98346
325 2672.911 1.650829 928.132 159.01552
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RAD =

spectral

CH5 WNO CH5 RAD

841.259
841.315
841.368
841.420
841.470
841.519
841.567
841.613
841.659
841.704
841.748
841.792
841.835
841.878
841.921
841.964
842 .008
842.051
842.095
842.140
842.186
842 .233
842 .282
842 .332
842.384
842 .438
842.496
842 _.557
842.621

10.22867
12.15114
14 .30892
16.71383
19.37684
22.30808
25.51679
29.01135
32.79926
36.88713
41.28075
45.98509
51.00436
56.34194
62.00058
67.98232
74.28854
80.92010
87.87720
95.15963
102 .76668
110.69713
118.94946
127.52171
136.41165
145.61673
155.13408
164 .96066
175.09322



Table A2.

Brightness temperatures,

spectral radiances and

effective wavenumbers over the measurement range of AVHRR thermal

channels
spectral

TMP
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325

CH4 WNO CH4 RAD

7.26016
8.76184
10.47328
12.40857
14.58122
17.00415
19.68958
22.64902
25.89322
29.43212
33.27487
37.42984
41.90456
46.70581
51.83955
57.31105
63.12478
69.28455
75.79351
82.65412
89.86832
97.43739
105.36211
113.64275
122.27916
131.27065
140.61617
150.31433

[TMP = temperature (K)2, WNO
radiance (mW m sr-1 (cm—1)-1)]
(e) NOAA-12, CHS.3,4,5

CH3 WNO CH3 RAD

2629.000 0.000285 919.591
2629.706 0.000486 919.677
2630.379 0.000807 919.760
2631.021 0.001306 919.839
2631.635 0.002065 919.916
2632.222 0.003195 919.990
2632.784 0.004845 920.062
2633.323 0.007210 920.132
2633.839 0.010543 920.199
2634.335 0.015166 920.265
2634.811 0.021484 920.330
2635.269 0.029999 920.393
2635.709 0.041327 920.455
2636.134 0.056212 920.516
2636.542 0.075548 920.576
2636.937 0.100396 920.636
2637.317 0.132002 920.695
2637.684 0.171821 920.753
2638.039 0.221532 920.812
2638.382 0.283062 920.870
2638.714 0.358605 920.929
2639.035 0.450643 920.987
2639.346 0.561963 921.047
2639.647 0.695676 921.107
2639.940 0.855237 921.167
2640.223 1.044457 921.229
2640.499 1.267525 921.293
2640.766 1.529012 921.358
2641 .025 1.833894 021.424

48

160.36340

wavenumber

(cm—-1),

CH5 WNO
836.134
836.185
836.234
836.282
836.328
836.373
836.417
836.459
836.501
836.542
836.583
836.623
836.663
836.703
836.742
836.782
836.822
836.863
836.904
836.946
836.988
837.032
837.077
837.124
837.173
837.224
837.278
837.335
837 .396

RAD =

CH4 RAD
10.45186
12.40361
14.59211
17.02894
19.72490
22.68989
25.93293
29.46217
33.28487
37.40741
41.83535
46.57344
51.62561
56.99510
62.68439
68.69534
75.02914
81.68643
88.66729
95.97128

103.59757
111.54481
119.81129
128.39497
137.29350
146.50418
156.02414
165.85019
175.97894



Table A3. Effective temperatures (TE) for AVHRR thermal channels on
five satellites for the same brightness temperatures (TB)
listed in Table A2 (-xx following TE refers to the NOAA

satellite number)

(a) Channel 3

TB TE-07 TE-09 TE-10 TE-11 TE-12
185 186.54 186.46 186.38 186.33 186.44
190 191.53 191.44 191.37 191.32 191.43
195 196.52 196.43 196.36 196.31 196.42
200 201.51 201.42 201.35 201.29 201.41
205 206.50 206.41 206.34 206.28 206.39
210 211.48 211.40 211.33 211.27 211.38
215 216.47 216.39 216.31 216.26 216.37
220 221.46 221.37 221.30 221.24 221.36
225 226.45 226.36 226.29 226.23 226.34
230 231.44 231.35 231.28 231.22 231.33
235 236.43 236.34 236.27 236.21 236.32
240 241.41 241 .32 241.26 241.19 241 .31
245 246.40 246.31 246.24 246.18 246.29
250 251.39 251.30 251.23 251.17 251.28
255 256.38 256.29 256.22 256.15 256.27
260 261.36 261.28 261.21 261.14 261.26
265 266.35 266.26 266.20 266.13 266.24
270 271.34 271.25 271.19 271.12 271.23
275 276.33 276.24 276.17 276.10 276.22
280 281.32 281.23 281.16 281.09 281.21
285 286.30 286.21 286.15 286.08 286.19
290 291.29 291.20 291.14 291.06 291.18
295 296.28 296.19 296.13 296.05 296.17
300 301.27 301.18 301.11 301.04 301.16
305 306.26 306.16 306.10 306.03 306.14
310 311.24 311.15 311.09 311.01 311.13
315 316.23 316.14 316.08 316.00 316.12
320 321.22 321.13 321.07 320.99 321.11
325 326.21 326.11 326.06 325.98 326.09
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Table A3. Effective temperatures (TE) for AVHRR thermal channels on

(cont.) fiye satellites for the same brightness temperatures (TB)
listed in Table A2 (-xx Ffollowing TE refers to the NOAA
satellite number)

(b) Channel 4

TB TE-07 TE-09 TE-10 TE-11 TE-12
185 185.34 185.28 185.30 185.25 185.25
190 190.33 190.27 190.30 190.24 190.24
195 195.33 195.27 195.29 195.23 195.23
200 200.32 200.26 200.28 200.23 200.23
205 205.31 205.26 205.28 205.22 205.22
210 210.31 210.25 210.27 210.21 210.21
215 215.30 215.24 215.27 215.21 215.20
220 220.29 220.24 220.26 220.20 220.19
225 225.28 225.23 225.25 225.19 225.18
230 230.27 230.22 230.25 230.19 230.18
235 235.27 235.22 235.24 235.18 235.17
240 240.26 240.21 240.24 240.17 240.16
245 245.25 245.20 245.23 245.16 245.15
250 250.24 250.19 250.22 250.16 250.14
255 255.23 255.19 255.22 255.15 255.14
260 260.23 260.18 260.21 260.14 260.13
265 265.22 265.17 265.20 265.14 265.12
270 270.21 270.17 270.20 270.13 270.11
275 275.20 275.16 275.19 275.12 275.11
280 280.19 280.15 280.18 280.12 280.10
285 285.19 285.15 285.18 285.11 285.09
290 290.18 290.14 290.17 290.10 290.08
295 295.17 295.13 295.16 295.10 295.07
300 300.16 300.12 300.15 300.09 300.07
305 305.15 305.12 305.15 305.08 305.06
310 310.14 310.11 310.14 310.08 310.05
315 315.13 315.10 315.13 315.07 315.04
320 320.13 320.10 320.12 320.06 320.04
325 325.12 325.09 325.12 325.06 325.03
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Table A3. Effective temperatures (TE) for AVHRR thermal channels on

(concl.) four satellites for the same brightness temperatures (TB)
listed in Table A2 (-xx following TE refers to the NOAA
satellite number)

(c) Channel 5

TB TE-07 TE-09 TE-11 TE-12
185 185.19 185.19 185.07 185.15
190 190.19 190.18 190.07 190.14
195 195.18 195.18 195.06 195.14
200 200.17 200.17 200.05 200.13
205 205.17 205.17 205.05 205.13
210 210.16 210.16 210.04 210.12
215 215.16 215.16 215.04 215.12
220 220.15 220.15 220.03 220.11
225 225.15 225.15 225.02 225.11
230 230.14 230.14 230.02 230.10
235 235.13 235.14 235.01 235.09
240 240.13 240.13 240.01 240.09
245 245.12 245.12 245.00 245.08
250 250.12 250.12 250.00 250.08
255 255.11 255.11 254.99 255.07
260 260.10 260.11 259.99 260.07
265 265.10 265.10 264.98 265.06
270 270.09 270.10 269.98 270.06
275 275.09 275.09 274 .98 275.05
280 280.08 280.08 279.97 280.05
285 285.07 285.08 284.97 285.04
290 290.07 290.07 289.96 290.04
295 295.06 295.07 294 .96 295.03
300 300.06 300.06 299.96 300.03
305 305.05 305.05 304.95 305.02
310 310.04 310.05 309.95 310.02
315 315.04 315.04 314.94 315.01
320 320.03 320.04 319.94 320.00
325 325.02 325.03 324.94 325.00

*U.S. G.P.0.:1993-341-834:81069 51



NESDIS

NESDIS
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NESDIS

NESDIS
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NESDIS
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NESDIS
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NESDIS

NESDIS

NESDIS
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