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1. Introduction

Data from many satellite radiometers is nowadays used to provide information
about atmospheric or sea surface temperatures. The proper use of this data requires
some knowledge of how the radiant energy received at the detector of the radiometer
is related to the energy emitted by the atmosphere or surface within the field of
view. For the simple case of a radiometer capable of detecting radiation at only
a single wavenumber V viewing a scene with the emission characteristics of a

blackbody at a temperature TOK, the measured radiance is given by the Planck

function,
¢ o
exp (Cv/7) =1 ] (1)

B(v,T)

where c1 and 02 are known constants.

A radiometer with facilities for in—flight calibration cbserves scenes with
blackbody emission characteristics when it views an internal blackbody at an inde-
pendentlynmasuredtemperature, and outer space to obtain a zero radiance reading.
However, the filters on current spacecraft may have bandwidths of the order of tens
of wavenumbers so the monochromatic case considered above is never achieved in
practice. As a radiance by itself is useless for temperature sounding without
some indication of filter wavenumber, it is usual to supply a 'mean' wavenumber
for each channel of a radiometer, This may be simply the wavenumber at the peak
or the centre of the filter profile, but, although large errors are unlikely,
unnecessary errors may be introduced in retrieved temperatures if the channel
wavenumber is not chosen properly. An alternative is to compute the radiance
~ passed through the filter system as a function of scene temperature and use the
Planck functioﬂ in reverse to determine the wavenumber, but this makes the
wavenumber dependent on radiance causing complications in temperature retrieval

methods,
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This report shows how a single wavenumber can be chosen for a radiometer

channel to minimise the temperature errors deduced from measured radiances.

o Opt imum Wavenumber

Suppose a satellite radiometer channel having a filter profile f(v) views

a blackbody scene at temperature T°K. The radiance observed by the instrument,
R(T), is given by

Jf(v).B(v,T) dv

Jfm dv (2)

Rix) =

where B(v, T) is the Planck function given by equation (1) and the integrals are
computed over the bandpass of the filter., As a special case, when the instrument

views its internal blackbody at a constant temperature TBOK, the radiance will be

R('J'B).

If the channel wavenumber is taken as vo' the radiance computed from the

output signal when the instrument is in blackbody view is B(vo, TB). The fact

that this is not necessarily equal to the 'true' radiance R(TB) is not important
as the two radiances are associated with different wavenusbers, Thus, B(\JO,TB)
is the 'correct' radiance to use with wavenumber v _ while R(TB) is correct for
some other wavenumber which we have not calculated and whose value depends on

the filter profile and, in general, on TB also.

The calibration procedure uses the signals from the internal blackbody and
from space view (zero radiance) as two fixed points to determine the linear
relationship between signal and radiance. For a blackbody scene at temperature
'I‘OK, the signal is proportiona.l to the quantity of energy reaching the detector

(and therefore to R(T)) and the calibration converts this to a radiance I(T)

given by
RGH - Em.

BT BV, T,) L ’ )

or, defining the constant k as

k B(VoiTS)
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this may be written simply as

(T) = kR(T). (5)

I(T) is then the radiance deduced from the instrument signal and is associated
with the wavenumber v _. I(T) and R(T) are not directly comparable because of the
difference in associated wavenumbers, but we can compare I(T) with the Planck

function at wavenumber V. The radiance difference AR defined by
AR = I(T) - B(v,T) (6)

estimates the radiance errors introduced by using the constant wavenumber L To
estimate the effects on temperature we can convert I(T) back to 2 temperature T*

using the Planck function in reverse, i.e.,

T = szo/Lof]( ;’(\::’: + | ) (7)

and define a temperature error AT by

AT = T' - T, (8)

The calibration procedure ensures that there is no error ( AT = 0) at
T=0and T = 'I‘B but cannot ensure that AT vanishes at all other temperatures,
The p_rocedure we shall use to optimise the effective wavenumber is to choose vo
such that AT vanishes for a temperature which approximates the mean scene
temperature which the radiometer experiences in orbit., For example, if the
radiometer is designed to observe atmospheric radiation from levels in the atmos—
phere for which the mean temperature is 'I‘o, we choose vo such that AT (and

therefcre AR) vanishes for T = T,. From equation (6) this condition is seen

to be equivalent to
1(r) = (v, T) (9)
or, from equation (3)

BID ) B({:o,'ro) ; (10)
R(TB) B(VorTB)




Expanding the Planck functions, this reduces to

(e €V /T, o l) R(TQ) e (e c,va/Tg__ ') R(Tg) (11)

which may be solved iteratively for Ve

How much does the value of Vo obtained from equation (11) depend on the black-

body temperature T,? We can answer this question by differentiating equation (10)

B
with respect to TB which gives
dv,  _ (af ) 5 H) (12a)
dT, ATB ‘ dv,
vhere
f= f(VO,TB) = R(TO) .B(VO,TB) - R(TB)'B(VO'TO) (12b)

Since R(T) and B(vo,T) are similar functions, the two terms in equation (12b) are
of approximately the same magnitude and f is close to zero. Furthermore, a change

in T, will affect R(TB) and B(vo,TB) in similar ways so that the changes in the

¥
terms compensate for each other and f remains close to zero, Thus 3T is
B
small, and as gf does not exhibit compensation to anything like the same
(-]
extent, :%%L is small and the optimum wavenumber is only weakly dependent
B
on TB.
3. Example

As an example, consider the application of the above technique to the case
of the high—pressure channel of a pressure modulator radiometer similar to the
ones to be flown on TIROS-N satellites during the next few years, In this
instrument radiation from the atmosphere passes through a broadband infraprgd
filter and then through a 1-centimetre cell containing carbon dioxide whose
preésure is continuously cycled between about 80 and 120 millibars. The signal
is taken from the AC output from the detector and therefore represents a
difference in transmission rather than a straightforward transmission as would
be the case with a conventional radiometer, We can allow for this by treating

the cell as a second filter and using a transmission difference profile instead



of a transmission profile for the carbon dioxide in the cell. The total filter

profile f(v) is therefore the product of the broadband filter profile and the
effective cell filter profile, both of which are shown in figure 1. (As the
profile for the cell reflects the very complicated absorption line structure
of C02, the lower graph is presented as a histogram at 5 cm_1 intervals). 1In
a conventional radiometer, f(v) would be the profile for a single filter like
the upper graph in figure 1. (More strictly, f(v) should also contain the
effects of any other optical components such as lenses or mirrors but these
will be considered perfectly transmitting or reflecting for the purposes of

this example. Also, the spectral response of the detector should be included, )

Knowing f£(v), we can compute R(T) using equation (2). Figure 2 shows
how R(T) varies with T for temperatures between 75K and 310K. The effective
wavenumber (the wavenumber for which the Planck function of temperature T is
R(T)) is plotted against temperature in figure 3 which shows a variation of

about four wavenumbers over the same temperature range.

The radiometer is designed to detect radiation from the lower stratosphere
where the scene temperature is typically 214 - 230K; wechoose a mean value of
222°K, Taking a typical value of internal blackbody temperature of 294K and

using equation (2) (or reading off figure 2) we have,

Poo% 220 RLD ) owm 046,93
(o] (¢] (13)
T = o0 R(TB) = 139.89

The optimum wavenumber is now given by equation (11) as
46.93 fo/ Yy 1an B0l e’ 1 : (142)
vhere
b ow 6 B2 x 1072 'R & 40N x 1077 . (14p)

Equation (14) may be solved by the following iteration procedure:

A (i+1) (€8
Y =1+ 2,9809 ( g -1) (15)
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where vb(i) is the wvalue of 1% after the 1th‘iteration. Application of this

method to the example we have been considering and iterating until convergence
is achieved yields an optimum wavenumber of 672,338 cm—1. The convergence is
slow but adequate. Substitution of the relevant quantities into equation (12)
reveals that the change in the optimum wavenumber is only about 0.002 cm-1 for

a 1% change in blackoody temperature,

4. Results

The pressure modulator radiometer used for the above example was designed
to detect radiation in the 15-micron absorption band of CO2 which is centred
at 668 cm-1. This would therefore seem to be a sensible wavenumber to use if
no other information was available, If the function R(T) was known but no
optimisation procedure was used, it would seem reasonable to use a wavenumber
chosen from figure 3 such as the effective wavenumber at the blackbody temper—
ature, in this case 673,78 cm-1. We shall test the choice of optimum wavenumber

by comparing it with these two alternative wvalues.

First we examine the radiance errors AR calculated from equation (3).
These are shown in figure 4 for the temperature range 75 - 310K for the three
choices for \B. Over the range of temperatures plotted in this figure, the

following statistics apply (radiances in mw/(mzcm~1ster)).

Wavenumber v (cm-1) 668.0 673.78 672,338
(opt imum)
Maximum radiance error in -0.306 0.101 0.012
range 75 = 310K
Maximum radiance error in .
=N.305 0.101 0.003

range 214 -~ 230K

The error of about 0,3 radiance units for 668 cm—1.amounts to about 0.6% of the
total radiance. Thus, the errors are nowhere very large but may be considerably
reduced and eliminated for all practical purposes by a proper choice of vo. In
our example the error reduction involved in using the optimum value rather than
668 cm"1 is about a factor of 25 for the range plotted and 100 for typical scene

temperatures of 214 - 230K,



The temperature errors given by equation (8) are plotted in figure 5 and

show a similar reduction for the optimum wavenumber over the range 214-230K
where temperature errors of up to O.35°K have been reduced to insignifican?
values. (The rise in AT at low temperatures is due to the much reduced
value of dR at these temperatures — see figure 2.) We therefore conclude that
for a sati?lite radiometer channel, a properly chosen wavenumber should elim—
inate radiance errors due to the finite bandwidth of the instrument, and
temperature errors derived from these radiances. (Of course, other sources
of error such as stray radiation from sources on the edge of the field of
view may still be present,) Errors can be reduced for a particular temper-
ature range by using the optimisation procedure developed in section 2,

Furthermore, the optimum wavenumber is insensilive to changes in blackbody

temperature,

Finally, figure 4 suggests a graphical interpretation of the optimisation
procedure., As the wavenumber is increased from 668 cm-1 to 673.78 cm-'1 the
radiance errors change from negative to positive values. There is no wave—
number for which these errors are zero for all temperatures because the 'true!
radiance R(T) does not follow a Planck function temperature dependence exactly.
Therefore as the radiance errors change sign, the curve has an S—shaped form
(remember AR is fixed at zero at temperatures of zer6 and 294K) which must
cross the T—axis at some intermediate temperature, Small variations in Vo
will cause this crossing point to move up and down the axis quite rapidly over
a range of wavenumbers., We have chosen a value of Vo which makes this crossing
point fall in the centre of the field-of-view temperatures observed by the
satellite in orbit, In our case we took the mean temperature as 222K causing
the radiance error to be zero at this point and therefore constraining the

errors to be very small over a range of temperatures near this wvalue,

5. - TIROS-N SSU Radiometer

The example we have used was based on one of the three channels of the

Stratospheric Sounder Unit (SSU) radiometer due to be flown on the next




generation of operational nmeteorological satellites, Subsequently, wavenumber,
optimisations were performed for all three channels using the best available
transmission data and including the full optics and not just the infra-red
filter profile in the transmission profile (upper half of figure 1). The
effective cell transmission profile for the other two channels is less broad
than that shown for the 100-millibar cell (lower half of figure 1). For
example, for the lowest pressure cell (10 mb), the contribution from outside

the range 660-680 cm-1 is reduced relative to the peak by a factor of 4 or 5.

The wavenumbers obtained from the computations were

SSU channel 15 v, = 669.988 i (222K)
SSU channel 16 v, = 669.628 om ! (233K)
SSU channel 17 v, = 669.357 Cm-1 (248K)

The temperatures in brackets are the assumed mean scene temperatures and the
internal blackbody temperature was taken as 293K, These wavenumbers (though,
perhaps, not strictly accurate to the 6-figure accuracy quoted above), will be
used in SSU software developed by the Meteorological Office., Once again it
should be pointed out that they have been optimised only for errors due to the

finite bandwidth of the radiometer,
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