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ABSTRACT

The overall design of a radiometer and data acquisition system for use on an aircraft platform is described.
The instrument is a fast response spectrally scanning radiometer providing measurements at 48 spectral
intervals between 400 and 1200 nm. The radiometer has a narrow field of view in the nadir of approximately
7 mrad and a hemispheric field of view in the zenith. This paper describes the optical, mechanical and
electronic design of the instrument and presents some early results from data gathered using the instrument
on board the CSIRO F27 aircraft to illustrate its performance.

1. Introduction

The earth’s climate is controlled by the spatial and
temporal variations of radiation received from the
sun and reflected and emitted to space by the earth-
atmosphere system. These variations are predomi-
nantly influenced by clouds, the temporal and spatial
variability of which are not well understood. Because
of the complexities associated with modeling both
the radiative properties of various cloud forms and
the various stages that govern the life cycle of clouds,
and also because the interaction of cloud and radiation
is a key factor affecting the earth’s energy balance,
there is a need for high quality observational data.

The following two issues had some bearing on the
development -of the instrument described herein:

1) The solar absorptivity paradox which simply
states that most measurements of cloud (shortwave)
absorptivities considerably exceed the largest values
obtainable from theory (e.g., Drummond and Hickey,
1971; Reynolds et al, 1975; Rosenberg et al., 1974;
Herman 1977; Stephens et al, 1978 and Twomey
and Cocks, 1982 among others). Several explanations
have been forwarded but the accuracy of measure-
ments most often casts doubt over the issue. According
to Wiscombe et al. (1984) . . . “the main impediment
is the lack of radiation experiments in which not only
the broadband but also the spectrally detailed radiative
Sluxes and/or intensities . . . are. . . measured” and
Herman (1977) “more sophisticated radiometric tech-
niques are required to resolve the cloud absorptance
question.”

2) The radiative budget of a volume of atmosphere,
both from an observational and theoretical standpoint,
is dominated by the radiative transfer through cloud
and on a scale that is often very much smaller than
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that of the volume of interest. An understanding of
the radiative transfer on this “sub-grid scale” is one
of the major problems confronting the field of at-
mospheric radiation.

Partly in recognition of these issues, an instrument
was developed which is not only capable of measuring
the spectral properties of solar radiation reflected
from clouds but also capable of obtaining measure-
ments at a rate considered suitable for an adequate
description of the spatial variability of this reflectance.
This paper describes the design of such an instrument
and its complementary data acquisition system as
used on an airborne platform.

The radiometer plus data acquisition system
(SPERAD) was flown during a series of flights off the
Australian East coast near Coff’s Harbour (153°8'E,
30°20'S) during the period 23 October-8 November
1982 and 22 September-9 October 1983. The discus-
sion of the measurements obtained during these
flights and the application of these observations to
theory will be the subject of subsequent papers. The
purpose of this paper is to outline the overall instru-
ment design and its performance.

2. Instrument design
a. Radiometer
1) OPTICS

The optical system of the radiometer is shown in
Fig. 1. The radiation enters the instrument through
one of two primary windows. One of these windows
is clear quartz and the instrument has a narrow field
of view in the nadir direction through this window
(hereafter referred to as the instrument signal mode;
the measurement of the field of view in this mode is
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FI1G. 1. Optical design of the radiometer, showing the layout of major components. The instrument is
shown operating in its “signal mode.” Front surfaced mirror is rotated through 180° so that either nadir
(as shown) or zenith radiation illuminates the detector. Approximate length of the instrument is 0.60 m

and width 0.150 m.

described here). The second window is a quartz
diffuser which allows the instrument to see the full
hemisphere in the zenith (hereafter referred to as the
instrument calibrate mode). The deviation from the
true nadir (and zenith) is a function of the angle of
attack and roll of the platform during measurement
periods and, in “straight and level” flight this deviation
was generally kept to less than a few degrees.

After entering the instrument, the radiation is
reflected by a flat, front surfaced mirror canted at
45° to the long axis of the instrument. This mirror
can be rotated through 180°, permitting the mea-
surement of radiation from either the nadir or zenith
directions through the respective windows. Radiation
is then focused by a lens through the variable band-
pass filter onto an aperture. Directly behind the
aperture, a detector is mounted in a temperature
controlled oven. Polarization bias by the mirror was
not considered important since, for the present ap-
plication, light from the sun is unpolarized and that
reflected by cloud is also ostensibly unpolarized (Han-
sen, 1971, theoretically demonstrated that polarization
introduced <1% differences in the reflected intensity
by cloud).

The filter is an OCLI (100 mm diameter) circular
variable filter constructed in two halves: a visible
filter (CV 180-017) which covers the wavelength
region from 400 to 730 nm in 180° of rotation and
a near infrared (NIR) variable filter (CV 680/1200)
covering 660-1200 nm in the remaining 180°. The
transmission of the filter for all wavelengths out of
this passband is less than 0.1%. The two halves of
the filter are joined together by a nontransmitting
black band which serves to provide two optical zeros

per revolution of the filter (one of which is recorded).
The band is inserted between the two segments to
ensure a true zero reading. The central frequencies
and band pass are listed in Table 1 as a function of
position around the filter wheel (as measured by the
index hole number). The two filter segments overlap
by approximately 70 nm.

TABLE 1. Index hole (sampling) number,
central wavelength and bandwidth.

Wave- Band- Wave- Band-
Hole length width Hole length width
number (nm) (nm) number ©  (nm) (nm)
1 400 1.7 25 651 17.1
2 411 1.5 26 679 17.1
3 422 11.3 27 700 17.1
4 435 11.0 28 721 17.1
5 448 10.8 29 742 17.3
6 461 10.5 30 768 17.5
7 474 10.3 31 792 18.3
8 486 10.0 32 818 18.8
9 500 10.1 33 842 19.3
10 515 10.1 34 868 20.0
11 530 10.3 35 892 20.5
12 546 10.3 36 918 21.0
13 561 10.3 37 942 220
14 576 10.3 38 968 22,6
1)) 592 10.7 39 992 23.1
16 607 10.8 40 1018 23.8
17 622 11.0 41 1042 243
18 637 11.1 42 1068 25.3
19 653 11.3 43 1092 26.3
20 668 113 44 1119 27.1
21 684 11.7 45 1142 28.0
22 699 12.0 46 1169 29.3
23 714 12.0 47 1193 30.3
24 799 12.4 48 1219 31.0
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ential between the cabin and the outside environment.
The tubing arrangement used to feed this cabin air
to the radiometer is also shown in Fig. 3.

The radiometer is mounted in a specially designed
pod suitable for mounting on the aircraft fuselage.
The pod, the external cover of the pod in which the
primary windows are fixed, and the tubing for cabin
air are shown in detail in Fig. 4.

b. Data acquisition system

A block diagram of the data acquisition system is
shown in Fig. 5. The overall timing for the system is
defined by the speed of rotation of the filter. When
one of the 48 index holes situated on the circumfer-
ence of the filter passes the position sensor, an
interrupt is generated in the microprocessor via the
band synchronizing output (see Fig. 2). The interrupt
routine initiates the reading of the amplified analog
output from the detector by a 12 bit analog to digital
converter with a conversion time of approximately
20 us. The 12 bits of data are packed with the mirror
status bit and a 3 bit gain code to form a 16 bit
word. The index hole spacing and filter wheel speed
limitations are such that the maximum data transfer
rate is approximately 1500 X 16 bit words per second.

The digitized data are then transferred to a random
access memory (RAM) buffer. After approximately
three seconds (or 7500 X 8 bit words) this buffer is
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Fi1G. 5. Block diagram of the radiometer-data acquisition system.
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FIG. 6. A plot of the radiometer output as a function of filter
transmission for a number of different wavelengths.

filled and the data are then transferred using direct
memory access (DMA) to a 9 track digital tape unit
at a rate in excess of 6 X 10% bytes per second. The
microprocessor runs a low priority program in back-
ground mode which permits both access to and
alteration of many of the system variables (such as
the analog preamplifier gain, the direction of the
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F1G. 7. Relative radiometer output as a function of index hole
number and wavelength. Solid curve is the output obtained by
observing a He-Ne laser; dashed and dotted curves are the output
of two light emitting diodes with different wavelength responses.
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of the resolution was made by observing three different
light sources with known spectral responses. 1) a He-
Ne laser (633 nm); 2) a red light emitting diode
(centered at 660 nm); and 3) a light emitting diode
(centered at 950 nm).

The calibrated output is shown in Fig. 7 as a
function of both index hole number and wavelength.
The known spectral response of each source is also
included on the diagram. This exercise, while some-
what qualitative, serves to-check the accuracy of the
wavelength-index hole calibration listed in Table 1.
Figure 7 also highlights two other relevant aspects of
the calibration.

1) The broadening of the laser output is a direct
measure of the instrument resolution (approximately
20 nm which is slightly larger than the filter bandwidth
at that wavelength).

2) The emission by the red LED occurs at those
wavelengths where the two filter halves overlap; this
overlap region is shown as a shaded area on the
diagram. As mentioned previously, the instrument
zero, obtained from the index hole reading that
coincides with the junction of the two filter segments,
is shown in Fig, 7.

4. Measurement platform

The radiometer and the complete data acquisition
system were flown on the CSIRO Fokker F27 aircraft.
The radiometer was mounted in a pod located on
the forward portion of the fuselage while the data
acquisition system was located in racks fixed inside
the aircraft. The radiometer was flown as one of a
group of instruments that included cloud microphys-
ical probes (the Knollenberg FSSP, OAP, and the 2D
probes, the CSIRO King hot-wire liquid water probe
and Rosemount temperature and dew point). Details
of these instruments have been discussed elsewhere
(King et al.,, 1978; Knollenberg, 1976).

Figure 8 shows the location of the radiometer pod
and the various other probes on the aircraft fuselage.
The radiometer was positioned to provide an unob-
structed field of view in the nadir direction. The
upward hemispheric field of view was, however, ob-
scured partially by the adjacent microphysics probe
and partially by the aircrafat. The effects in this
interference were assessed to be negligible because

¢ measurements in the upward looking mode were
only made in clear overlying skies for which most of
the radiation is concéntrated in the direct collimated
solar beam;

» measurements were made near local noon when
the sun was high; and

o tests showed no effects on the measured down-
coming solar radiation by spurious reflections off the
aircraft fuselage and surrounding pods onto the ra-
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diometer. (These tests were conducted by flying level
along a number of different headings from the azi-
muthal direction of the sun.)

5. Results

A few selected results from two aircraft flights
(flights 1 and 2 conducted on 22 and 23 September
1983) are shown to demonstrate the instrument per-
formance.

Bearing in mind the motivation for development
of the instrument as described in the Introduction,

-

Extraterrestrial Solar Irradiance (W.m",um‘i)

@
~
S

015

0-10

0-05

52

0N

0-10

0-09

0-08

Solar Irradiance (W.m'zpm"1)

A | )

1 1 1 1
500 600 700
wavelength (nm)

400 900 1100

Fi1G. 9a. Spectral solar irradiance on a horizontal surface at an
altitude of 2000 m as measured by the radiometer operating in
calibrate mode (bottom curve). Also shown is the extra-terrestrial-
solar irradiance (upper curve) as well as distinguishable atmospheric
absorption bands. :
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FIG. 9b. Directional reflectance (defined in the text) of three natural reflecting surfaces as a
function of wavelength. The absorption bands of water vapor in the cloud case are highlighted.

one observes that the results demonstrate both the
spectral response (Figs. 9a and 9b) and the sampling
capabilities of the instrument (Fig. 9c). The spectral
solar irradiance measured at an altitude of 2000 m
by the radiometer operating in its calibrate mode is
shown in Fig. 9a. Included on the diagram, for
reference, are the extraterrestrial solar irradiances
(taken from Thekeakara and Drummond, 1971), as
well as various distinguishable atmospheric absorption
features. Figure 9b presents the spectral directional
reflectance (R) measured over a number of naturally
occurring surfaces as a function of wavelength. (R

= qI/F: I = narrow beam) radiance measured in the
signal (downward) mode; F = the clear sky solar
irradiance measured in the calibrate mode. Figure 9c
presents a time series of the radiances at two selected
wavelengths (592 and 892 nm) reflected by small fair
weather cumulus over the sea. The results in Fig. 9¢c
demonstrate the high degree of spatial variability in
the solar reflectivity by the atmosphere.

Conclusion

The overall design of a radiometer and data acqui-
sition system for use on an aircraft platform is
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FIG. 9c. A time series of the 592 nm and 892 nm radiances measured by the
radiometer when flown over small fair weather cumulus clouds over the sea.
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TABLE 2. Summary of important characteristics of SPERAD.
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Parameter Value

400 nm < X < 1200 nm
(OCLI CV filter)

Wavelength range

Wavelength resolution ~20 nm
Field of view
Signal mode ~7 mrad
Calibrate mode hemispheric
Dynamic range 5 decades

Peak sensitivity

Signal mode 0.224 volt. kW' cm? nm ster
Calibrate mode 20.7 volt. mW~' cm? nm
Response time* 30 ms
Detector Silicon PIN photodiode
Scanning rate (as used). 205!

* Minimum possible time between spectral scans.

described. The instrument characteristics are sum-
marized in Table 2. Some selected results are present
which illustrate the instrument performance, partic-
ularly highlighting both the spectral and sampling
responses of the instrument.
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