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ABSTRACT

This paper reports on a series of flights that were conducted off the east coast of Australia through and over
stratocumulus and fair-weather cumulus cloud fields. The CSIRO Fokker F-27 research aircraft was used to
obtain radiation and in situ cloud microphysical and thermodynamical measurements. Central to the analyses
presented in this paper were the measurements obtained by a spectrally scanning visible near-infrared radiometer
(SPERAD) which was designed specifically for the experiments reported herein.

Analyses of the data obtained during the flights that are reported in this paper showed that the clouds sampled
were warm and mainly maritime in character, with both low droplet concentrations and liquid water contents.
The stratiform clouds were shallow, with optical depths of about 10, Despite the lack of cloud vertical development,
significant concentrations of large droplets were recorded by the Knollenberg 2D probe. Variance analyses of
the cloud optical properties indicated that the sampled cloud layers possessed highly variable volume extinction
coefficients with fractional deviations exceeding 0.5 at most levels, whereas the single-scattering albedo and the
asymmetry parameter were more uniform along any given level. Variance analyses of the bidirectional reflected
radiation from Sc clouds indicated a variability of cloud reflectance on two distinct horizontal scales, which
could in turn be related to the scale of the relevant mixing processes. It was also found that the reflected radiances
from cumulus clouds were far more anisotropic in character than those reflected from stratocumulus clouds.
The spectral variation of cloud reflectance with wavelength also exhibited features that, on the basis of the
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comparisons reported, could not be fully explained by existing theory.

1. Introduction

It has long been recognized that clouds are one of
the most crucial, but least understood, components of
the climate system. This basic lack of understanding
stems from our inability both to realistically describe
the various life cycle processes of clouds and to predict
their radiative properties. Incorporation of these pro-
cesses is crucial in any attempt to model the realistic
feedbacks between clouds, radiation and dynamics.
Perhaps the greatest difficulty associated with the mod-
eling of these feedbacks is that the fundamental pro-
cesses that govern cloud production and dissipation
occur on a scale smaller than that resolved by large-
scale atmospheric climate models.

A process that is likely to play a central role in the
evolution of clouds and cloud systems is the interaction
of radiation with the atmospheric environment both
in and around clouds. This interaction depends on the
geometric structure of the cloud in a highly nonlinear
manner, and just how important the interaction is in
deriving the bulk radiative budget of the cloudy envi-
ronment is not yet fully understood. As a first step, it
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seems important to establish the extent to which en-
semble average-cloud variables (such as a bulk-averaged
liquid water and perhaps some bulk descriptor of cloud
shape, for example) are sufficient predictors of the ra-
diative budget of clouds. Because of the complexity of
this issue, and the lack of adequate multidimensional
radiative transfer theories, observational studies will
play an increasingly important role in providing an
understanding of the radiative transfer through a ran-
domly fluctuating cloudy medium.

This paper reports on aircraft measurements made
during two field experiments and their subsequent in-
terpretation. The experiments attempted to provide
some basic information on the structural, microphys-
ical and radiative properties of cumulus and strato-
cumulus clouds with the intention of obtaining some
insight into the complex transfer problems mentioned
earlier. The outline of this paper is as follows. Section
2 presents the specific objectives of the experiment and
much of the scientific background that provided the
original motivation for the study. Section 3 contains a
summary of the various parameters observed and the
instruments used. Section 4 contains a description of
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the aircraft configuration and a summary of the various
flights conducted over the period of the experiment.
Section 5 presents an analysis of the cloud microphys-
ical and thermodynamic data, followed in section 6 by
a discussion of the optical properties of the clouds
which are derived from the measured cloud micro-
physics. In section 7, the resulting analysis of the ra-
diation measurements are discussed, while section 8
includes a study of the spatial variability of reflectance.
Section 9 brings together the results obtained from the
microphysics and radiation measurements with those
derived from a theoretical model. The results and im-
plications of this study are then summarized in sec-
tion 10.

2. Objectives and background discussion

The overall objective of the experiments discussed
in this paper was to provide high-quality radiation and
supporting cloud microphysics data which, on analysis,
might provide some insight into the following factors:

(i) The spatial variability of cloud reflectivity. The
scattering of radiation by clouds is a highly complex
and ill-defined function of the geometry of the cloud.
The structure and variability of clouds occur on hor-
izontal scales that are much smaller than the resolution
of atmospheric circulation models, for example, and,
for that matter, occur on a scale smaller than that re-
solved by. modern day or planned meteorological sat-
ellite radiometers. The extent to which these smaller-
scale radiative transfer processes influence satellite
measurements and the specification of domain-aver-
aged radiation budgets in models are issues of para-
mount importance in atmospheric radiation. Since our
current knowledge of the spatial and temporal varia-
tions of cloud physical and radiative properties is poor,
it seems appropriate to design an experiment which
attempts to define spatial variabilities typical of dif-
ferent cloud types.

(i) The spectral variation of cloud reflectivity. There
are a number of reasons why multiwavelength mea-
surements of cloud reflectivity are desirable. For ex-
ample, it seems possible in principle, but yet to be
demonstrated in practice, to utilize the reflection spec-
tra to extract certain microphysical properties of clouds
(e.g., Twomey and Seton, 1980; DeVault and Katsaros,
1983). Another reason for making spectral measure-
ments is to study more specifically the amount of solar
radiation absorbed in the near-infrared region by
clouds. This absorption is important to the energetics
of certain clouds (e.g., Nicholls, 1984; Herman and
Goody, 1976; Webster and Stephens, 1980; among
others), and reported measurements show that solar
heating is often as large as the longwave cooling at
certain levels in the cloud. The possibility of a system-
atic difference between the observed and calculated
shortwave absorption was mentioned by Stephens et

JOURNAL OF CLIMATE AND APPLIED METEOROLOGY

VOLUME 26

al. (1978), and has been discussed at length since then
(Ackerman and Cox, 1981; Wiscombe et al., 1984;
Welch et al., 1980; among others). However, the major
problem in reconciling this difference is the lack of
credibility of the measurements upon which the esti-
mates are based. Measurements of shortwave absorp-
tion are difficult to make and hitherto have been ob-
tained by differencing spatially and temporally varying
data. Certainly the conclusion that more sophisticated
radiometric techniques are required to resolve the ab-
sorption issue (e.g., Herman, 1977; King, 1980) is well
Justified.

(iii) Validation of theory. Quality radiation mea-
surements together with the supporting cloud micro-
physical data are and will continue to be required to
test theories which attempt to solve the radiative trans-
fer equation in spatially inhomogeneous media. While
the theory is not as advanced as we would like, defi-
nition of the variabilities of the key cloud optical prop-
erties (such as volume extinction, single-scatter albedo
and the asymmetry factor) will be an important con-
sideration in developing these theories. For example,
the theoretical developments of Stephens (1986) em-
ploy the spatial variations of these optical properties
explicitly, and it is possible to simplify this theory with
certain assumptions about the nature of these varia-
tions.

(iv) The interpretation of satellite radiances. 1t is the
object of the International Satellite Cloud Climatology
Program (ISCCP) to obtain some global index of cloud
over a continuous 5-yr period (e.g., Schiffer and Ros-
sow, 1984). The data that are being stored for this task
are primarily visible (0.5~0.7 um) and infrared window
radiances (10-12 um) from which it is hoped to glean
relevant cloud information. To this end, it is crucial
to test the appropriateness of the various analysis tech-
niques (referred to as algorithms) with independent
data. Indeed, this recognition is one of the central mo-
tivations for the proposed First ISCCP Regional Ex-
periment (FIRE). Examples of algorithms presently in
the literature are the spatial coherence approaches of
Coakley and Bretherton (1982), the bispectral tech-
niques described by Platt (1983) and Reynolds and
Vonder Haar (1977), and the thresholding method of
Rossow et al. (1985), to mention a few. Observations
such as those reported in this paper can be employed
to validate and clarify certain issues upon which these
techniques are based, and therefore are likely to play
an important role in the further development of these
algorithms.

3. Summary of observations

An observational program was designed with the
previously mentioned objectives in mind. The exper-
imental design centered on the use of an airborne plat-
form equipped with radiation and cloud microphysical
instrumentation for simultaneous in situ measurements
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of the cloud microphysics, radiative fluxes and spectral
radiances. This platform was the CSIRO Fokker F-27
research aircraft which operated at speeds typically be-
tween 80-100 m s™'. The aircraft was equipped with
new radiation instrumentation as well as a number of
other instruments that have been employed previously
in similar experiments {e.g., Stephens et al., 1978; Platt,
1976; King et al., 1978). The instruments used are listed
in Table 1 and are subsequently discussed in more de-
tail.

" The main experiment was conducted in the vicinity
of the east coast of Australia during May-June 1984
(hereafter referred to as Phase II). A total of 13 flights
were carried out during this phase, mostly over the
ocean. Four flights were conducted off Cairns (17°S,
146°E), another eight out of Coffs Harbour (30°S,
153°E) and a single flight was conducted overland east
of Sale (38°S, 148°E). With the exception of the latter
flight and the few occasions on which measurements
were obtained in clouds west of Coffs Harbour over-
land, the majority of flights were over the Pacific Ocean
east of the cited locations. Thus, the data obtained pro-
vide a relatively unique opportunity to compare the
radiative properties of clouds at three different latitudes
and with three different solar elevation angles.

In the year preceding Phase II, a trial experiment
was carried out in September 1983 and some data ob-
tained from these flights (we hereafter refer to these
measurements as Phase I) are subsequently discussed.
Some results have already been described by Stephens
and Scott (1985). Changes in the instrumentation were
made for Phase II in order to meet the more specific
objectives of the experiment. The major change con-
cerned the modification of the spectral radiometer that
will be described. Details of these changes have been
described elsewhere in Scott and Stephens (1984).

Table 1 also serves as a summary of the observational
capabilities of the instrumented aircraft, as well as an
outline of the principal data to be used in the following
analyses. By way of summarizing the observations, we
divide the instrumentation into the following four cat-
egories.

a. Radiation

The radiation instrumentation for Phase II consisted
of a coupled narrow-field-of-view radiometer and
hemispheric field radiometer specially designed for the
experiment that spectrally scanned across the visible
and near-infrared spectral regions (SPERAD), a nar-
row-field-of-view infrared radiometer which could be
used to meaure either upward or downward radiances
in the 10-12 um or 8-13 um spectral regions, and up-
ward- and downward-viewing Eppley pyradiometers
and pyrgeometers. The spectral response characteristics
of the instruments, the data sampling rates and relevant
references describing the technical aspects of the
equipment can be found in Table 1.
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Because SPERAD was specially designed for the ex-
periments reported in this paper, and because most of
the following analyses are based on the data obtained
by this instrument, further discussion of the instrument

‘is warranted here although more specific technical in-

formation can be found elsewhere (e.g., Scott and Ste-
phens, 1984). The instrument is essentially two radi-
ometers combined in one housing. The optics of each
is identical, except for the different circular variable
filters used to spectrally filter the radiation entering
this instrument. One circular variable filter scans from

. approximately 0.4 to 1.2 um and the other from ap-

proximately 1.2 to 2.5 um. The instrument is designed
to simultaneously measure the (more or less) unob-
structed hemispheric downwelling spectral irradiance
HY(\) observed through diffuse quartz windows, while
the vertical upwelling radiation is observed through
clear quartz windows and confined to a narrow field
of view (approximately 7 mrad). With suitable cali-
bration, the measured reflected radiation represents the
vertical upwelling radiance N*'(\). Therefore, the ratio
of these two measured quantities in the form

R(u= 1, o) = *NY N/ H*(N) ey
defines the bidirectional reflectance quantity where
is the cosine of the solar zenith angle and u the cosine
of the zenith angle of measured radiation. This quantity
defines an equivalent isotropic albedo of the underlying
surface.

Only those measurements of H¥()\) obtained in the
clear sky above cloud top are used to define R. As a
check on the quality of these irradiance measurements,
the spectrally integrated and calibrated quantity
f HY(\)d\ was directly compared to the measurements
obtained from the upward-looking Eppley pyradiome-
ters. Taking into account the slightly different spectral
ranges of these two measurements, we found agreement
within 0.5% on all occasions.

The radiometers were mounted on the aircraft in
such a way that their fields of view were maintained
to within a tolerance of 1-2 deg from zenith and nadir
when the aircraft was level in flight. The natural pitch
and roll of the aircraft, which was also recorded in flight,
added an additional uncertainty of the order of 2-4
deg. Thus, the orientation of the fields-of-view of the
instruments was generally maintained within 5 deg
from the vertical and represents an approximate 6%
uncertainty inn downwelling solar flux for the solar ze-
nith angles of 40°.

Specification of the response time of the instrument
was also critical to the instrument design. One of the
principal objectives of the experiment was to provide
measurements of cloud and surface reflectances from
an airborne platform moving at speeds of about 100
m s~ at a rate capable of resolving the dominant (hor-
izontal) spatial scales of reflectances. Since there were
no a priori estimates of these scales and since they were
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TABLE 1. A summary of the observational capabilities of the CSIRO research aircraft as employed for Phase II.

1. Radiation equipment

Time
Instrument constant  Sampling rate Wavelength response Comments
(i) Spectrally scanning <100 Hz Tenspectraof 0.4um <\ <2.5um Continuously scanning fast response radiometer
radiometer NADIR 72 data with a narrow (approximately 20 nm)
(SPERAD) points each bandwidth and narrow field of view (~7 mrad)
' second in the nadir and hemispheric field of view in
the zenith. An early version of this radiometer
(with a response 0.4 um < X < 1.2 um) is
described in Stephens and Scott (1984).
(it) Infrared radiometer* ~5 sec ~3s 10um <A <12 um Narrow field of view (~ 10 mrad) fixed in the
. nadir direction (refer Platt, 1971).
(iii) Eppley pyranometer ~ ~1 ~10s7! 0.285 pum < A <28 pum  Upward and downward-looking with hemispheric
(model PSP) fields of views. Both sets of instruments were
precision radiometers.
Pyrgeometer (PIR) ~2 10s! 4 pm < A < 50 um

(iv) Video camera

Visible

2. Cloud microphysics

200-line resolution over ~60 degree field of view.
Data recorded on standard VHS format.

Instrument-particle spectrometers Particle size range (r) Comment
FSSP 2<r<47 um Knollenberg (1981)
OAP 300Y 300 < r < 4500 um
2D probe 25 < r < 800 pm
3. Thermodynamics*

Variable Instrument Response Comment
Cloud liquid water CSIRO King hot wire ~100 Hz King et al (1978)
Dry bulb Reverse flow thermometer

temperature
Dewpoint Rosemount
temperature Rosemount ~1s
Atmospheric pressure Pitostatic tube ~1s
Aircraft air speed Pitostatic tube ~105~!
4. Other variables*
Variable Sampling rate
Ground speed 10s7!
Pitch angle 10s7!
Roll angle 10s™!
Drift angle 10s™!
Magnetic reading 10s7!
Position latitude 10s!
Position longitude 10s7!
True heading 10s7!
Inertial altitude 10s™!
Vertical acceleration 10s™!
Wind angle 10s™!
Wind speed 10s™!

*(Recorded from Inertial Navigation System) .
! These measurements are also supplemented by the operational radiosonde data obtained from the nearest Australian Bureau of Meteorology

site.

likely to vary from one cloud type to another, data
were recorded at the fastest possible rate given the
compromise between a fast instrument response and
the practical aspects of data management. The level of

—1

compromise reached is summarized in Table 1. A
sampling rate of 10 s
represents the rate at which a single spectrum (i.e., 72
individual measurements from 0.4 to 2.5 um) was re-

was chosen for Phase II, which
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corded and translates into approximately one reflec-
tance spectrum every 8 m along the flight track.

The remaining instrumentation has been described
at length in a number of different publications. The
narrow-beam 10-12 pm wavelength infrared radiome-
ter is a compact version of the instrument originally
described by Platt (1971) and used previously in an
aircraft by Paltridge and Platt (1981). Solar irradiances
were measured by Eppley Precision Spectral Pyrano-
meters, which had a response time of about 1 s and
were compensated internally for temperature fluctua-
tions during flight, leading to an uncertainty in cali-
bration of only about 1% over the temperature range
of operation. Longwave irradiances were measured by
Eppley precision pyrgeometers which were similarly
internally compensated for temperature.

b. Cloud microphysics measurements

Included in the standard suite of cloud physics
probes were the FSSP cloud droplet spectrometer, an
OAP-2D-C particle imager (2D probe) and an OAP-
300-Y precipitation spectrometer. While the sampling
rate of these instruments was of the order of 10 Hz,
the data to be described are 1-s averages. The particle
size ranges relevant to each instrument are summarized
in Table 1.

¢. Thermodynamic variables

Wet- and dry-bulb free air temperatures were mea-
sured by reverse flow Rosemount thermometers. A
CSIRO liquid water hot wire probe (King et al., 1978)
was also mounted on the aircraft. The calibration of
this instrument was somewhat involved (e.g., see King
et al., 1978) and its absolute accuracy was around 0.5
g m™3. Aircraft speed and atmospheric pressure were
obtained using standard Prandtl design pitot-static
tubes (Goldstein, 1965), and when calibrated against
a laboratory standard, the aircraft speed was found to
be within 0.5%.

d. Ancillary data

In addition to the previously described measured
quantities, parameters obtained from the inertial nav-
igation system were also recorded. These data are not
presented below and were indirectly used by way of
support of the analyses.

4. Aircraft configuration and flight procedures

All instruments were mounted on the CSIRO F-27
research aircraft. The aircraft had been modified to
take strut-mounted instruments at 10 hard point lo-
cations around the fuselage 0.8 m ahead of the propeller
line (Fig. 1). For Phase II, the three Knollenberg probes
(FSSP, OAP-2D-C and the OAP-300-Y) were mounted
in locations D, C and G, respectively and all were
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FG. 1. View of the CSIRO F-27 aircraft looking aft and showing
the 11 probe locations, A~-H 0.8 m ahead of the propeller disk
(dashed). The position of the bombay, 2.2 m behind this propeller
line, is indicated by X and the IR radiometer position is indicated
by Y.

mounted 45 cm from the fuselage, as shown schemat-
ically in Fig. 1. The hot wire instrument was also
mounted at the end of a small strut and was located
at position E. While the distance of this probe from
the fuselage could vary, the probe was fixed at 45 cm
during Phase II, thus minimizing fuselage-related flow
distortions (King, 1984).

The upward-viewing Eppley radiometers and
SPERAD were similarly mounted at the end of a strut
and fixed at the anchor points X and Y, respectively.
During Phase I, a vertically downward-viewing narrow
beam infrared radiometer was mounted in the bomb-
bay located in the belly of the aircraft some 2.2 m be-
hind the propeller line. For Phase I1, a different version
of this instrument was relocated in the aircraft and
replaced by the downward-viewing Eppley radiometers
and a video camera. The new IR radiometer was con-
structed for Phase II and mounted inside the aircraft
0.5 m in front of the propeller line with a mirror pro-
truding through a window pressure seal so that the ra-
diometer could look either vertically upwards or
downwards. In the former case, the downward-mea-
sured radiance (10-12-um wavelength) was effectively
zero at altitudes of approximately 15,000 ft, thus pro-
viding a calibration for the detected signal, which was
chopped against a 40°C blackbody.

Power supplies and the data acquisition systems were
located in racks inside the aircraft. All data were written
directly to magnetic tape in a format fully compatible
with ANSI specifications. The duration of each flight
was typically 3 h and all data for such a period could
be stored on two magnetic tapes.

The flight patterns used in the field experiments var-
ied according to the type of experiment being con-
ducted at the time. Schematics of the two main flight
patterns used for the fair weather cuamulus experiments
are depicted in Figs. 2a and b. Pattern A involved sam-
pling within and around individual and reasonably






