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Summary

This report contains the results of researches done in the two WCRP-related research
programs on cloud and radiation which were carried out at the MRI (Meteorological Research
Institute) of the Japan Meteorological Agency, during the 7 years from FY1984 through
FY1990. This report consists of two parts. Part I describes development- of four original
instruments for cloud and radiation measurements in the research program “Development of
Instruments and Methods of Cloud and Radiation Observation” (FY1984-86). Part I contains
the results of various research activities in the research program “Field experiments and

Theoretical Modeling of Cloud-Radiation Processes” (FY1987-90).

Part I Development of Instruments and Methods of Cloud and Radiation Observation
(FY1984-86)

Four unique instruments for cloud and radiation observation have been developed in
this research program. A major purpose of our cloud and radiation observations is to make
clear the relationship between the radiative properties of clouds and their microphysical and
macrophysical structures. In order to start cloud observations at the MRI, especially in-situ
aircraft observations, for which our experiences and instruments had been very poor,
development of new devices was required. These should give more detailed information on
cloud microphysical and radiative properties than obtained by the conventional instruments.
The newly developed four instruments are a special video sonde for measuring cloud
particles, an airborne video-microscope for cloud particle measurement, an airborne measuring
system of cloud interstitial aerosols, and an airborne multi- channel cloud pyranometer
system. With a combined use of the first three instruménts, three dimensional distributions
of cloud forming particles can be measured. Further, the development of multi-channel cloud
pyranometers may improve our understanding of the relation between solar spectral
reflectances and cloud microphysical properties. The characteristics of the instruments
developed are described in each separate section in Chapter 1.

1) Cloud Particle Video Sonde (Sec. 1.1)

A special sonde for measuring cloud particles, which is named a Cloud Particle Video

Sonde (CPVS), has been developed. When a CPVS quipped with a small TV camera is
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launched into clouds, it transmits to the ground station images of hydrometeors in the size
range from 7 pm to 2 cm as well as meteorological element data in clouds, at a frequency of
1.6 GHz. The particle image signals are received and recorded on a VTR, and simultaneously
displayed on a CRT. At the same time, data on meteorological elements are printed out from
a digital analyzer. Afterward the particle image information on the VTR is read out for
analyses of hydrometeors in clouds. Using the collection efficiency of the CPVS for water
droplets "determined from a laboratory experiment, the number concentration of cloud
particles and the variation of their size distributions with altitude can be calculated. The
CPVS, thus designed, was tested in field observations for several cloud layers, and showed
good performance.

2) Airborne Video Optical Miroscope for Measuring Cloud Particles (AVIOM-C)

(Sec. 1.2)

A new system has been developed for measuring cloud particles on board aircraft.
The system consists of three parts: cloud-particle detection unit, image display and recording
units, and control unit. The detection unit mounted in the nose part of an airplane has three
components : two shutters for adjusting the timing of sampling, stepping hydrophobic-glass
stages and an optical microscope with a CCD video-camera. From images of cloud particles
on a cathode-ray tube, the phase of cloud particles (water or ice), size, shape, and number
are immediately identified visually. The images of cloud particles are simultaneously recorded
on a video-tape recorder (VTR). After flight, the image information is easily read from the
VTR and processed by a particle- image analyzer to get further information. Collection
efficiency for particles larger than 5 ¢m in diameter is estimated to be 100% in the case of
flight speeds greater than 50m/sec. Airborne test observations showed that the system can
provide high—quality images of cloud particles in the size range of 5 to 150 ¢ m in diameter
with a time resolution of 1.4 seconds. The liquid water content calculated from the image of
particles were compared with those by a Johnson-Williams hot-wire probe.

3) Airborne Instrument for Measuring In-cloud Aerosol Particles (Sec. 1.3)

A new airborne instrument for measuring in-cloud aerosol particles has been
developed. Efficient separation of Cioud—interstitial aerosols from cloudy air containing cloud
droplets and/or ice crystals was accomplished using a virtual separator which was designed
to discriminate interstitial aerosols from cloud particles with sizes above 2 ¢ m. The cloud-
interstitial aerosols, thus separated, were confirmed to be smaller than 2 ¢ m in diameter.

Aerosols smaller than 2 gm are then piped through to an optical particle counter and/or an
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aerosol sampling device. To prevent the instrument from icing, a deicing heater was
installed, especially around the air inlet nose of the instrument. Airborne tests proved its
good performance in measuring the size distribution of cloud-interstitial aerosols.

4) Airborne Multi-channel Cloud Pyranometer System (Sec. 1.4)

A spectro-radiometer system for airborne measurements of ’cloud radiative properties
has been developed. The instrument consists of a pair of multi-channel pyranometers, each of
which is installed on the top and the bottom of aircraft fuselage to measure the downward
and upward solar fluxes, respectively. The multi-channel cloud pyranometers (MCPs) provide
nearly monochromatic solar fluxes at nine wavelengths, between 042 ¢ m and 1.65 g m
including 0.76 g m and 094z m in the O, and H,O absorption bands, respectively, using
interference filters with very narrow band widths. The interference filters are built in a
rapidly rotating wheel. Solar radiation passing through a filter is instantly detected by a
silicon photodiode for wavelength A <1 #m and by a germanium photodiode for A > 1 gm.
From measurements of the downward and upward solar fluxes by MCPs over a cloud layer,
we can obtain the spectral distribution of refléctances of the cloud layer. The performance
of MCPs was confirmed through laboratory calibrations and airborne tests.

Section 1.5 summarizes the characteristics of the developed instruments. The
instruments for airborne use were subjected to test flights in order to examine their
performance as a combined whole system for cloud and radiation observations. They proved
good performance through the test observations. However, it was revealed that the aircraft
observational method should be improved in a future study to minimize errors due to high

variability of clouds in terms of microphysical and radiative properties.

Part I Field Experiments and Theoretical Modeling of Cloud- Radiatibn Processes
(FY1987-90)

As part of the WENPEX (Western North-Pacific Cloud-Radiation Experiment) in the
Japanese WCRP, the Meteorological Research Institute (MRI) have operated the above titled
research program during FY1987 through FY1990. The major scientific objectives of the
program are threefold : one is to improve our understanding, through field experiments and
theoretical modeling, of the relationship between bulk radiative properties and microphysical
and macrophysical structures of stratiform clouds. Here the bulk radiative properties are such
radiative characteristics, averaged over a cloud layer, as flux reflectance, absorptance and

transmittance for the shortwave radiation, and emittance for the longwave radiation. The
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second objective is to improve the parameterization of the cloud-radiation processes used in
the atmospheric general circulation models (AGCMs). For these purposes, several kinds of
radiative transfer computational models for cloudy atmospheres were developed. These
radiation models were used to analyze the field observation data and to simulate the
radiative processes in various cloud fields. The third is to develop advanced uses of satellite
data to detect and retrieve cloud parameters.

Two types of field experiments have been carried out for observations of radiative and
microphysical properties of stratiform clouds. One is the in-situ aircraft observations for low-
and middle-level clouds over the ocean around Hachijojima (33.1°N, 139.8°E) (Chap. 2), and
the other is the ground-based observation at the MRI, Tsukuba (36.0°N, 140.1°E), for high-
level ice clouds, for which direct aircraft measurements are not available (Chap. 3). A
schematic picture of the field experiments is shown in Fig. A. In these field experiments,
the above mentioned unique instruments developed at the MRI have provided interesting and
valuable data.

Chapter 2 gives descriptions of the aircraft observation for low- and middle-level
clouds. Two aircraft (Cessna-404 and Aerocommander-685) were used to make simultaneous
measurements of radiation and cloud microphysical properties including aerosols. Synchronized
formation flights by the two aircraft were adopted to obtain simultaneous data on radiation
and clouds (Sec. 2.1). The instrumentation for the aircraft observation is explained in Section
2.2. The aircraft observation was carried out during September 19-21, 1987 (FY1987), March
28-30, 1989 (FY1988), December 20-23, 1989 (FY1989), and December 13-16, 1990 (FY1990),
mostly for stratiform water clouds and partly for scattered cumulus cloud fields.

The data obtained are summarized in the data directory in Supplement A.2, and they
are available fo every researcher who ;ivants to use them. Examples of the data are shown in
Section 2.3 for several typical cases of stratiform clouds observed in each fiscal year. In the
section, the> GMS satellite images at the observatioﬁ dates, observational flight paths,
vertical and horizontal diétributions of fhe measured radiative fluxes and cloud fnicrophysical
prpperties are shown in figure form. These data are being analysed from various points of
view, and some results ‘are presented iﬁ the following Sections 2.4-2.8.

From these analyses, a general feature of winter stratocumulus clouds, which are one
of the typical clouds over the western North-Pacific region, could be specified as follows.
Winter stratocumulus clouds over the warm ocean (T's=20°C) around Hachijojima usually

coexist with scattered cumulus clouds below the stratocumulus layer. At the cloud top, there
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is frequently a strong temperature inversion, and above that the atmosphere is usually very
dry. The microphysical structure of the stratocumulus clouds is fairly inhomogeneous both
vertically and horizontally.

Section 2.4 analyzes the microstructures of non-glaciated and partly glaciated (mixed
phase) stratocumulus clouds, observed on December 13 and 14, 1990, respectively, of which
cloud top temperafures were nearly same with —4°C. In the water cloud without glaciation,
the liquid water content generally increased and the cloud droplet size distribution became
wider from the cloud base to the top, although the concentration of cloud droplets was
almost constant throughout the layer. On the other hand, in the partly glaciated
stratocumulus cloud, ice crystals were found in the upper part of the cloud layer and,
horizontally, in some sporadic regions. Ice crystals have grown by the deposition and, or
riming processes during dropping down through the cloud layer, and then melted in the
lower part of the layer where the liquid water content was largest.

In Section 2.5, aerosols withiri and without clouds have been measured by using the
airborne instrument for measuring in-cloud aerosols developed in Section 1.3. The aerosol
measurements have brought interesting features on aerosol behaviors associated with cloud
formation. A significant decrease as much as 65% in volume was noticed in cloud-interstitial
aerosols, compared with aerosols outside clouds, in the sub-micron ‘size range with radii
between 0.15 pm and 1 gm. This means that the sub-micron aerosols are thought to have
efficiently worked as condensation nuclei of cloud droplets. However, an electron-microscopic
analysis of aerosol samples has also shown that cloud- interstitial aerosols were also
hygroscopic such as sea salt particles and ammonium sulfate particles. This suggests that
there were areas of low supersaturation and/or under-saturation even in the clouds.

Section 2.6 describes an estimation of cloud parameters from spectral reflectances
measured by the airborne multi~channel cloud pyranometer system (MCP) developed in Sec.
1.4. In this remote sensing procedure, cloud layers are assumed to be locally plane-parallel,
and vertically homogeneous. Optical thicknesses at wavelength A = 500nm and effective
particle radii of water clouds are simultaneously estimated from reflectances at a visible
channel of A =500nm and a near-IR channel of A =1650nm. Next, cloud liquid water content
can be estimated from reflectances at A = T760nm in the O, absorption band, under the
assumption that the cloud altitude is known, and then the amount of oxygen molecules per
unit path length is known. Then the integrated liquid water path and geometrical thickness

of the cloud layer, and cloud droplet concentration can be evaluated as by-products from
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combining the above-inferred cloud-physical parameters. Finally, mean water vapor amounts
within clouds can be retrieved from reflectances at A =938nm in the water vapor absorption
band. The estimated cloud-physical parameters reasonably agreed with the in-situ measured
parameters. However, the estimated effective particle radii and liquid water contents were
generally larger than those measured directly with an FSSP probe and a KING hot- wire
probe, respectively.

A case study of radiation budget analysis is described in Section 2.7 for the stratiform
water cloud observed with the synchronized flights of two aircraft on March 30, 1989.
Simulation calculations which adopted the optical thickness and effective particle radius
estimated from the spectral reflectances measured by the MCP yield the reflected and
transmitted solar radiation fluxes coincident with the measured fluxes. The observed solar
absorptance of the cloud layer is almost equal with the simulated one; the so- called
abnormal absorptance was not recognized in this case. In order to adjust the optical
thickness (or integrated liquid water path), however, we had to increase the liquid water
content measured with the KING hot- wire probe by as much as three times, which
suggested that the measured liquid water content might be underestimated. For the same
case, a spatial distribution of effective particle radii in a wide area was estimated from a
satellite data analysis for ch. 3 (3.7 #m) data of NOAA/AVHRR (Sec. 2.8).

Section 2.9 summarizes the aircraft -observations for stratiform clouds. Here it is
pointed out that there remains much uncertainty in aircraft observations of  cloud
microphysical properties, and that there is a discrepancy between in-situ measured effective
particle radii and liquid water content and those retrieved from the spectral solar reflectance
measurements.

Chapter 3 describes the ground-based observation of high-level ice clouds, for which
no research aircraft is available in Japan. One main purpose of the ground- based
measurements of ice clouds is to accumulate simultaneous observation data on optical
properties and microphysical structures of cirrostratus clouds associated with midlatitude
fronts. For that, we have organized a ground-based observation system combining various
instruments (Sec. 3.1). The measured data involve cloud height, thickness and backscattgzring
profiles measured by an MRI lidar system, vertical profiles of ice crystals as well as
temperature and humidity measured by an improved cloud particle video sonde, the solar and
infrared irradiances measured by various radiometers, cloud optical thicknesses by a

sunphotometer, and the spectral zenith radiance in the 10 ¢ m window region by an FTIR
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radiometer. The concurrent NOAA satellite data were also archived and analyzed. The
ground-based observations were carried out at the MRI, Tsukuba (36°03’N, 140° 08’ E) during
six days of December 11, 1987, June 22 and 30, 1989, October 29, 1990, and November 1 and
19, 1990. In this report, we mainly present the results for cirrostratus clouds observed on
June 22 and 30, 1989. On both days, cirrostratus clouds were observed and appeared very
similar to each other. They were associated with a Bai-u front (June 22, 1989) and a warm
front of a coming low pressure system (June 30, 1989), respectively.

The cloud particle video sonde described in Sec. 1.1 has been improved to a
Hydrometeor Video Sonde (HYVIS) which has two small TV cameras with different
magnifications to take images of hydrometeors from 7 #m to 10 mm in size. The HY VIS has
been applied to the ground- based ice cloud observations (Sec. 3.2). The microphysical
structure of the cirrostratus on June 22, 1989, which was analyzed from the HYVIS data, can
be specified as follows: the cirrostratus was caused by an upgrading warm air mass
associated with the northward moving Bai-u front which had stayed south along the Japan
Islands, with an estimated updraft speed of ~10cm/sec. The dominant shape of ice crystals
was a hexagonal column, whose size incréased from the cloud top to bottom. This reveals
that deposition process was the major ice forming mechanism in this cloud. The
concentration of ice crystals was of the order of 10° per m®.

Section 3.3 explains the lidar system used in the ice cloud observations. Under proper
conditions, the lidar can provide information on the heights of cloud base and top, cloud
geometrical and optical thicknesses, phase of cloud particles by depolarization measurements.
With our lidar system, however, successful estimation of the optical thickness was limited to
thin clouds with optical thicknesses less than about 3. Moreover, the lidar observation has an
advantage in getting information on time variations of the structure of ice clouds.

Various radiation measurements taken in the ground-based observation system are
explained in Section 3.4. A correction procedure for the optical thickness measurement by
the sunphotometer is discussed through simulation calculations by a Monte Carlo method for
multiple scattering effects into the sunphotometer’s field of view. With this correction, the
visible optical thicknesses as large as about 10 were successfully estimated from the
sunphotometer measurement.

Section 3.5 presents results of a synthetic analysis of various ddta from the ground-
based observations for the cirrostratus clouds on June 22 and 30, 1989. From the HYVIS

image analysis, the size distributions of ice crystals averaged over the cloud ‘layer were
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obtained. The size distribution is approximated with power law distribution functions. The
mean exponent is estimated to be 3.24. Combining the sunphotometer measurement with the
solar flux measurement, the solar flux transmittances were related to the visible opticgl
thicknesses and compared with the simulated transmittances computed for some model ice
clouds. The transmittances were coincident with each other within an error of 3% for optical
thicknesses of 3~10.

The effective downward emissivity in the 10 # m window region was estimated from
the IR radiation thermometer measurement. In the procedure, effects of the atmospheric
radiation below cloud layers were corrected by considering time variations of cloud-base
heights and temperature and humidity profiles measured by -the lidar and radio sonde
observations, respectively. This effective emissivity was correlated with the visible optical
thickness. Spectral distributions of the down—coming atmospheric radiation were measured by
an FTIR spectrometer in the IR window region (800-1200cm™). The observed spectra were
compared with simulated ones which. were computed assuming spherical ice particles with
the measured power law size distributions. From the comparison, we could estimate IR
optical thicknesses at A =10 ¢m and lower-limit sizes of the power law distribution. The
estimated IR optical thicknesses were about twice the visible optical thicknesses.

Concurrent NOAA satellite data over the Japan area were analyzed. The brightness
temperature differences between ch. 4 and ch. 5 of AVHRR data of NOAA-11 satellite were
compared with those computed for model ice clouds with the observed exponent but for
different lower-limit sizes in the power law size distribution. The results show that the
satellite brightness temperatures mostly scatter between calculated values with the lower-
limit sizes of 4 #m and 16 gm. Through this ground-based observations of ice clouds, it was
for the first time confirmed that there is a close correlation between the existence of small
ice crystals of the order of 10 # m and large differences in the brightness temperatures
observed by the different IR channels.

Chapter 4 gives descriptions on the theoretical modeling of the transfer of solar
radiation in broken cloud fields (Sec. 4.1) and horizontally inhomogeneous water cloud layers
(Sec. 4.2), a newly developed Line-by-Line calculation of the atmospheric absorption spectrum
(Sec. 4.3), and a newly developed infrared radiation scheme for AGCMs (Sec. 4.4).

In Section 4.1, Monte Carlo calculations have been performed for various cumulus field
models in order to parameterize the reflection of solar radiation from broken cloud fields. The

results . with the effects of cloud- cloud interaction and enhanced illuminated  area are



Technical Reports of the MRI, No.29, 1992

compared with those by the plane-parallel approximation. It is shown that the enhanced
illuminated area effect is the most effective for the broken cloud fields. The effective cloud
fraction is then parameterized by considering the above two effects both for non-reflecting
and reflecting underlying surfaces. The effective cloud fraction is a non-linear function of
the cloud cover viewed normally and the area enhanced ratio, indicating that the plane-
parallel approximation is, in general, not satisfactory for finite cloud fields. The
parameterization scheme yields a reasonable approximation to Monte Carlo results for finite
cloud fieldrs,

An approximate numerical computation method has been developed for the transfer of
solar radiation in horizontally inhomogeneous cloud layers (Sec. 4.2). The method is a P-3
approximation extended to a two- dimensional space. The method was applied to
inhomogeneous cloud models based on the aircraft observations, and the effects of horizontal
inhomogeneity on the solar reflection were studied. The results show that, at visible
wavelengths, inhomogeneous clouds reflect, at most, 8% more than homogeneous
counterparts with the same mean liquid water contents do.

Section 4.3 proposes a new Line-by-Line method developed to calculate the spectral
absorption coefficients of absorption lines with a Voigt line shape in the terrestrial
atmosphere. In the method, the Voigt line shape is decomposed into several sub-functions,
with even quadratic functions used as sub-functions. This functional form allows for easy
estimation of the half-width of the sub—function. The final spectral absorption is obtained by
the superposition of independent spectral absorption coefficients. The finer details of the
absorption spectrum are then examined to determine whether they are zero or not at every
grid point. This procedure eliminates unnecessary calculations in interpolations of absorption
coefficients from coarser to finer resolution and also saves storage capacity. This method has
also been applied to several problems in the field of atmospheric radiation.

In Section 4.4, an accurate but computationally fast scheme of the infrared radiative
transfer is developed based upon the multi-parameter random model to be used in climate
and numerical prediction models. The entire infrared spectrum is divided into four spectral
regions, 20-550, 550-800, 800-1200 and 1200-2200 cm™, including the H,O rotation and 6.3
¢m bands, the CO, 10 and 15 ¢m bands, and the O; 9.6 and 14 g m bands. The continuum
absorption of H;O is incorporated in all the spectral regions. The mean diffuse transmittances
for homogeneous paths are calculated by the multi- parameter random model. The

transmittance calculations through inhomogeneous atmospheres are carried out by the
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modified Godson method, which independently uses the Godson method to the line and wing
parts of the transmission function. When the transmission functions vary rapidly in the
vertical integral in a GCM scheme, transmittances are calculated only between the half-
levels of the vertical coordinate, while the Planck fluxes are evaluated at both the half- and
full-levels. The vertical integral in one layer can be represented with two terms: one for a
temperature profile with no inversion and the other for a profile with inversion. The errors in
heating rétes calculated by this scheme for the model atmospheres are less than 0.3 K/day in
the troposphere and stratosphere and less than 0.8 K/day above the stratopause. The errors
in radiative fluxes are less than 1 W/m? both at the surface and the top of the atmosphere.

Chapter 5 describes the use of NOAA satellite data in the cloud and radiation study.
In Section 5.1, the processing procedures of various radiometer data (AVHRR, HIRS, MSU,
SSU) on board the NOAA-series satellites. The processing computer programs are now ready
for use at the MRI, and they have improved quantitative uses of the satellite data in a more
advanced way.

In relation to the ground-based observations of ice clouds, sensitivity of the multi-
channel HIRS data on high-level ice clouds has been studied. The results show that the
HIRS data of ch. 4 through ch. 10 (except ch. 9) can be used to detect ice clouds and to
estimate their cloud physical parameters. It is also shown that the solar reflection
characteristics at ch. 19 (3.7 m) is promising in the discrimination of phases of cloud
particles (water or ice).

In Supplement A.l, the instruments used in the field experiments are summarized in
tabular form. Appendix A.2 gives the directory of data obtained in the field observations.

Publications and reports of research results are listed in A.3.

(S. Asano)



