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1. Introduction
International conferences on cloud physics, organized by the International Commission on Cloud Physics (ICCP), are held every four years. The tenth conference in this series, held in August 1988 in Bad
Homburg, Federal Republic of Germany, was hosted
by the Johannes Gutenberg-University, Mainz, and
the Johann Wolfgang Goethe-University, Frankfurt.
In his opening address1 to the 10th Conference, the
president of the ICCP noted that in recent years research on clouds and precipitation had undergone
considerable expansion and broadening, both in subject matter and in the spectrum of scientists involved
in such studies. The 210 papers presented at the 10th
Conference, by scientists from 21 countries, illustrated the diverse range of interests in clouds and
precipitation and the central role that they play in the
earth's atmosphere.
Extended abstracts of the papers presented at the
conference have been published in the series Annalen der Meteorologie, No. 25, 1988. Brief summaries
of some of the highlights of the presentations are given
below.

2. Summary of oral presentations
a. Session 1: Cloud Microphysics I: Laboratory
Studies (Co-chairs: I. Latham, UK, and I. P.
Mazin, USSR)
The conference opened with a paper by Ochs et al.
that described laboratory studies on the probability
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that two drops colliding will coalesce as a function
of their angle of impact and their mean relative electric charge. Laboratory experiments, described by
Beard and Ochs, confirmed the long-standing hypothesis that small raindrops in free fall oscillate because of resonant interaction with the eddies they
shed.
The next four papers concerned various aspects of
ice and snow crystals. Takahashi et al. described the
results of measurements in a vertical wind tunnel of
the time variations in the growth of snow crystals by
vapor diffusion and by riming. Empirical equations
for ice-crystal growth in supercooled clouds were
compared with measurements by Redder and Fukuta
and by Wang. Mitra et al. deduced from wind-tunnel
studies that most snowflakes should melt within a fall
distance of 300-500 m of the 0°C level. Dry snowflakes fell with a spinning, helical, and shaking motion, but as soon as melting started, the frequency of
rotation and oscillation changed and "sideways sailing" set in. Melting snowflakes generally did not break
up. Oraltay and Hallett reported on the melting and
evaporation of ice crystals in the laboratory. No
breakup of columns and plates was observed during
their evaporation. The melting of plates did not produce any secondary drops, but the melting of columns produces an average of two drops. Evaporating
dendrites broke up into —10 pieces as the temperature of the ice approached 0°C. Czys discussed collisions between supercooled precipitation drops as a
possible source of ice in warm-based, summer convective clouds.
b. Session 2: Cloud Microphysics II: Field
Measurements and Theory (Co-chairs: ]. Hallett,
USA, and M-Y Huang, PRC)
From measurements with a counterflow virtual impactor, Ogren et al. found that in a relatively unpolluted, stratocumulus cloud, well over half of the mass
but fewer than half the number of sub-micron particles were in the droplets.
Bower and Choularton considered the mechanism
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by which drops in continental cumulus clouds are
able to grow to diameters in excess of 50 |xm. When
enhanced supersaturations, produced by entrainement, were included in their model, the calculated
drop sizes were in better agreement with measurements.
The next three papers concerned measurements
obtained in Hawaiian orographic clouds. Jensen and
Baumgardner found that the temperatures in many of
these clouds did not differ significantly from adiabatic
values. However, liquid water contents derived from
Particle Measuring System's (PMS) Forward-Scattering Spectrometer Probe (FSSP) measurements gave
values that never exceeded 0.4 of the adiabatic values. Application of various corrections to the FSSP
measurements raised the derived liquid water contents, but they were still below the adiabatic values.
Baumgardner observed that measurements of dropsize distributions in these same clouds were much
broader than model predictions.
Cooper demonstrated the importance to the broadening of the droplet spectrum of the onset of turbulence (through Kelvin-Helmholtz wave instability) at
the top of orographic clouds in Hawaii. Measurements upwind, in the lamina portion of the cloud,
showed a droplet spectrum narrow in comparison with
that in the region of the cloud where mixing had
begun. This observation demonstrates the importance
of mixing as hypothesized in the scenario of partial
evaporation, dilution by dry air, drop growth by condensation, and reactivation of nuclei in fresh updrafts. The latter consideration demonstrated the
importance of evaporation-reactivation in giving new
life to a drop in a turbulent convective cloud compared to clouds with much longer lifetimes. This effect may be important in assessing chemical reactions. Whilst large droplets produced stochastically
in this way may be important in concentrations of the
order of tens of particles per cm3, radar evidence was
presented by Cay lor and lllingworth that showed the
importance in precipitation initiation of ~ 1 particle
per m3. This demonstrated an important new use of
the radar diversity-polarization technique in distinguishing supercooled species from ice. The origin of
such occasional large drops is probably not from stochastic coalescence, but from occasional large particles from the surface.
Measurements by Vali et al. confirmed earlier observations by Hobbs and Rangno that aircraft penetrations of supercooled clouds can sometimes produce
high concentrations of ice particles. This raises questions concerning measurements obtained from successive aircraft penetrations of supercooled clouds.
Old aircraft data need to be reexamined in this light.
The origin of ice in convective clouds is still under
discussion. Observations in several projects (Brown

287
and also Gayet et al.) confirmed that the riming-splintering process can take place. However, as first suggested by Hobbs and Rangno, there is also evidence
for an additional powerful source of ice particles at
cloud top, possibly associated with the mixing of
"cloudy" and ambient air.

c. Session 3: Cloud Microphysics III: Entrainment
and Mixing (Co-chairs: R. ListCanada, and R.
C. Soulage, France)
The third session on cloud microphysics was concerned with entrainment and mixing. The papers,
which covered instrumentation, laboratory experiments, in-cloud measurements, and numerical modeling, documented current understanding of inhomogeneities in clouds and related mixing, entrainment,
and turbulence effects. However, despite progress in
this field, many problems remain.
Airborne measurements showed that although ambient air is often entrained near the tops of clouds, it
can also entrain through the sides of the clouds (Paluch and Baumgardner; Latham and Blyth; Hicks et
al.).
Turbulent processes within and below clouds, as
documented by lidar, clarified the role of heat fluxes,
particularly below the inversion level (Jochum). Of
interest was an observed bifurcation in laboratory
thermals leading to a separation of a descending blob
of fluid from the ascending thermal (Johari et al.). An
unusual study, by Takaya, involving the visual aspects of the growing turrets of thunderstorms, linked
cloud growth to the fractal-type structure of the convective cloud and turbulence.
An impressive three-dimensional cumulus-entrainment model was described by Clark et al. This model,
with a maximum resolution of 25 m, contained three
nested grids. It allowed identification of the sources
of air entrained from below.
Problems associated with data from the PMS FSSP
probe, together with interpretations of data, were discussed by Brenquier. Corrections to the data are particularly important in measuring both low-valued and
heterogeneous droplet concentrations and showing
the presence of drop-free regions within clouds.

d. Session 4: Cloud Microphysics IV: Numerical
Modeling (Co-chairs: E. P. Borisenkov, USSR,
and P. R. Jonas, UK)
Two papers (Hu and He, Richard and Chaumerliac)
considered the representation of cloud microphysics
in one-dimensional and two-dimensional dynamical
cloud models. The model simulations, which have
increased greatly in complexity in recent years, showed
considerable sensitivity of, for example, the glaciaUnauthenticated | Downloaded 01/09/23 01:21 AM UTC
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tion rate or surface rainfall to the details of the microphysical schemes used. Comparisons with detailed
field observations are necessary to assess the relative
merits of different schemes. It was, however, also
clear from the presentations that, because of the complex interaction between dynamical and microphysical processes, the modeling of dynamically simple
situations is an essential step in the verification of
cloud-microphysics parameterizations.
Another two papers considered the feedback of microphysical processes on the dynamics of clouds. Dynamical models are now sufficiently sophisticated that
meaningful assessments can be made of such effects.
In the case of a simulation of a squall line (Hall and
Lafore), it was shown that glaciation and the presence
of ice in the cloud were essential to reproduce the
strength and duration of the downdraught region, although the initial formation of the squall line was
more dependent on the thermodynamic and dynamic
structure of the atmosphere. The role of sub-grid-scale
condensation, especially near cloud base, was also
shown to have a large effect on cloud lifetime and
updraught strength (Lipps and Hemler).
Despite the apparent improvements in replicating
interactions between cloud dynamics and microphysics through the use of numerical models, there
remain uncertainties in some of the microphysical
processes. It is therefore essential to demonstrate
whether such partly understood processes are crucial; for this reason model sensitivity studies are particularly useful. A presentation by Reuter of the effects
of turbulent velocity fluctuations on the collection
kernel showed that, even with a high coalescence
efficiency, the effects of realistic levels of turbulence
on the development of the droplet spectrum were
small. It would be of interest to examine other microphysical processes using numerical models to determine where present understanding of microphysics
is inadequate compared with knowledge of other cloud
processes.

tion microphysics as an important aspect of this problem.
Radke et al. demonstrated the sensitivity of cloud
radiative properties (chiefly solar radiation) to the
concentration of cloud condensation nuclei. This
sensitivity was illustrated with examples of the effects
of ship-stack effluents on the microphysics and the
radiative properties of clouds. This paper provided
partial confirmation of the hypothesis posed several
years ago by Twomey that one of the most important
impacts of aerosols on climate is not through their
direct effects on radiation but rather on their influence on cloud microphysics and thus on cloud radiative interactions. In a paper by Davies, the
importance of radiation on cloud droplet growth and
the evolution of the saturation field in stratocumulus
clouds was emphasized.
Pueshel et al. presented examples of data analysis
from a sun photometer that provided measurements
at six different wavelengths. They showed examples
of optical thickness spectra and noted the neutral behavior of the cloud droplet spectra and more variable
wavelength dependence of smoke. Cahalan emphasized the important relation between spatial variation
of cloud water and radiation and showed examples
of these variations for stratocumulus.
Cotton et al. showed how three-dimensional cloud
models are influenced by the incorporation of cloud
radiation interactions. They described the results of
three different simulations, and for one case in particular noted the subtle effects of upper-tropospheric
cloud-top cooling to stability and thus to gravity-wave
propagation. With cloud-top radiative cooling present, the gravity waves changed the gross structure of
the simulated cloud. Ackerman et al. reported on simultaneous aircraft observations of cirrus cloud microphysics and radiation. Calculated radiances and
fluxes for various assumed particle size distributions
were compared to radiative measurements.

e. Session 5: Clouds and Radiation (Co-chairs: S.
Cox, USA, and C. L Stephens, USA)
The session was introduced with an overview paper
by Stephens who outlined the broad problems of cloudradiation research and emphasized the range of problems, from the interaction of radiation with individual
cloud particles, to cloud-scale, radiative interactions,
and to larger-scale climate problems. Cirrus clouds
and climate were briefly discussed and an emerging
problem related to cirrus was introduced: namely,
the existence of small ice crystals (size less than 1020 |mrm) that seem to impact dramatically on the radiative properties of these clouds. A paper by Liou
and Ou further emphasized the importance of clouds
and radiation to climate and emphasized precipita-

f. Session 6: Cloud Chemistry and Acidic
Precipitation I: Measurements (Co-chairs: H.-W.
Ceorgii, FRG, and W. C. N. Slinn, USA)
The next two sessions were concerned with cloud
chemistry and acidic precipitation. All eleven papers
in the session on measurements, including two reserve papers, confirmed that cloud chemistry and
acidic precipitation depend not only on chemical
processes but on cloud microphysics and dynamics.
This concept was perhaps best illustrated in the paper
by Waldvogel et al., who reported measurements from
three surface stations on a mountain slope in the Swiss
Alps and from a cable car running between two of
these stations. Data from this mobile platform provided precise definitions of the vertical distributions
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of pollutants frequently trapped beneath well-defined
inversions. Of the sixteen case studies conducted to
date, data from three were used to illustrate that (1)
below-cloud scavenging of nitrate trapped beneath
an inversion can add significantly (—50%) to the nitrate load of precipitation, (2) below-cloud scavenging of aerosol particles decreases dramatically as
particle size decreases from ~ 5 to 0.3 |xm diameter,
and (3) simultaneous decreases in the airborne concentrations of submicron particles are caused by a
downdraft of clean air from aloft.
Kins et al. reported similar measurements they made
in the Hunsruck Mountains using two stations on a
— 100 m tower and one station in a valley. Three case
studies revealed that the concentration of sulfate in
cloud water decreased by a factor of as much as two
with an increase of height of only 50 m within the
cloud (probably caused by condensational growth of
the cloud droplets) and that the rainborne-sulfate
concentrations at the tower base and at a station 270
m lower were still smaller by a factor of ~ 5 (which
could be interpreted in terms of additional cloud
droplet growth and from capture of the cloud water
by still-cleaner ice crystals).
The role of hydrogen peroxide in the production
of sulfate within cloud water was of predominant
concern in three papers of the session. Daum showed
two summertime clean-air H 2 0 2 profiles (0.5-5.5 km)
for the Ohio valley, which revealed mean values of
a few ppb just above the mixed layer, a decrease
within the mixed layer by a factor of about two, and
a slower decrease with altitude above the mixed layer.
Clarke et al. released S0 2 approximately 5 km upwind of a summit site in the Pennine Hills of England.
Their data showed that cloud water H 2 0 2 was anticorrelated with the airborne S0 2 concentration and
that sulfate production in the cloud water was evident. However, their modeling studies revealed that
there was insufficient ambient H 2 0 2 to explain the
observed sulfate production and that oxidation of S(IV)
by 0 3 (a reaction assisted by buffering from NH4+)
was approximately twice as large as by H 2 0 2 .
Finally, in a paper by Hegg and Hobbs, these many
topics were synthesized by revealing the following.

1. The ratio of H + to NH4+) in cloud water can be
an order of magnitude higher than in the precursor aerosol even without sulfate production
(because of the disequilibrium between NH 3 and
NH4+) during rapid growth of cloud droplets).
2. The chemical scavenging efficiency of a storm
can be a factor of two smaller for the highly
reactive H 2 0 2 than, for example, for S0 2 , because the vertical distribution of the H 2 0 2 typically peaks above the mixed layer.
3. The concentrations of nitrate and sulfate in cloud
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ice can be an order of magnitude smaller than
their concentrations in cloud droplets.
Iribarne and Pyshnov showed that when droplets
are frozen relatively rapidly the ice retains essentially
the total water burden of CI", N0 3 ", NH4+ and H 2 0 2 ,
but the retention coefficient for S(IV) varies between
about one-quarter and three-quarters, depending on
the rate and other aspects of the freezing process.
Isaac and Leaitch reported a substantial number of
vertical profiles of pollutants inside and outside
clouds; these data revealed that approximately half
of the aerosol particles (almost independent of particle size) remained unactivated in the clouds sampled in eastern North America and that the ratio of
nitrate to sulfate in cloud water typically decreased
by a factor of about 2 for a 2-3 km increase in height
above cloud base. Data for interstitial and cloud water
sulfate samples on Whiteface Mountain in New York
were reported by Castillo and DeLuisi. The performance of a promising new instrument for measuring
the chemical composition of cloud droplets as a function of their sizes was reported by Noone et al. Parungo and Nagamoto found that cloud-water acidity
in Colorado was substantially higher than would result from dissolving the ambient aerosol in 1 g rrr 3
of cloud water (a result that might be explained by
some combination of oxidation of S0 2 , collection of
HN0 3 , and preferential cloud-droplet nucleation on
"acidic" aerosols). In a poster presentation by Colin
and Jaffrezo, sequential sampling of rain revealed the
rapid temporal decrease in Zn concentration (which
might be caused by some combination of preferential
nucleation and the prompt removal of the largest Zn
particles and evaporation and therefore concentration of the Zn at the onset of the rain).
g. Session 7: Cloud Chemistry and Acidic
Precipitation II: Numerical Modeling (Co-chairs:
T. Choularton, UK, and C. A. Isaac, Canada)
It is now recognized that cloud chemical and physical processes are important for large-scale and mesoscale Eulerian acid deposition models. This session
contained papers that described possible methods of
parameterizing clouds in such models. Important
processes were also delineated. For example, Huang
and Liu demonstrated the importance of oxidation by
H 2 0 2 of S0 2 to explain rainwater pH in the Chongqing region of the PRC. Their cloudwater was more
basic than the rainwater. Lamb and Chen concluded
that understanding of the wet deposition of trace
chemicals cannot be achieved without including detailed cloud and precipitation microphysics, including ice-phase growth processes. Jones and Choularton
described a model of wet deposition by rainfall in
complex terrain, which illustrated the differences in
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deposition patterns that can be caused by ridges separated by 2 and 20 km. Using a mesoscale model of
a precipitating cloud over a small mountain, Chaumerliac and Rosset found that acidity loading from
nucleating particles and acidity production through
S0 2 oxidation compete to determine the spatial distribution of cloudwater pH. In the model the rain was
less acidic than the cloud water. Lee described optimized formulas for cloud-microphysics processes
associated with the development of cloud and rain;
these formulas compared favorably with those in more
general use. The ice phase has not yet been parameterized in cloud-chemistry models. Walcek demonstrated that regional-scale ozone production rates
are very sensitive to the vertical and horizontal extent
of clouds, as well as to cloud microstructure.
h. Session 8: Instrumentation (Co-chairs: W. A.
Cooper, USA, and A. ). Illingworth, UK)
This session was devoted to instrumentation for
studying cloud processes. A paper by Nicholls et al.
indicated that commonly used airborne thermometers become wet in cloud, resulting in an underestimate of the temperature, at least in clouds that are
not supercooled. The temperature error was found to
be approximately proportional to liquid water content. The error was about 0.5°C for a Rosemount sensor, and about 1°C for a "reverse-flow" sensor, for a
cloud liquid water content of about 1 g rrr 3 .
Gayet discussed calibration of the PMS FSSP and
1D-C probes with a holographic system. Apart from
some intrinsic problems with these probes, it appears
that real differences may exist from one probe to another.
Two papers dealt with new polarimetric radar techniques. Herzegh and Jameson presented measurements of the linear depolarization ratio (LDR) from
the NCAR CP-2 3-cm radar. The LDR responds to
oblate particles with non-vertical axes of symmetry,
and promises to be a very good indicator of "wet"
ice. The high values of LDR in the bright band are
quite unambiguous and were confirmed by Illingworth and Caylor with the Chilbolton 10-cm radar.
Propagation problems degrade the LDR signal at 3
cm and a correction algorithm was proposed by Herzegh and Jameson. Mie scattering may also complicate interpretation of 3-cm data.
A paper by Meischner et al. presented the first results of Doppler reflectivity and differential reflectivity (ZDR) from the DFVLR radar in the Federal Republic
of Germany. They showed consistency with the results from the CP-2 radar in the USA, and the Chilbolton radar in England regarding, for example, the
inference that early echoes from warm rain contain
large raindrops. The powerful DFVLR radar measures
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many independent parameters, which should enable
precipitation to be much more precisely observed
than had been possible in the past.
Finally, speaking from the floor, Sir John Mason
stressed the crucial importance of the development
of both in situ instruments and radar techniques for
future progress in cloud physics research, and made
an elegant plea for long-term support for those groups
striving to improve instrumentation.
/. Session 9: Orographic Clouds (Co-chairs: H. D.
Orville, USA, and A. Waldvogel, Switzerland)
A shallow orographic cloud system observed on 12
February 1986 in central California was the topic of
three papers in this session. Rauber presented observations of a cloud system extending 120 km upwind
of the Sierra Nevada crestline, which was 4 km deep
and had base and cloud-top temperatures of 5°C and
- 14°C, respectively. Aircraft and radar observations
revealed initial ice particles in a narrow mid-level
layer upwind of the crest. Precipitation reached a
maximum 40 km upwind of the crest due to the convergence of two particle streams, one from the lower
regions of the cloud and the other from the upper
cloud regions. In the lower region, cloud droplets
grew from ~4 to 30 |xm (maximum 100 |xm). The
upper cloud-particle stream was made up of ice particles, pristine dendritic that later changed to aggregates. Some riming occurred when the two streams
merged, leading to graupel and maximum precipitation.
Numerical simulations of this situation were reported by Meyers and Cotton, using a two-dimensional model, and by Rasmussen et al., using a threedimensional nested-grid model. The Meyers and Cotton results showed precipitation over a broader region than the observations, and a maximum over the
crest. Their microphysical processes seemed consistent with the observations. Model sensitivity tests indicated a representative sounding as the most important
input. The simulations of Rasmussen et al. gave precipitation below and upwind of the main crestline,
indicating the importance of the three-dimensional
nature of the cloud system and orography. When the
highest-resolution three-dimensional model was used,
the spatial distribution of clouds and precipitation
showed the effects of barrier flow over the ridges and
river valleys.

The modeling studies of Rasmussen et al. (which
was also applied to clouds in Hawaii and Thailand)
focused on the importance of the Froude number in
determining whether air flows over or around mountains. The model simulations of the Hawaiian clouds
showed both rainband formations and precipitation
accumulation that were consistent with the regional
rainfall climatology of the island.
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The seeder-feeder mechanism was discussed in
three papers. Grabowski used a simple two-dimensional kinematic model to study the influence of smallscale topography (50 m and 100 m heights and 5—
10 km horizontal scale) on precipitation fields. The
model outputs reflected the experimental findings of
Bergeron, some twenty years ago, on the significant
effects that orography can have on precipitation. The
model outputs also showed that the seeder-feeder
mechanism is the key process giving rise to these
effects. Baddour presented a microphysical analysis
of a winter storm over Morocco. He found clear indications of a seeder-feeder mechanism. The twolayer structure of the clouds consisted of a stratiform
deck that seeded aggregates of dendrites and stellar
crystals into a lower supercooled-cloud layer, thereby
producing precipitation. Coalescence appeared to have
been active in a cloud with a base temperatures of
+ 3°C. Finally, Wesley et al. described results from
an observational and modeling investigation of the
microphysical and dynamical coupling of upslope
events along the east slopes of the Rocky Mountains.
The production of precipitation was determined by
cold-air damming, transient internal gravity-wave
disturbances, and seeder-feeder processes.
/. Session 10: Cirrus Clouds (Co-chairs: K- N. Liou,
USA, and E. Raschke, FRG)
The first paper in the session on cirrus clouds was
concerned with their structural and textural characteristics. Kuo et al. showed that visible channels from
LANDSAT have significant structural detail, which can
be used to determine the textural properties of cirrus
clouds. Borisenkov and Bazlova described a threedimensional time-dependent model of cirrus clouds
that included advection, vertical motion, turbulent
diffusion, phase change, crystal growth, and precipitation. Parameterization of the ice-crystal size distribution was done using temperature and ice-water
content. Large-scale vertical motion was the primary
factor controlling the evolution of the clouds. It was
pointed out that cirrus clouds may trigger precipitation in lower-level clouds. Sassen and Griffin reported three case studies involving orographic clouds,
widespread cirrostratus, and cirrus cloud bands. They
found mesoscale organizations ranging from scales of
— 10 to 100 km for cirrus-generating cells. Evidence
for ice-particle generation has implications for the
seeder-feeder concept for frontal rainbands. Gultepe
and Heymsfield presented vertical velocities determined from Doppler lidar, and aircraft microphysical
data. The peaks of the calculated air velocities appeared to correspond with the highest computed icecrystal growth rates. Heymsfield and Knight displayed liquid water measurements and ice-particle
evolution in cold clouds ( - 2 0 to — 60°C). Kosarev
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et al. described empirical equations to predict the
occurrence of cirrus clouds. Finally, Kinne and Liou
discussed the effects of cirrus clouds on solar reflection and infrared emission in terms of the sizes and
nonsphericity of the ice particles. They predicted that
cirrus clouds consisting of small particles would reduce the greenhouse effect. Using spheres of equivalent areas for hexagonal ice crystals in radiativetransfer calculations, on the other hand, leads to
overestimates of their greenhouse effect.
k. Session 11: Boundary-Layer Processes, Fogs and
Layer Clouds (Co-chairs: B . J. Mason, UK, and
F. Prodi, Italy)
The formation and dissipation of fogs result from a
very delicate balance between the turbulent fluxes of
heat, moisture, and momentum; radiative transfer;
and the release of liquid water by condensation and
its removal by turbulent deposition and gravitational
settling, with the nature of the underlying surface
playing an important role. Some of these aspects were
discussed in the papers presented in this session. There
was general agreement on the importance of turbulent mixing of drier air into the top of a fog layer and
its stimulation by radiative cooling of its upper surface. Some direct comparisons were made between
observations of the time of onset and thickening of
the fog and the numerical predictions, but the models
were usually strongly linked to a particular case and
it was not clear if any of the models was sufficiently
realistic or robust to be transferable to a different situation. There was also disagreement between models
as to whether the onset of turbulence favors or hinders the formation of radiation fog.
Six of the eight papers in this session contained
descriptions of numerical models of radiative fogs or
stratiform low clouds of differing degrees of complexity, ranging from one-dimensional models, which
had virtually no dynamics and therefore excluded advection, to three-dimensional models in which the
velocity fields were computed but the physics heavily
parameterized. Clearly one of the most difficult aspects is how to formulate the turbulent-transfer mechanisms (most models use K-theory with coefficients
chosen after the observations) and how to deal with
advection over nonuniform terrain.
Both described a one-dimensional model simulation of the development and life-cycle of radiation
fog. Smolarkiewicz and Fitzjarrald considered the same
phenomenon using the nonhydrostatic, anelastic model
of Clark. They hypothesized that fog evolution is a
Benard-convection problem determined by the dynamics of a stratified fluid subject to imposed wind
shear and volume cooling. They found that in a strongly
turbulent fog, increase in turbulence intensity could
lead to fog dissipation, whereas in a weakly turbulent
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(or laminar) fog, an increase of turbulence could lead
to fog development. The same problem was considered by Wobrock, using a one-dimensional model
with detailed microphysics.
The development of stratified clouds in the planetary boundary layer (PBL) was considered in two-dimensional and three-dimensional model simulations
by Tjernstrdm. The simulations showed that mesoscale perturbations can play a crucial role in the development of stratiform clouds. However, due to their
demands on computer facilities, the use of complex
mesoscale models for forecasting these situations is
not yet practical.
Wang et al. discussed the microphysical mechanism for the formation of precipitation from cold stratiform clouds in the Jilin Province of the Peoples
Republic of China. Particle growth was primarily
through deposition and riming, and, just above the
melting level, by aggregation.
Aircraft observations and numerical simulations of
arctic stratus clouds were described by Finger and
Wendling. The data and simulations showed that the
cloud-topped PBL is well mixed up to the inversion,
with radiative cooling producing up to 90 percent of
the turbulent kinetic energy and therefore mixing in
the cloud layer.
Qian and Lei described the inhibiting effect of steep
cliffs on the formation of radiation fog over the Yangtze
River Valley. Duynkerke described a one-dimensional model to simulate the diurnal variation of a
stratocumulus-topped boundary layer over the sea.
The model's results compared well with aircraft observations.
/. Session 12: Cyclones, Fronts and Rainbands (Cochairs: R. A. Houze, USA, and A. M. Okudjava,
USSR)
The first two papers in this session were concerned
with midlatitude fronts interacting with hills or mountains. Studies by Marwitz and by Hagen indicated
how airflow becomes altered as a front approaches
a mountain. Both papers supported the earlier conclusion of Hobbs et al. (/. Atmos. Sci. 32, 1975) that
the low-level jet ahead of a frontal band is weakened
as a front approaches a mountain.
Papers by Knight and Hobbs, and Cho and Chan
were concerned with potential vorticity in frontal dynamics. The Knight and Hobbs paper showed that
warm-frontal rainbands can be explained dynamically by the release of conditional symmetric instability in frontal air motions. Cho and Chan's paper
showed that pre-existing perturbations in the potential-vorticity field ahead of a front can evolve into
rainbands through frontal genetical processes.
Presentations by Murakami et al. and Muller and
Wacker were concerned with cloud microphysics in
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the context of frontal cyclones. Murakami et al. used
a video-sonde technique to observe ice-particle structures in warm-frontal clouds. Columnar crystals were
found to be dominant and the primary growth mechanism was deposition. Muller and Wacker incorporated parameterized, ice-phase microphysics into an
operational-forecasting model. Although the surface
precipitation forecasts were not affected appreciably
by the form of the cloud-physics parameterization,
Muller and Wacker believe that such parameterization is needed for good cloud forecasts.
Papers by Takahashi and by Raga et al. were concerned with bands of shallow precipitating warm cumulus that occur in the area of Hawaii. Takahashi
found that the kinematic structure of these lines favors
efficient raindrop formation; specifically, the airflow
favors recirculation of drops, dry air does not enter
the cloud, and cells in the line interact with each
other in a way that favors drop formation. Raga et al.
examined the forcing by convergence of a similar line
of precipitation and its thermodynamic entrainment
characteristics. They found that continuous, lateral
entrainment characterized the convection and that
buoyancy sorting and penetrative downdraft from
cloud top were not important.
A paper by Liu and Takeda was concerned with
the structure of layer clouds, associated with subtropical cyclones near Japan, observed simultaneously by a microwave radiometer and a 35 GHz radar.

m. Session 13: Graupel and Hail (Co-chairs: A. ).
Heymsfield, USA., and A-S. Wang, PRC)
This session differed from most discussions on graupel and hail in that little time was given to hail growth
mechanisms. A most interesting set of papers was
presented on results from the University of Toronto
wind tunnel, which can simulate most temperatures
and pressures at which hail grows in the atmosphere.
From hailstone growth studies for spinning hailstones
(List et al.), it was found that temperature gradients
up to 6°C can exist between the equator and poles
of a growing hailstone. This temperature gradient implies that heat transfer from growing hailstones should
be reduced by a factor of 1.5 to 2.0 over those customarily used. Furthermore, it was found that liquid
water can exist on the surface of growing hailstones
at air temperatures as low as - 5 ° C . A set of experiments was conducted to duplicate the conditions
found for the growth of a single hailstone in an Oklahoma storm (Lesins), and to compare the structure of
the hailstones in the tunnel with that deduced from
trajectory calculations. Good agreement was found.
It was also found that the rotation rate of the hailstone
was important in determining how much liquid water
was shed and the shape of the hailstone.
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A set of experiments conducted in the USSR to
investigate the effects of supercooled and electricallycharged droplets on the growth of hail was described
by Blaidze et aL Interestingly, the charging not only
increased the collection efficiency of the impinging
droplets but changed the geometrical structure of riming.
The density and development of grain boundaries
in laboratory-grown hailstones was investigated by
Prodi and Wang using X-ray microradiographs. Local
densities were measured using cross sections of rimed
cylinders. Larger ice crystals formed at higher air and
hailstone surface temperatures, and protuberances
formed with the larger crystals.
A mass spectrometer method was used in the USSR
to study the elemental components in hailstones (Tlisov and Khorguani). Aerosols of local origin (e.g. aluminum) were found inside the hailstones. An analysis
of isotopes was used to study the movement of isotopes from hail embryos to other layers of hailstones.
A three-parameter equation was found to be useful
in describing hailstone and raindrop shapes and in
describing the form of hailstone-size spectra (Wang).
A study of reduction in crop damage by hailnets
was conducted in South Africa (Roos and Durrant).
Damage under the net depends upon hailstone size,
the slope of the material on the surface of the net,
and the speed of the wind. Interestingly, if artificial
seeding were to decrease the size of hailstones, nets
would offer less protection to crops.
n. Session 14: Convective Clouds I: Measurements
(Co-chairs: C. B. Foote, USA, and A. I.
Kartsivadze, USSR)
This session contained a wide range of topics that
even the theme "measurements" did not fully encompass. The first paper, by Levin et al., reported
measurements of aerosol content, cloud droplets, and
interstitial nuclei near the bases of warm convective
clouds in Israel. The work aimed at understanding
the role of sulfur in the acidification of rain, and the
role of particles from the desert in neutralizing the sulfur. It was found that the cloud-condensation nuclei
were sulfates and salts, and that the low pH of the
cloud droplets was due to the nucleation scavenging
of the sulfates. The interstitial nuclei were mainly desert particles. Acid rain was observed with northerly
and westerly flows. However, storms that came from
the Southwest, and had a large fetch over the desert,
tended to carry large amounts of desert dust that could
be scavenged by rain. These storms produced alkaline precipitation with a pH as high as 8.2.
Poellet and Pflaum reported aircraft measurements
made in growing convective clouds in Oklahoma with
the aim of characterizing their ice and water content
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and the likely precipitation formation mechanism. The
difficulty of establishing the dominant precipitation
mechanism was emphasized, particularly in the case
where both warm and cold processes appear to be
active. The picture that emerged was that precipitation developed initially through a drop coalescence
mechanism. As the drops were carried to lower temperatures they froze and rimed into graupel. Some of
the graupel descended to lower levels in downdrafts
and appeared to recycle upwards on the edges of
updraft regions.
Kartsivadze discussed radar observations of hailstorms in the Alazani Valley, Georgia, USSR, which
showed the occurrence of single-cell, multicell, and
supercell storms, as well as storms that did not fit
very well into any of these three categories.
Stith et al. described a study that utilized SF6 as a
tracer to examine the formation and spread of ice
from Agl seeding of cumulus congestus. High concentrations of ice crystals, measured during cloud
penetrations subsequent to tracer and Agl release,
were well correlated with the detection of SF6, implying that the ice was indeed related to the seeding.
The amount of ice observed per amount of tracer was
somewhat variable, however, and seemed to depend
on the detailed updraft-downdraft history of the air
parcels involved. The tracer was well mixed throughout the upper region of the cloud whether it was released at cloud base or directly into the middle of the
cloud.
Knight considered the processes responsible for the
first formation for precipitation by comparing field
observations of first-echo development in a cumulonimbus with the results from a numerical model. The
microphysical aspects of the model were unusual:
trajectories and concentrations of particles were computed in a Lagrangian framework that allowed for a
relatively straightforward interpretation of particle
histories and eliminated a type of numerical diffusion
implicit in Eulerian treatments. The assumptions of
the model, while crude in certain aspects, were well
defined in relation to the conclusions drawn. It appeared that primary nucleation (according to the
Fletcher curve) was adequate to explain initial ice
formation in the updraft of the observed storm, which
was largely unentrained. A variety of sensitivity studies were emphasized in the presentation.

Hane showed examples of the retrieval of pressure
and buoyancy fields from wind fields synthesized from
multiple-Doppler radar measurements in large storms.
The pressure distribution obtained for a tornadic storm
and a storm imbeded in a mesoscale convective system were in partial agreement with predictions of a
linear theory applicable to large storms in a sheared
environment. Differences were noted in the upper
regions of one of the cases studied, perhaps due to
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the weak shear present there. In this case, computed
buoyancies of 9-10°K were similar to those predicted
for undiluted-parcel ascent.
o. Session 15: Convective Clouds II: Theory and
Numerical Modeling (Co-chairs: J-P. Chalon,
France, and T. Takeda, japan)
A paper by Radziwill considered changes in ambient
stratification, the direct triggering of individual clouds,
and the support of developing clouds as mechanisms
for the organization of convection by gravity waves.
Data suitable for investigating these effects are
needed.
Hauf and Clark considered the organizing effect of
gravity waves, produced above a convectively heated
boundary layer, on shallow cloud populations. Scattered clouds that appeared in three-dimensional numerical modeling results were explained through
interactions between gravity waves and convective
eddies. Their model results were nicely illustrated with
a movie.
In a detailed numerical modeling study, Helsdon
et al. observed the explosive growth of a deep precipitating convective cloud to be caused by ice formation and the accompanying release of latent heat
and the lifting of moist air in a convergence zone.
Kong et al. used a two-dimensional model to study
the effects of a cold water surface on the evolution
of traveling cumulus clouds. In a paper by Huang et
al. the merging process of two precipitating convective clouds was studied using a two-dimensional
model. The relationships between merging, the separation between the clouds, and the initial disturbing
temperatures were discussed.
Gadian described the usefulness of applying
"smooth-particle hydrodynamics" to the investigation of entrainment and diffusive mixing process in
cumulus convection. This technique might be particularly useful in the study of condensation nuclei, cloud
particles, and chemical substances, in a Lagrangian
framework. Haman and Malinowski considered how
to handle drag effects on convective drafts in onedimensional models, with special attention to wave
drag.
The session concluded with a summary (by Chalon)
of the 2nd W M O International Cloud Modeling
Workshop, held in Toulouse, France, in August 1988.
In view of the increasing need for comparisons between numerical models and observations, new data
sets suitable for comparing with model outputs are
urgently needed.
p. Session 16: Thunderstorms (Co-chairs: Z. Levin,
Israel, and R. R. Braham,
JrUSA)
Five papers in this session dealt with thunderstorm
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clouds, their motion and precipitation fields, and the
development of electrical charges within them. The
papers illustrated the value of combined use of observational tools (multiple-Doppler radars and instrumented aircraft) and numerical modeling in enhancing
our understanding of these clouds. They also illustrated the importance of working with small, relatively isolated storms in a relatively non-sheared
environment. Raymond and Blyth reached the important conclusion that large-graupel particles observed in the mature stage of such storms originated
in embryos at the very top of the cloud in its beginning stage. This contrasts markedly with earlier studies that indicated that embryos of large hail are recirculated into the main updraft from the anvil
overhang. A paper by Pawlowska-Mankeiwicz concluded that downdrafts in thunderstorms in moist environments cannot be driven by evaporation and
particle drag alone, thus implying an important role
for melting and evaporation of ice particles. Discussion of papers by Musil and Smith, Ziegler, and Ray
et al., which dealt with electrification and precipitation development, emphasized the need for better
measurements of microphysical parameters.
Numerical models seem to be leading to an understanding of what happens in clouds. However,
these models are very sensitive to many input parameters, the values of which are not well known and
probably differ from one storm type to another.
Throughout the conference there seemed to be an
increasing recognition of the important role of particle coalescence (and the warm-rain process) even in
clouds having initially a fairly continental drop spectrum.
q. Session 17: Satellite Studies (Co-chairs: W. R.
Cotton, USA, and B. Zhao, PRC)
Turpeinen described rainfall estimation techniques
based on METEOSTAT data. Rainfall was estimated
by assuming that the larger the size of the cold core
of a storm viewed by satellite, the heavier the rainfall
will be. The technique was tested against surface
rainfall observations in five African countries. In general, the technique correlated well with observed
rainfall in all the countries except Morocco, for which
it was concluded that orographic effects invalidated
the assumptions of the analysis method. Nonprecipitating cold clouds also led to a substantial overestimation of rainfall. Heymsfield and Fulton examined
the usefulness of passive microwave-emittence measurements to rainfall estimation. The technique is still
indirect, however, as the higher microwave frequencies respond mainly to large ice particles and/or high
ice-crystal concentrations in the upper part of the
convective clouds and not to raindrops near the
ground. The technique was tested in two cases, one
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in central Oklahoma and the second in Alabama. The
second case included multiparameter radar data,
which provided estimates of the liquid and ice-phase
portions of the storm and thereby helped in the interpretation of the microwave rainfall estimation technique. The technique looks promising and also demonstrates the usefulness of differential reflectivity
radar estimates of ice and water contributions to
rainfall.
Knupp presented satellite and radar data analysis
of a small mesoscale convective system. Two mechanisms of mesoscale updraft and associated precipitation formation were examined: detrainment of
buoyant, moist air from convective towers, and hydrostatic response to heating associated with deep
convection. He concluded that precipitation development within the anvil could not be accounted for
directly by advection of precipitation from convective
cores. During the discussion of this paper it was noted
that this, as well as other small mesoscale convective
systems in Alabama, form in an environment that does
not have a pronounced low-level jet.
r. Session 18: Severe Storms and Hurricanes (Cochairs: Z. Hu, PRC, and P. L Smith, USA)
The final session of the conference included papers
on observational and numerical modeling studies,
with some good comparisons between the two. The
initiation of strong convection along boundary-layer
convergence lines was noted, with "stationary" lines
being especially important (Wilson and Mueller). Such
lines apparently lead to the development of locally
deep moist layers, which serve as favorable environments for the development of strong convection. In
the development of one mid-latitutde squall line the
appearance of important line-parallel wind components was noted from Doppler-radar data (Jaubert et
al.). Analysis of the mass transport indicated weaker
low-level convergence than commonly observed, so
that the line-parallel flow was a significant factor. The
importance of the vertical wind shear, especially in
low and middle levels, to the development and evolution of strong convective activity at various scales
was discussed in several papers involving both observations and modeling (Parsons et al.; Joe et al.;
Shiino; Holler). The balance between the horizontal
vorticity inherent in the shear and that associated with
the low-level cold pool seems to govern the development of deep convection. The shear has particular
influence on the tilt of the cells; one paper (Shiino)
suggested the existence of an optimum wind shear
for the development of severe storms.
It was suggested that a Doppler radar measure of
angular momentum in meso-cyclonic circulations
might provide a prediction for tornado development
having longer lead time than the commonly used shear
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quantities (Joe and Crozier). The detection thresholds
will probably need to be adapted for geographic variations of storm characteristics.
Microburst studies included the presentation of a
proposed microburst index (Orville et al.) involving
conditions at cloud base (where evaporation of precipitation begins), the 0°C level (where melting begins), and the top of the precipitation zone (below
which loading is important). This index shows some
correlation with the microburst intensities. Cases of
microburst circulations associated with convective
snow clouds in Japan were reported by Uyeda et al.
These appear to be wet (i.e., ice)-type microbursts,
with descent rates estimated at 10 m s" 1 but with
wind speed changes of only a few meters per second
at the ground.
Several papers dealt with the structure of MCSs,
most treating the trailing stratiform regions. The one
paper on the convective region described the vertical draft structure. Common features were a maximum updraft at the 8-10 km level, an upper-level
downdraft ahead of the (tilted) main updraft, and a
low-level downdraft (Biggerstaff et al.). The strong
mid-level rear inflow and downdraft behind the convective region was noted in other papers (Rutledge et
al.; Joe et al.). It was indicated that the melting layer
decouples the layers above and below, but the rear
inflow jet that feeds the downdraft appears not to be
related dynamically to the melting layer (Willis and
Heymsfield). Evidence of aggregation occurring in the
melting layer was also presented. The convective region was indicated to be a significant source of ice
particles found in the stratiform region (Rutledge et
al.). Additional particle growth occurs by deposition
in the upper part of the stratiform region; the storm
kinematics appear to be consistent with these processes.
One report was given of a meso-vortex couplet appearing in the stratiform region of a mesoscale convective complex (Verlinde and Cotton). The cyclonic
circulation extended through most of the radar-echo
depth, and a region of anticyclonic circulation was
also visible in the lower levels of the echo.
Two papers described observations of Hurricane
Norbert. The distribution of ice particles at mid-levels
appeared to be strongly influenced by convection in
the eye wall, with the largest particles appearing there
and in the stratiform region out ahead (Houze et al.).
The maximum particle-number concentration, however, occurred between these two locations. The other
paper (Gamache et al.) described a water budget by
storm quadrant. Quantitative estimates of the basic
processes (condensation-evaporation, rainout, transport out of the top of the storm) were provided from
microphysical-retrieval analyses by quadrant.
A paper by Sanchez and Raymond described a
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water-tank study that suggested that thermals grow
exponentially with distance traveled, rather than linearly. They are more transient than previously believed, and may, in fact, never reach the "similarity"
condition.
The papers in this session showed that observational data, while becoming more complex, are adding to our store of knowledge about severe storm
processes. Numerical simulations, and comparisons
with the observations, enhance this knowledge by
capturing processes in more four-dimensional detail
than can be readily measured with current instrumentation. Future studies should lead to improved
understanding, especially of microphysical processes
and of the overall physics of severe storms.

3. Poster Sessions
Poster presentations were an outstanding feature of
the conference. Two formal sessions, as well as many
informal discussions, were devoted to more than seventy posters that covered topics ranging from cloud
microphysics and chemistry to large-scale cloud and
precipitation systems.
Two prizes were awarded for the best posters. Choice
of the recipients for these awards was made very difficult by the high quality (both scientific and visual)
of many of the posters. The prizes were finally awarded
to P. R. A. Brown, British Meterological Office, and
K. Kikuchi, K. Iwanami and T. Taniguchi, Hokkaido
University, Japan.
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4. Concluding Remarks
The main social event of the conference was a banquet held at the 12th century Cistercian Monastery at
Eberbach, which is now a state wine cellar. The guest
of honor and after-dinner speaker was Sir John Mason, who was eloquently introduced by Professor
Hans Georgii. Sir John reminisced, in his inimitable
way, on the early days of modern cloud physics research and some of the famous scientists who played
a role in its development, including C. T. R. Wilson,
L. W. Pollak, T. Bergeron, I. Langmuir, E. G. Bowen,
and, of course, himself. The banquet concluded with
the unveiling of a three-tier cake to celebrate Sir John's
birthday, and a rousing rendition in many languages
of "Happy Birthday."
The 10th International Cloud Physics Conference
was certainly an outstanding success, both scientifically and socially. The hard work and careful planning of the International Program Committee and the
National Organizing Committee (NOC), and the generous support of the Federal Republic of Germany
and many other countries and organizations, helped
make it so. However, particular credit must go to
Professor Hans Pruppacher, chairman of the NOC.
His meticulous attention to detail was apparent in all
aspects of the meeting, which set a new standard for
international scientific conferences.
The 11th International Conference on Cloud Physics will be held in Montreal, Canada, in August 1992.
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