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Abstract

 Spaceborne inferences of cloud microstructure and precipitation-forming 

processes with height have been used to investigate the effect of ingested aerosols on 

clouds and to integrate the findings with past cloud physics research. The inferences were 

made with a method that analyzes data from NOAA/AVHRR and TRMM/VIRS sensors 

to determine the effective radius of cloud particles with height. In addition, the 

TRMM/PR made it possible to measure the rainfall simultaneously with the 

microphysical retrievals, which were validated by aircraft cloud physics measurements 

under a wide range of conditions. For example, the satellite inferences suggest that 

vigorous convective clouds over many portions of the globe remain supercooled to near 
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 –38oC, the point of homogeneous nucleation. These inferences were then validated in 

Texas and Argentina by in-situ measurements using a cloud physics jet aircraft. 

This unique satellite vantage point has documented enormous variability of cloud 

conditions in space and time and the strong susceptibility of cloud microstructure and 

precipitation to the ingested aerosols. This is in agreement with past cloud physics 

research. In particular, it has been documented that smoke and air pollution can suppress 

both water and ice precipitation-forming processes over large areas. Measurements in 

Thai convective clouds suggest that the suppression of coalescence can decrease areal 

rainfall by as much as a factor of two. It would appear, therefore, that pollution has the 

potential to alter the global climate by suppressing rainfall and decreasing the net latent 

heating to the atmosphere and/or forcing its redistribution. In addition, it appears that 

intense lightning activity, as documented by the TRMM LIS sensor, is usually associated 

with microphysically highly “continental” clouds having large concentrations of ingested 

aerosols, great cloud-base concentrations of tiny droplets, and high cloud-water contents. 

Conversely, strongly “maritime” clouds, having intense coalescence, early fallout of the 

hydrometeors and glaciation at warm temperatures, show little lightning activity. By 

extension these results suggest that pollution can enhance lightning activity. 

The satellite inferences suggest that the effect of pollution on clouds is greater and 

on a much larger scale than any that have been documented for deliberate cloud seeding. 

They also provide insights for cloud seeding programs. Having documented the great 

variability in space and time of cloud structure, it is likely that the results of many cloud 

seeding efforts have been mixed and inconclusive, because both suitable and unsuitable 

clouds have been seeded and grouped together for evaluation. This can be addressed in 

the future by partitioning the cases based on the microphysical structure of the cloud field 

at seeding and then looking for seeding effects within each partition.  

This study is built on the scientific foundation laid by many past investigators and 

its results can be viewed as a synthesis of the new satellite methodology with their 

findings. Especially noteworthy in this regard is Dr. Joanne Simpson, who has spent 

much of her career studying and modeling cumulus clouds and specifying their crucial 
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role in driving the hurricane and the global atmospheric circulation. She also was a 

pioneer in early cloud seeding research in which she emphasized cloud dynamics rather 

than just microphysics in her seeding hypotheses and in her development and use of 

numerical models. It is appropriate, therefore, that we offer this paper  to acknowledge 

Dr. Joanne Simpson and her many colleagues who paved the way for our research effort. 

1.0 Introduction 

This study builds on past research and incorporates new technology, findings and 

insights to develop a cloud physics synthesis concerning the effect of ingested aerosols 

on clouds. The results are presented in the context of the 50-year career of Dr. Joanne 

Simpson during which our meteorological discipline has come full circle. It started with 

imperfect cloud models and inadequate cloud physics observations, much of it in the 

context of cloud seeding research efforts. It then moved to space where space technology 

provided results and insights that had never been possible before. Now we are back 

where we started but with greatly improved technology, observations, and insights that 

benefit cloud seeding programs and make it possible to address the effect of pollution and 

natural aerosols on rainfall and on the global climate system.  

The current interest has been on the role that high concentrations of tiny cloud 

condensation nuclei (CCN) play in generating highly reflective clouds by altering the 

cloud drop size distribution. Such clouds return a greater percentage of incoming 

radiation to space than they would have had they not ingested the high concentrations of 

small CCN. This CCN “pollution” is postulated as a possible cooling mechanism that 

might act to offset the global warming due to increased concentrations of carbon dioxide 

(CO2). This is now called the Twomey effect (Twomey et al., 1987). 

As shown herein, anthropogenic pollution also enters into the global equation. 

Smoke from biomass burning and from industry and urban pollution acts to suppress 

coalescence and ice processes in cloud. This has the potential to decrease and/or 

redistribute the precipitation and the global heating due to the precipitation. Thus, the 
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effect of anthropogenic aerosols does not stop at radiative processes; they can also have a 

profound detrimental impact on precipitation. These insights would not have been 

possible without the new spaceborne measurements to be discussed here. 

The opportunity to present new research results in a paper honoring the long and 

illustrious career of Dr. Joanne Simpson is a once-in-a-lifetime opportunity. We hope that 

we will be judged to have made the most of it. Joanne’s career has been a long and 

fascinating journey for all who have had the pleasure and honor to travel it with her. This 

is recounted in this paper in the context of the research performed by its two authors, who 

owe much to Joanne for her help and inspiration. It begins with cloud seeding concepts 

and studies and this is followed by new research results, which document the apparent 

role of aerosols and coalescence in the production of rain from clouds. 

2.0 Cloud Seeding Concepts and Studies 

Convective clouds figured prominently in the development and testing of a 

conceptual model for the reduction of hurricane wind speeds through glaciogenic seeding 

of deep convection in bands exterior to the hurricane eyewall. As Director of Project 

Stormfury, Dr. Joanne Simpson worked on this intriguing problem with her husband Bob 

and a cadre of other scientists. The key initial point in the conceptual model was the 

assumption that deep convective clouds in the hurricane remain supercooled through a 

considerable depth of the troposphere, making them suitable for glaciogenic seeding. 

Microphysical measurements later revealed, however, that these conditions are not met in 

the hurricane. On the contrary, deep convection in the hurricane glaciates typically at 

temperatures > -10oC. Had this been known in advance, the Stormfury program might 

never have begun. This finding emphasizes the importance of cloud microphysical 

measurements. 

Scientific spin-offs from Project Stormfury under Joanne Simpson soon proved to 

be more important than Stormfury itself. Joanne pursued development of her one-

dimensional cloud model (Witt and Malkus, 1959) in conjunction with randomized 
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experimentation on supercooled convective clouds over the Caribbean and then in 

Florida. In a classic paper (Simpson et al., 1967) Joanne used her simple model to predict 

the growth response (called “seedability”) of treated clouds and compared her predictions 

to what was observed following seeding (seeding effect). There was excellent agreement 

between the predicted and observed growths of the unseeded and seeded clouds, 

respectively. This paper validated Joanne’s view that one of the best ways to understand 

clouds is to perturb their natural state through cloud seeding. It also gave scientific 

credibility to cloud seeding.  

This separation of seeded and non-seeded clouds into two distinct populations 

based on model predictions was a very persuasive finding for the postulate that seeding 

with a glaciogenic agent could affect the dynamics of clouds through the heat released 

during glaciation. This model became known as the “dynamic seeding” conceptual 

model.  Dr. Woodley worked initially with Joanne on its development and testing until 

she left for other scientific challenges at the University of Virginia and then NASA. He 

continued his study of the effect of cloud seeding on cloud structure and precipitation and 

was joined by Dr. Rosenfeld in 1980. They continue their collaboration to this day. 

The development of cloud seeding concepts has been hindered by dynamical and 

microphysical uncertainties. The initial dynamic seeding conceptual model conceded that 

the seeding might make the seeded volume less precipitation efficient because of the 

expected high concentration of ice particles following seeding. It was assumed, however, 

that the presumed microphysical inefficiencies of converting cloud water into 

precipitation would be overwhelmed by increases in cloud size, duration and rainfall. 

Although such changes have been observed following seeding (Simpson et al, 1967; 

Simpson and Woodley, 1971), they provide no information regarding the efficiency of 

the cloud microphysical processes. 

A second uncertainty with respect to cloud seeding experiments is how an effect 

of seeding in one cloud might be communicated to other nearby clouds. Joanne 

(Simpson, 1980) argued persuasively that enhancement of downdrafts by seeding is the 
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mechanism whereby an effect of seeding is communicated to other clouds. The 

downdrafts are postulated to result in regions of convergence between the downdraft 

outflows and the ambient flows or with outflows from other clouds. New clouds then 

grow in the convergent regions, resulting in the broadening and deepening of the 

precipitation area.

These ideas were incorporated into the dynamic seeding conceptual model 

(Woodley et al, 1982), which was revised further as of 1993 (Rosenfeld and Woodley, 

1993). By this time, the conceptual model had come full circle from its original version to 

postulate that seeding makes clouds more microphysically efficient by producing graupel, 

which grows preferentially at the expense of the cloud water. It is obvious that any model 

that purports to explain natural cloud processes and their alteration by seeding must 

address these interactive dynamical and microphysical processes. 

3.0 The Role of Aerosols and Coalescence in Rain Production

The cloud seeding conceptual model as developed by the authors (Rosenfeld and 

Woodley, 1993) predicts that the effect of seeding will be a function in part of the 

aerosols ingested by clouds and by their ability to develop raindrops through coalescence. 

This explains the keen interest of the authors in coalescence processes. They are of great 

importance to TRMM as well, because coalescence leads to rainfall, leaving the heat of 

condensation irreversibly to the atmosphere. Such irreversible heat releases are 

characteristically larger in microphysically-maritime clouds than in clouds of continental 

character, because they precipitate a larger fraction of their cloud water. 

 The fundamental difference between microphysically continental and maritime 

clouds is the drop size distribution near their bases. Clouds are considered quite maritime 

when the cloud-base droplet concentration is less than 100 droplets cm-3, whereas 

continental clouds have cloud-base droplet concentrations greater by about an order of 

magnitude. The terms “continental” and “maritime” originate from the observation that 

the drop-size distribution near cloud base is governed by the distribution of the cloud 
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condensation nuclei (CCN), continents being the source of high CCN concentrations and 

marine environments being the source of low CCN concentrations. It was recognized 

more than 40 years ago that continental clouds have larger “colloidal stability” than 

maritime clouds (Squires, 1958). Laboratory experiments of relevance to coalescence in 

clouds in CCN rich and lean environments (Gunn and Phillips, 1957), led to the 

suggestion that highly continental clouds, which form in a CCN rich atmosphere, would 

produce less precipitation. It has been widely accepted since then that, in the absence of 

ice processes, microphysically continental clouds are less precipitation efficient and 

produce less rainfall than “clean” maritime clouds of the same size, because coalescence 

processes are weaker in continental clouds, resulting in a slower conversion of their water 

into precipitation.

These differences between continental and maritime clouds were the basis for the 

early hygroscopic seeding conceptual models aimed at augmenting precipitation by 

enhancing coalescence processes (Bowen, 1952; Biswas and Dennis, 1971; Cotton, 

1982). Braham  (1964) has postulated that enhancement of coalescence in supercooled 

clouds can enhance the ice precipitation processes. The larger drops freeze faster and at 

warmer temperatures (Bigg, 1953), and grow faster by riming than drops of comparable 

mass would have grown by coalescence (Johnson, 1987; Pinsky et al., 1998). This likely 

explains the presence of so much ice in deep convection in the hurricane. The 

hygroscopic seeding conceptual model of recent experiments has been amended to 

include the positive impact of enhanced coalescence on mixed phase precipitation 

processes (Mather et al., 1997; Cooper et al., 1997). 

Modeling studies (Reisin et al., 1996) of the rainfall amounts from clouds with 

top temperatures of about –20oC provided some quantitative assessment of the 

importance of coalescence to the production of rainfall from clouds. A simulated change 

of the CCN concentrations at 1% supersaturation from maritime (100 cm-3) to continental 

(1100 cm-3), resulted in an 86% decrease in the simulated rainfall. 
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The importance of coalescence in the production of rainfall from Thai convective 

cells has been investigated by Rosenfeld and Woodley using volume-scan radar 

observations from the AARRP (Applied Atmospheric Research Resources Project) 10-

cm, Doppler radar in northwest Thailand. The radar estimates of cell properties were 

partitioned using in-situ observations of the presence or absence of detectable raindrops 

on the windshield of the project Aero Commander seeder aircraft as it penetrated the 

updrafts of growing convective towers, 200 - 600 m below their tops at about the –8oC

level (about 6.5 km MSL). Cells observed to contain detectable raindrops during these 

aircraft penetrations were found to have smaller first-echo depths than cells without 

observed raindrops when growing through the aircraft penetration level, where first-echo 

depth is the difference between first-echo height and the height of cloud base. Although 

cloud dynamics likely played a role, this faster formation of raindrops is thought to be 

due primarily to a rapid onset of coalescence in the convective cells. 

Rain volumes produced by the aircraft measured rain clouds were estimated, 

using 5-minute sequences of S-Band radar-volume scans. Each rain cell was represented 

by a reflectivity maximum, bounded at the 12-dBZ level or the line of minimum between 

it and a neighboring cell. The rain volumes were determined by time-area integration of 

the rain intensities of the tracked rain cells, using the methodology of long-tracked cells 

as described by Rosenfeld and Woodley (1993). Convective cells exhibiting a rapid onset 

of coalescence (Category 2 clouds with detectable raindrops when growing through the 

aircraft penetration level) produced over a factor of two more rainfall than comparably 

sized cells in which the onset of coalescence was slower (Category 1 clouds with no 

detectable raindrops when growing through the aircraft penetration level). This was true 

also for convective cloud systems over an area covering 1,964 km2 (Table 1). Both ratios 

have impressive rerandomization (permutation) statistical P values, defining the 

probability that the result was obtained by chance. In making the radar-rainfall estimates, 

the rain intensities (R) were calculated from the reflectivity (Z) by using the Z-R 

relationship Z = 300R1.5 on the 2-km altitude (cloud base) reflectivities. A systematic bias 

in the Z-R relation for clouds with active warm rainfall and other clouds would also 

induce a systematic difference in the radar inferred rain volume. However, warm rain 
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produces typically smaller reflectivitues for the same rain intensity than clouds with 

mixed phase precipitation processes. This observation underlies the selection of Z-R 

relationships for the WSR-88D radar network, using for “summer deep convection” the 

relation Z=300R1.4 (Woodley and Herndon, 1970), and using for “Tropical convective 

systems” the relation Z=250R1.2 (Rosenfeld et al., 1993). According to this, if there is any 

bias due to differences in the Z-R relations, it would work to underestimate the 

differences under the assumption of fixed Z-R relations. 

Table 1 

Radar-Estimated Rain Volumes (m3 x 103) for Convective Cells and Convective 

Cloud Systems as a Function of Coalescence Category 

(The statistical P values for the ratios were obtained from rerandomization procedures) 

Convective 

Type 

Category 2 Category 1 Category 2/ 

Category 1 

Rerandomization

P-Value 

Convective 

Cells 

267.9 130.6 2.05 0.016 

Convective 

Cloud Systems 

6204.4 2631.8 2.36 0.000 

It was found also that the rain production of convective cells increases with 

maximum echo top height in both coalescence categories, but the increase is greater for 

clouds exhibiting a rapid onset of coalescence as shown in Fig. 1. The data are plotted at 

the center point of 2 km intervals of maximum echo-top height.  

The mean rain-volume differences (dashed line) and ratios of mean rain volumes 

(solid curve) versus maximum precipitation echo top height for cells growing on days 

with weak coalescence activity (Category 1) and on days with strong coalescence activity 
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(Category 2) are shown in Fig. 2. Although the ratios of the rain volume between 

convective cells exhibiting a rapid onset of coalescence and those with slower 

coalescence activity are impressively high for the shallow convective cells, in which 

condensation-coalescence is the dominant precipitation mechanism, the volumetric rain 

differences are rather small.

On the other hand, for the deep convective cells, in which mixed-phase 

precipitation development processes are dominant, the rain-volume ratios are lower but 

still physically significant; and they are associated with volumetric rain differences that 

are important to the overall rainfall of the area. For example, deep tropical cumulonimbus 

cells (all cells with Hmax > 10 km) that exhibit a rapid onset of coalescence produce 

about a factor of two more rain volume than cells with slower coalescence activity. This 

finding has high statistical significance (see Table 1). The volumetric rainfall difference 

is 253 x 103 m3 per cell with a P-value smaller than 0.03 from a “t” test, assuming 

unequal variances. Most important, lifecycle analysis of convective cloud systems in 

which the convective cells reside showed that the results for the cell scale are preserved 

on the scale of cloud systems (Table 1). 

 These findings highlight the important role that coalescence plays in the 

production of rain from both shallow and deep convective cells and cloud systems and 

they provide valuable insights into natural cloud processes. Other meteorological factors 

(e.g., cloud dynamics) being equal, they also help in understanding regional differences 

in rainfall and their probable causes through the linkages between cloud condensation 

nuclei (CCN), cloud droplet size distribution, coalescence and rainfall amounts. These 

results suggest also that pollution, containing high concentrations of CCN that suppress 

coalescence, is likely to act detrimentally on rain forming processes in clouds. If the 

pollution is extensive, it has the potential to affect the global climate. The effects of 

seeding should also be different in polluted clouds and non-polluted clouds. 
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4.0 The Role of Satellites in Cloud and Precipitation Physics 

4.1 Overview 

The microstructure of clouds and precipitation is typically determined by flying 

an instrumented cloud physics aircraft into the clouds for in situ measurements, although 

the NCAR Electra Doppler Radar (ELDORA) and the NASA’s ER2-Doppler radar 

(EDOP) on aircraft have been used for remote sensing of cloud properties. This permits 

only limited measurements in space and time. Increasingly, however, the internal 

properties of clouds have been inferred remotely using either radar or satellite. This has 

allowed much greater time and space sampling. The combined use of all systems is the 

best of all worlds. The instrumented aircraft still provides the measurement standard 

while radar and satellites allow for a much-expanded view. 

 Recent breakthroughs in the use of satellites to infer cloud microphysical 

properties have been especially noteworthy. Traditionally, the single visible and single IR 

channels on most satellites provided only very limited information about the cloud 

properties, such as visible reflectance, cloud top temperature, and a crude estimate of 

vertically integrated cloud water. Additional channels on NOAA/AVHRR and 

TRMM/VIRS in the solar IR (1.6 µm), mid-IR (3.8 µm) and far IR (10.8 and 12.0 µm), 

and many more on recently launched MODIS onboard of TERRA, now make it possible 

to obtain additional information about a wide range of cloud properties. Among them are 

cloud thickness and cloud composition, i.e., effective radius of cloud top particles, and 

whether they are composed of water or ice. 

The added multispectral information makes it possible to retrieve various 

properties of various types of clouds and surfaces. This can be used for classification of 
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clouds into physically meaningful types. It can be also used to identify the clouds even 

over a background of ice and snow, or lower cloud layers. The clouds can be classified 

according to their composition: water, supercooled water, mixed-phase or ice clouds of 

various types. The evolution of the cloud composition and particle size in the vertical can 

be used most of the time to infer the precipitation properties: non-precipitating, drizzle, 

warm rain, mixed-phase or ice precipitation processes. 

The possibility of obtaining such information from multispectral analyses of 

satellite data opens a whole new range of potential applications, some of which were not 

contemplated only a few years ago. Although the potential for detection of supercooled 

water and icing conditions was already recognized (Schickel et al., 1994), other 

applications related to precipitation are just starting to emerge.  

A particularly intriguing prospect is the possibility of detecting how cloud 

composition and precipitation are affected by natural (e.g., desert dust) and anthropogenic 

aerosols (e.g., smoke from burning vegetation, urban and industrial air pollution). Many 

of these potential products and new directions of research are currently in their early 

developmental stages. These new possibilities represent yet untapped potential from 

geostationary and orbiting satellites with multispectral capabilities that have been 

launched during recent years. 

4.2 Physical basis of the satellite methodology 

The family of sensors on board the recent satellites has a family of spectral bands 

in the solar and terrestrial portion of the radiation spectrum. This is illustrated in Fig. 3 

for the Meteosat Second Generation (MSG) satellite, which has 12 spectral bands. The 

situation for the GOES, NOAA/AVHRR and TRMM/VIRS is similar, but with some of 

the channels missing. These channels make it possible to measure additional parameters 

in addition to visible reflectance and the thermal emission temperature. 
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The fundamental reason for the added capabilities is the differences in the interaction 

of the radiation with cloud particles at different wavelengths. A very important contribution of 

the added multispectral capability comes from the dependence of the absorption of water and 

ice on the wavelength, as illustrated in Fig. 4. The absorption of the solar radiation by the 

cloud particles occurs within their volume (αr3), whereas the scattering of the radiation occurs 

at their surface (αr2). The absorption detracts from the overall back-scattered radiation. This 

results in net reflected radiation to the satellite αr-1. Therefore, the reflected solar radiation in 

absorbing wavelengths is inversely proportional to the particle size. Taking into account the 

relative angles of the sun, object and sensor, it is possible to retrieve the effective radius of 

cloud particles, re. The effective radius is proportional to the sum of the volumes divided by 

the sum of the surface areas of the particles in the measurement volume of the satellite pixel. 

The large absorption in the 1.6 and 3.8 µm bands makes it possible to use these channels for 

retrieving re, in contrast to the non-absorbing visible channel (Arking and Childs, 1985; 

Nakajima and King, 1990).

In reality, the calculations of the effective radius need to take into account effects such 

as multiple scattering within the clouds, correction for absorption by gases, upwelling 

radiation from the surface through the clouds, possible multiple layer clouds, and shadowing 

effects. Most of these errors increase with increasing solar zenith angles, limiting reasonably 

accurate retrievals only to times where the sun is more than about 20o above the horizon, and 

satellite zenith angle < ~50o.

Retrieval of re has been applied extensively to marine stratocumulus, in order to 

measure the impact of aerosols on cloud microstructure and through that on earth radiation 

budget. Attention was directed to this subject shortly after launch of the first NOAA orbiting 

satellites with the Advanced Very High Resolution Radiometer (AVHRR), revealing ship 

tracks consisting of polluted clouds with enhanced albedo and reduced droplet sizes (Coakley 

et al., 1987). An example of ship tracks in the north Pacific in shown in Fig. 5.

The pollution particles emitted from the ship stacks act as CCN, redistributing the 

fixed amount of cloud water that must condense into a larger number of smaller droplets

(Radke et al., 1989). It was recognized then that the reduced droplet size suppressed the 
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coalescence and drizzle, thus preventing loss of cloud water. The effects of larger amounts of 

cloud water in smaller droplets are to increase the cloud reflectance of solar radiation. Similar 

effects were observed over land, where the impact of smoke on shallow tropical convective 

clouds was shown to decrease the droplets effective radius from about 15 microns to 9 

microns (Kaufman and Fraser, 1997). The increased reflectance, mainly in the solar infra red, 

has been considered as a cooling mechanism partially counteracting global warming due to the 

increased greenhouse gases (Houghton et al., 1994). However, the potential applications of 1.6 

µm and 3.8 µm reflectance go much beyond the important subject of cloud-aerosol impacts on 

the earth’s radiative budget. The reported (Kaufman and Fraser, 1997) reduction of cloud 

droplets below the threshold of 14-microns, which is the minimum required size for effective 

coalescence (Rosenfeld and Gutman, 1994), means that in addition to the radiative effects, the 

smoke also had a suppressive effect on precipitation. In the next sections we will see how the 

multispectral observations can provide us with qualitative (Section 4.4) and quantitative 

(Section 4.5) information about cloud microstructure and precipitation. 

4.3 Multispectrally-based cloud classification 

The various channels provide different kinds of information. Whereas the 

interpretation of the visible and thermal infra red window channels is well known, the 

information content of the near infra red (NIR, 1.6 and 3.8 µm) reflectance deserves more 

attention. For clouds composed of very small water droplets, the scattering dominates the 

absorption, and therefore the ratio of NIR/visible reflectance will be closest to unity. For 

increasingly large droplets the NIR reflectance decreases and the ratio decreases. Because ice 

absorbs more strongly than water at 3.8 µm, and even more so at 1.6 µm (See Fig. 4), the 

reflectance in these channels is even smaller for ice particles. Therefore, ratios of NIR/visible 

reflectance approaching zero indicate ice surfaces or clouds.  Therefore, the combination of 

the visible and NIR reflectance provide valuable information about the cloud optical thickness 

and composition. With the added temperature information from the thermal infra red window, 

a highly detailed cloud classification and characterization can be made. Rendering the three 

parameters in red-green-blue color composite is natural for human perception, creating colors 
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that correspond to the different cloud types, as described in Table 2 (Rosenfeld and Lensky, 

1998).

This qualitative classification can be readily used for a large number of 

applications, including: 

Detection of aircraft icing conditions: icing occurs when aircraft fly in supercooled 

water clouds. Such clouds should be detectable under most conditions according to Table 

2.

Detection of fog or low clouds on the background of a snow-covered surface: Water 

clouds and snow or ice surfaces are very different according to Table 2. The frozen 

surface appears purple, and the water clouds appear white or yellow on the purple 

background. 

Distinction between precipitating and non-precipitating clouds: Precipitation forming 

processes require that a cloud must be deep (highly reflective in the visible) and 

composed of large droplets or ice particles (small reflectance at 3.8 µm). This can be 

identified by the appropriate entries in Table 2. 

Identification of air pollution: Low level clouds composed of small droplets (large 

reflectance at 3.8 µm) are indicative of an air mass containing a large concentration of 

aerosols. The polluted clouds appear as relatively bright patches or stripes on the pink 

background of clouds with large droplets in clean air. The classical example for that is 

ship tracks, as they appear in Fig. 5. Such pollution tracks have been identified also in 

clouds over land areas (Rosenfeld, 2000). 

4.4 Quantitative multispectral methods.

While human perception more readily absorbs large quantities of qualitative 

information, especially when presented with the appropriate method of visualization, 
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greater benefits and deeper insights can come from quantitative analyses using 

computerized algorithms. Some of the methods and the added insights gained by them are 

presented in this section. 

Some of the more important parameters that can be derived for each satellite pixel 

from the multispectral satellite data in daylight conditions are: 

• Cloud reflectance in the visible (R), normalized for the solar zenith angle. For 

Lambertian cloud surfaces (rarely actually realized) the reflectance equals the albedo. 

Under some assumptions, optical depth and liquid water path can be retrieved from 

the visible reflectance. 

• Cloud top temperature (T). This can be obtained from the thermal channel at 10.8 µm,

and can be made more accurate with a correction for water vapor, when using the 

12.0 µm and water vapor channels. 

• Cloud particle effective radius, re. Using the 1.6 and 3.8 um reflectance, it is possible 

to calculate the re of a cloud top. The calculation is based on the assumption that the 

cloud is composed of water drops, the cloud completely fills the pixel, and the cloud 

is thick, i.e., a negligible amount of radiation from the surface at 1.6 or 3.8 µm is 

upwelling through the cloud top. If this is not the case the surface reflectance must be 

known precisely (Arking and Childs, 1985). 

• Cloud microphysical phase: water, mixed phase or ice. Clouds with T>0oC must be 

water clouds. However, only clouds at T<-39oC can be determined unambiguously as 

ice on the single pixel level, because supercooled water clouds can exist down to 

 –38oC (Rosenfeld and Woodley, 2000). 

Much more information about the cloud microstructure and precipitation forming 

processes in convective clouds can be obtained from analyses of complete cloud clusters, 

residing in areas containing thousands of satellite pixels. The underlying assumption is 

that the microphysical evolution of a convective cloud can be represented by composition 
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of the instantaneous values of the tops of convective clouds at different heights. This is 

based on the knowledge that cloud droplets form mainly at the base of convective clouds, 

and grow with increasing height or decreasing T. The form of dependence of re on T 

contains vital information about the cloud and precipitation processes, as described 

below. The T-re relations are obtained from an ensemble of clouds having tops covering a 

large range of T. Usually many pairs of T-re for each 1oC interval are observed in a 

region containing a convective cloud cluster. The points with smaller re for a given T are 

typically associated with the younger cloud elements, whereas the larger re for the same T 

are associated with the more mature cloud elements, in which the droplets growth had 

more time to progress by coalescence, and ice particles had more time to develop. 

Therefore, it is useful to plot not only the median value of T-re relation, but also, say, the 

15th and 85th percentiles (see Fig, 6), for representing the younger and more mature cloud 

elements within the measurement region. 

Based on the shapes of the T-re relations, Rosenfeld and Lensky (1998) defined 

the following five microphysical zones in convective clouds: 

1) Diffusional droplet growth zone: Very slow growth of cloud droplets with depth 

above cloud base, indicated by small -dre/dT.

2) Droplet coalescence growth zone: Large increase of the droplet growth with 

height, as depicted by large -dre/dT at T warmer than freezing temperatures, 

indicating rapid cloud-droplet growth with depth above cloud base. Such rapid 

growth can occur there only by drop coalescence.

3) Rainout zone: A zone where re remains stable between 20 and 25 µm, probably 

determined by the maximum drop size that can be sustained by rising air near 

cloud top, where the larger drops are precipitated to lower elevations and may 

eventually fall as rain from the cloud base. This zone is so named, because droplet 

growth by coalescence is balanced by precipitation of the largest drops from cloud 

top. Therefore, the clouds seem to be raining out much of their water while 

growing.  The radius of the drops that actually rain out from cloud tops is much 
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larger than the indicated re of 20-25 µm, being at the upper end of the drop size 

distribution there.

4) Mixed phase zone: A zone of large indicated droplet growth with height, 

occurring at T<0oC, due to coalescence as well as to mixed phase precipitation 

formation processes. Therefore, the mixed phase and the coalescence zones are 

ambiguous at 0<T<-39oC. The conditions for determining the mixed phase zone 

within this range are specified in Rosenfeld and Lensky (1998).

5) Glaciated zone: A nearly stable zone of re having a value greater than that of the 

rainout zone or the mixed phase zone at T<0oC.

These zones are idealizations. Not all clouds conform to this idealized picture. 

The transition between the coalescence and mixed phase zones, which are not separated 

by a rainout zone, cannot be determined, and are therefore set arbitrarily to –6oC in 

accordance with aircraft observations. The height of the glaciation zone can be 

overestimated in the cases of highly maritime clouds that grow through a deep rainout 

zone, because the scarcity of water in the supercooled portions of the clouds causes small 

ice particles, which sometimes can be mistaken for a mixed phase cloud. Addition of 

more spectral bands can help in separating the water from the ice, irrespective of the 

particle size. On the other hand, in vigorous clouds with active coalescence the height of 

the glaciation zone can be underestimated, because the high amounts of large ice 

hydrometeors dominate the radiative properties of the clouds, even when they co-exist 

with cloud supercooled water.

All these microphysical zones are defined only for convective cloud elements. 

Multi-layer clouds start with small re at the base of each cloud layer. This can be used for 

distinguishing stratified from convective clouds by their microstructure. Typically, a 

convective cloud has a larger re than a layer cloud at the same height, because the 

convective cloud is deeper and contains more water in the form of larger drops. 

In addition to the microphysical zones, it also can be determined that convective 

clouds start precipitating at re > 14 µm (Rosenfeld and Gutman, 1994; Gerber, 1996). 
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This can be used quantitatively for improving the accuracy of rainfall measurements from 

space, as demonstrated by Lensky and Rosenfeld (1997) for the NOAA/AVHRR. 

 Examples of the various microphysical zones have been obtained in clouds 

around the world. A simple case, showing the onset of glaciation, is the wave clouds 

shown in fig. 7. The small scatter of the effective radius for any given T and the repetitive 

behavior of each of the clouds, showing the jump of re at T=-32oC, make a compelling 

case for inference of the glaciation temperature at this T. 

Shallow convective clouds provide another simple example. Of interest here are 

clouds growing in a smoky atmosphere over the Amazon on 13 September 1998.  The 

smoke aerosols are documented by the global plots of the Earth Probe TOMS Aerosol 

Index on this day (Fig. 8), showing pollution over the Amazon in the region of the 

growing clouds pictured in the processed TRMM image at 19:15 GMT (Fig. 9a). The 

230-km swath of the precipitation radar is bounded by the white lines. The white 

stippling shows the radar echoes superimposed on the clouds that have been colorized 

according to the scheme in Table 2. The yellow crosses represent lightning flashes as 

detected by the TRMM/LIS, seen at the bottom of Figure 9a just outside the PR swath.   

 The T-re plot for area 1 in Fig. 9a is shown in Fig. 9b. The 15th, 50th and 85th

percentiles for re vs. T for the area shown are plotted. These plots can e thought of as 

typifying the clouds in the area. Note that the clouds have a deep zone of diffusional 

droplet growth overlain by a shallower zone (0oC to –10oC) of droplet growth dominated 

by coalescence. The mixed-phase zone begins near –10oC and continues to cloud top near 

–13oC. Note the 14-micron precipitation threshold is not reached until –10oC.

 The vertical cross section for this case along the line in Fig. 9a is provided in Fig. 

9c. Note that clouds with tops < 6.5 km do not produce precipitation and in the two that 

exceed that height precipitation is quite weak. Considering the location of the clouds over 

the tropical Amazon, this means strong suppression of coalescence and ice precipitation 

forming processes. 
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 The next look is at a TRMM image of deep convective clouds growing in smoke 

over the Amazon two days later (Fig. 10a). The presentation is similar to that of Fig. 9a. 

These clouds have an even deeper zone of diffusional droplet growth overlain by a deep 

zone of mixed-phase processes (Fig. 10b). Glaciation is not indicated until –27oC. The 

cross section along the line in Fig. 10a is quite different from that for the shallower 

clouds. The reflectivity profiles are strong from virtually cloud base to top, indicating that 

ice processes had produced large, highly-reflective ice particles in these clouds. Note that 

lightning activity (yellow crosses) is greater in this image than in Figure 9a. 

 In contrast to the clouds studied on 13 and 15 September 1998 are those growing 

in clean air over the Amazon on 13 April 1998 (Fig. 11a). These clouds obviously are 

quite maritime in character with deep zones of coalescence and rainout overlain by a 

shallow mixed-phase zone with a deep glaciated zone above that (Fig. 11b). Complete 

glaciation is indicated at –7oC.

 The vertical radar cross section (Fig 11c) show maximum reflectivities below 5 

km and a greater distance between the visible cloud tops and their radar-measured tops 

than was the case for the deep continental clouds. Even very shallow clouds precipitate in 

agreement with the T-re plot (Fig. 11b) that shows virtually the entire cloud depth having 

droplets that exceed the 14-micron precipitation threshold. Such clouds convert their 

water into precipitation very fast and efficiently, in contrast to the clouds in the polluted 

air (Figs 9 and 10). 

 In order to make the point that these clouds are highly maritime, even though they 

are more than 1000 km away from the closest ocean, a comparison with truly equatorial 

oceanic clouds is made, in the form of a TRMM image of deep cumulus and 

cumulonimbus clouds over the equatorial Pacific near Kwajalein at 02:51 GMT on 5 

November 1998 (Fig. 12a).  The T-re plot (Fig. 12b) is utterly different from that for the 

deep continental clouds growing in smoke over the Amazon (Fig. 10b) but quite similar 

to the plot for the deep maritime clouds over the Amazon (Fig. 11b). Already at cloud 

base, re exceeds the precipitation threshold of 14 microns. There is no zone of diffusional 
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growth and the zone of coalescence extends from cloud base to 11oC. The rainout zone 

extends from 11oC to –5oC and the mixed-phase zone from –5oC to –12oC. Glaciation is 

complete at T < -12oC, which is even a little colder than the Amazon maritime case.  

The vertical cross section of the clouds along the line in area 2 of Fig. 12a (Fig. 

12c) is different from the vertical cross section taken through the continental clouds, 

which showed strong reflectivities extending to great heights. As with the Amazon 

maritime case, the extremely maritime clouds show the strongest reflectivities (>40 dBZ) 

below 5 km and the precipitation echoes average about 3 km below the visible cloud tops 

(Fig. 12c). This is due to the early formation and fallout of precipitation sized particles, 

which deplete the upper portions of the clouds of water and thus of large and highly 

reflective particles. Differences in vertical velocities, which are typically stronger in 

continental clouds, can explain some of the observed differences. However, no dynamical 

difference can explain the total lack of precipitation from polluted tropical convective 

clouds that do not exceed the freezing level, and certainly they would not undergo rainout 

if they grew to cumulonimbus stature. These differences in cloud and echo structure, 

which may due in part to differences in vertical velocity, can explain the lack of lightning 

discharges in maritime clouds (Zipser and Lutz, 1994).  

These physical insights to the cloud and precipitation processes can be the basis for a 

large number of applications beyond those already mentioned in the qualitative part 

(Section 4.3 of this paper), including: 

• Quantitative estimation of precipitation from clouds not detectable by any other 

satellite method, including passive microwave, which is not sensitive to warm rain 

and weak to moderate precipitation of any kind over land (see Lensky and Rosenfeld, 

1997).

• Detection of severe storms, based on the depth and microstructure of the convective 

cloud elements. 

• Detection of the impact of air pollution on the precipitation forming processes, as 

done already by Rosenfeld (1999, 2000). 
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• Application to cloud seeding for precipitation enhancement. The identification of 

regions containing clouds with ample supercooled water and inefficient precipitation 

processes can be used for evaluating the potential for added precipitation by cloud 

seeding, and for directing the cloud seeding operations. Furthermore, the seeding 

signature can be identified as microphysical changes in the seeded clouds, as shown 

by Woodley et al. (2000). The observed cloud microstructure is a manifestation of the 

aerosols and instability of the air mass, which are both slowly changing properties. 

Therefore, characterization of the cloud microstructure, as obtained from an orbital 

satellite, is still quite useful in spite of the scarcity of the satellite overpasses, because 

it is valid for at least several hours from the time of the observation. 

• Application to cloud seeding for hail suppression. The identification of clouds with 

dynamical and microphysical structure conducive for hail can be used for directing 

the hail suppression operations of cloud seeding. The experience shows that a 

window of 25X25 1-km pixels is sufficient for the analyses of small convective 

clusters.  In cases of seeded clouds it is quite practical to seed most of the towers in 

such an area, and create a seeding signature (Rosenfeld et al., 2001). The 

microphysical changes in the clouds due to seeding can be monitored and detected as 

well, as shown in Fig. 13. 

5.0 Scientific Potential 

5.1  Documentation of the Effect of Smoke on Cloud Processes 

Besides addressing the method and its use and validation, the paper by Rosenfeld 

and Lensky (1998) deals with a matter of global import in suggesting that the smoke from 

the burning of biomass on a large-scale can suppress the regional rainfall from clouds 

ingesting the smoke.  

A follow-up paper (Rosenfeld, 1999) made use of TRMM radar data to show 

unequivocally that the smoke from the fires in Indonesia and Malaysia in the deep tropics 

did indeed suppress the regional rainfall. The TRMM satellite was crucial to these 



23

findings. The VIRS sensors were used to determine that both coalescence and ice 

processes were suppressed in the clouds ingesting the smoke and TRMM radar was used 

to show that rainfall was suppressed in the region of smoke.  

 5.2 The effect of urban and industrial pollution on clouds 

 Not much is known about the impact of aerosols from urban and industrial air 

pollution on precipitation. As was the case with the smoke from burning vegetation, it 

was assumed initially that industrial and urban pollution inhibited precipitation (Gunn 

and Phillips, 1957). However, later reports of enhanced rainfall downwind of paper-mills 

(Eagen et al., 1974) and over major urban areas (Braham, 1981) suggested that giant 

CCN caused enhancement of the precipitation (Johnson, 1982), but attempts to correlate 

the urban-enhanced rainfall to the air pollution sources failed to show any relationship 

(Gatz, 1979). The most plausible explanation for the urban rain enhancement invokes the 

heat-island effect and increased friction, both of which would tend to increase the surface 

convergence, resulting in more cloud growth and rainfall over and downwind of the 

urban areas. On the other hand, the recent suggestion published in “Nature”  (Cerveny 

and Balling, 1998) that air pollution might enhance precipitation on the large scale in the 

northeastern U.S. and Canada and the speculative explanations for this effect would 

appear to confuse the issue. The truth is rather little is known definitively about this 

subject.

Space-borne measurements of ship tracks in marine stratocumulus provided the 

first evidence that effluents from ship stacks change cloud microstructure such that their 

water is redistributed into a larger number of smaller droplets (Coakley et al., 1987). 

Extrapolation of these observations to clouds that are sufficiently thick for precipitation 

(i.e., at least 2 km from base to top) would mean that the effluents have the potential to 

suppress precipitation.

 Application of the imaging scheme of Rosenfeld and Lensky 1998) to the 

Advanced Very High Resolution Radiometer (AVHRR) onboard the National Oceanic 
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and Atmospheric Administration (NOAA) orbiting weather satellites have now revealed 

numerous “ship-track” like features in clouds over land, emanating from major urban and 

industrial pollution sources. These tracks are evident only in the near-infrared images 

with no hint of them in the visible images. Because the tracks evidently originate from 

pollution sources, they are named hereinafter “pollution tracks.” Such tracks in the clouds 

have been illustrated downwind of Istanbul, Turkey, in Canada and downwind of major 

metropolitan and industrial areas in Australia (see Rosenfeld, 2000).  In addition, 

pollution tracks have been noted (not shown) by Rosenfeld and Woodley downwind of 

Houston, Texas, over Manila Bay downwind of Manila, Philippines, near Guadalajara 

and Monterey, Mexico, downwind of Seattle, Washington, and Winnipeg, Canada. The 

longer one looks the more such tracks are found. Pollution tracks seem to be a global 

phenomenon.

Most of the pollution tracks were detected readily because there were pristine 

unpolluted areas of cloud nearby. This is illustrated in the image at 20:12 GMT on 20 

July 1998 (Fig. 16) showing five pollution tracks in north-central Manitoba, Canada. 

These pollution plumes can be seen streaming to the south, staining the pristine cloud 

deck. The T-re plots for three of the stronger pollution tracks and for three unpolluted 

areas between the tracks are given in Fig. 17. The three plots for the unpolluted areas 

have effective radii that exceed the 14-micron precipitation threshold whereas the plots 

for the polluted areas have effective radii averaging 10 microns or less. 

 Farther south of the Canada pollution sources the unpolluted regions become 

harder to find. This is illustrated in the AVHRR image for the Great Lakes industrial area 

at 20:07 GMT on 5 June 1998 (Fig. 18). The yellow and orange coloration suggests that 

the effective radius is small in this region and this is verified by the T-Re plots (Fig. 19) 

for the four areas shown in Fig. 18. Note that re averages 6 to 10 microns between +2oC

and –10oC. These values are similar to those found in the discrete pollution plumes 

farther north in Canada; only now the pollution is nearly continuous. 
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All of this is anecdotal, however, and does not make a quantitative case for the 

suppression of the rainfall by anthropogenic pollution. Rosenfeld (2000) made such a 

case for pollution tracks in Australia. Satellite retrievals of cloud microstructure clearly 

revealed plumes, embedded in extensive cloudy areas, in which the clouds contained 

small particle sizes. These plumes originated from major urban areas and industrial 

facilities such as power plants. The satellite retrievals in the polluted and unpolluted 

regions showed no coalescence in the polluted region and strong coalescence in the 

pristine clouds. In addition, the TRMM/PR revealed that the plumes of polluted clouds 

were devoid of precipitation, whereas the ambient clouds had precipitation intensities 

exceeding 10 mm/hr. Although producing no precipitation, the clouds in the plumes were 

as thick as the adjacent precipitating clouds and had no shortage of water. In addition, the 

PR detected a “bright band” signature, which is indicative of melting snow, in the 

adjacent precipitating unpolluted clouds, suggesting further that the pollution also 

suppresses the processes leading to the growth of ice particles to precipitation size. 

It is suggested that the pollution suppresses precipitation in the same way as does 

smoke from burning vegetation. The ingested pollution aerosols nucleate many small 

cloud droplets, which remain small, thereby suppressing both warm rain processes and 

the formation and proliferation of ice in the clouds. 

5.3  Measurement of Supercooled Water to near –38oC

Adding to the credibility of the present satellite methodology was the discovery of 

large quantities (up to 1.9 gm/m3) of supercooled cloud liquid water to near –38oC (Fig. 

14a). The slow growth of cloud droplets with height (Fig. 14b) and their large 

concentrations (Fig. 14c) show that under these conditions both warm and ice 

precipitation processes are suppressed. The measurements were made in Texas on 13 

August 1999 by the authors with an instrumented cloud-physics jet aircraft in an attempt 

to validate the inferences by the present satellite methodology using TRMM data of 

supercooled liquid water to near the point of homogeneous nucleation.  
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The T-re plots for the TRMM satellite overpass at 22:45 GMT (1745 CDT) on 13 

August 1999 are provided in Fig. 15. This is within 10 minutes of the time the liquid 

water measurements were made from the jet aircraft. Note that the re increased steadily 

with decreasing T until –38oC, indicating that only at that temperature were the clouds 

mostly glaciated. Thus, the satellite inferences and the in situ validation measurements 

were in general agreement on this day. Similar coincident measurements took place two 

days before, on 11 August 1999 (not shown), where the in situ and TRMM measured 

glaciation temperatures were –36oC and –38oC, respectively. Without the validating 

cloud physics measurements, however, it is doubtful that the satellite inferences would 

have been believed. 

 The authors made similar satellite and aircraft measurements near Mendoza, 

Argentina in January and February 2000 and observed supercooled cloud water contents 

up to 4 g m-3 near –38oC in Argentine clouds. Again, these aircraft measurements agreed 

with the indications from the satellite imagery. 

6.0 Discussions 

The Australian study is the first documented case linking urban and industrial air 

pollution to the reduction of the precipitation, pinpointing both the sources and the 

affected clouds. It was made possible by the newly acquired capabilities to observe both 

cloud microstructure and precipitation over large areas from the TRMM satellite. It might 

seem strange that some of the most obvious pollution signatures occur in Australia, which 

is probably the least polluted inhabited continent. The pollution signature on rainfall is 

most evident in Australia, perhaps because it is seen against a background of pristine 

clouds, whereas in most other places, such as the areas surrounding the Great Lakes in 

the U.S. and Canada (see previous section), the clouds are already polluted on a very 

large scale.  
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The results of the Australian and Indonesian cases are consistent with the findings 

of Gribbin (1995) indicating a decrease of rainfall in the tropics. A look at multi-spectral 

satellite data over the past couple of years suggests, however, that cloud microstructure 

and rainfall is being affected comparably by pollution over many other regions over the 

globe, including the tropics.  

An intriguing case in point is the disparity in rainfall between the African Congo 

and the Amazon Basin of South America even though satellite rainfall estimates for the 

two regions, based on their infrared (IR) presentations and on passive microwave rainfall 

algorithms, are comparable (McCollum et al., 1999). Rainfall is nearly 50% less in the 

Congo than in the Amazon Basin. The rainfall from Congo clouds might be less than the 

rainfall from Amazon clouds because they have: a) less precipitable water with which to 

work, and/or b) lesser precipitation efficiency, and/or c) weaker forcing.  

McCollum et al. (1999) used the present satellite technique to produce frequency 

plots for effective cloud radii (re) in the African Congo and the Amazon Basin (Fig. 20). 

Note the Amazon plot is shifted substantially toward larger effective radii relative to the 

plot for the Congo. As mentioned earlier, an effective radius threshold of 14 microns 

(Rosenfeld and Gutman, 1994) is used typically to identify which clouds have developed 

coalescence and are precipitating and which are not. Examining the areas under the 

curves in Fig. 20, it appears Amazon clouds in the sample have at least some coalescence 

over 90% of the time while the coalescence frequency for Congo clouds is about 50%. 

This is a large difference. 

McCollum et al. (1999) have already suggested the possibility that the Congo vs. 

Amazon rainfall differences are, at least in part, due to less efficient clouds over the 

Congo, which are not able to form raindrops by coalescence as readily as the clouds over 

the Amazon. The microphysical observations of McCollum et al. (1999) are far from 

being climatologically representative for the whole area and all seasons. Therefore, they 

cannot be used as evidence that the indicated differences in the rainfall between central 

Africa and the Amazon are mainly due aerosol induced microphysical differences. 
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However, the new findings relating coalescence to rain production reported in Section 3.0 

are consistent with this suggestion, as already made by McCollum et al. (1999) 

themselves. Although this could result from a number of causes, the nature of the CCN 

ingested by the clouds in the two regions is a plausible explanation. The air mass 

supplying Amazon clouds comes typically from the Caribbean and Atlantic and is likely 

more “maritime” in terms of the sizes and concentrations of the input CCN than the 

source of air for Congo clouds, which includes the Sahara, east Africa and the Kalahari 

deserts in addition to the Atlantic Ocean. The ingestion of anthropogenic pollution by the 

clouds in the African Congo also may play a role in the lesser precipitation efficiency 

relative to those in the Amazon. 

This view is supported by the global plots of the Earth Probe TOMS Aerosol 

Index  (Fig. 7). Virtually any other selection would have shown essentially the same 

pattern. Africa is an anomaly when it comes to pollutants and aerosols, especially on the 

northern and southern margins of equatorial Africa. There are almost always fires and 

dust storms on the fringes of the intertropical convergence zone and they move north and 

south with the seasons. One can readily imagine these aerosols being drawn toward the 

equator into the migratory weather disturbances that move from east to west across the 

African continent much of the year. These aerosols certainly have the potential to 

influence the rainfall. The Amazon Basin on the other hand has less aerosol pollution 

relative to Africa, although the example presented in Fig. 7 is one of the exceptions. It 

seems possible, therefore, that the natural and anthropogenic aerosols are acting to 

decrease the rainfall over tropical Africa. 

Collectively, the Amazon Basin and the African Congo constitute a significant 

fraction of the world’s deep tropics. If natural and/or anthropogenic pollution is shown to 

account for the differences in rainfall and lightning between the two regions, its effect on 

climate might be quantified through computer simulations 

Until this is done, we will have to live with the clear implications that smoke from 

biomass burning and from urban and industrial sources are highly detrimental to the 
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efficiency of both water and ice precipitation forming processes in convective clouds. 

The resulting excess water vapor remaining in the atmosphere may eventually precipitate 

elsewhere, causing redistribution of the large-scale precipitation and latent heating, which 

means alterations of the driving force behind atmospheric circulations. Hence, the 

question arises whether microphysical processes can influence large scale or even global 

climate. 

 Aircraft validation of satellite inferences of deep supercooling in vigorous 

convective clouds has implications for the modeling of convective clouds, for deliberate 

modification of cloud processes and for studies of global climate. The validation has been 

made in Texas and Argentina, but the satellite imagery indicates that such supercooling 

takes place over many other regions in the world. This would seem to fly in the face of 

conventional wisdom and at variance with most modeling simulations that show 

glaciation in continental convective clouds at warmer temperatures. For example, full 

glaciation was parameterized to occur naturally at –20oC in clouds in HIPLEX (Orville, 

1996), which took place in the same area where the clouds were shown to fully glaciate 

only at –38oC (Rosenfeld and Woodley, 2000). This supercooling indicates that such 

clouds have low precipitation efficiency and may be good candidates for seeding 

intervention.

 Deep supercooling is also probably a manifestation of feedback from natural and 

anthropogenic pollution. Polluted clouds have suppressed coalescence and ice processes 

and likely are characterized by supercooling to great depths. If this is so, the convective 

clouds in tropical Africa must be much more supercooled than those in the South 

American Amazon.  Such regional differences may be changing with time with 

implications for the global climate. 

6.0 Conclusions 

We are back where Joanne Simpson began, but with new tools and new insights. 

We know much more about microphysical processes in clouds. Maritime clouds are 
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much different from continental clouds. They ingest fewer aerosols, produce raindrops 

through coalescence and average up to 100% more rain volume per convective cell than 

continental clouds. Highly maritime clouds are poor candidates for both glaciogenic and 

hygroscopic seeding, because they produce raindrops at temperatures > 0oC, which 

readily freeze at temperatures near –5oC, producing ice splinters and rapid glaciation of 

the cloud. Continental clouds, on the other hand, have been shown to carry their cloud 

water in many cases to near –38oC before freezing. Such clouds are highly inefficient and 

should be good candidates for glaciogenic and/or hygroscopic seeding intervention.  

Pollution has a major impact on cloud processes. New satellite imagery and new 

methods to assimilate and analyze it have documented the microphysical structure of 

clouds over large space and time scales. This new look has demonstrated the profound 

impact that natural and anthropogenic aerosols have on the rain-forming processes in 

clouds. The implications are potentially enormous. The increasing pollution must be 

affecting global rainfall detrimentally. At the very least, pollution must be redistributing 

the rainfall. 

Anthropogenic pollution from industry and urbanization also acts negatively on 

the rain-forming processes in clouds. In the cities this negative effect may be over-

compensated by increased convergence and rainfall due to dynamic factors, including the 

“heat island” and increased surface roughness from the clustering of large structures 

(Braham, 1981). Away from these dynamic enhancements, however, the effect of 

pollution on rainfall should be negative. It is quite possible, therefore, that the 

combination of smoke from burning vegetation, urban and industrial pollution is having 

an effect on the global climate by decreasing and/or redistributing the rainfall, especially 

where precipitation originates from convective clouds. This has serious potential 

implications for the availability of water resources, which might be compromised, 

especially in the most densely populated areas of the tropics and subtropics, where people 

are dependent on these waters for their livelihood. 
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The changes in precipitation distribution must be associated with respective 

changes in latent heat release, which drives the global circulation. Therefore, a change in 

the global circulation is a likely outcome. If so, these changes are already with us today, 

and the climate system would have been different without today’s anthropogenic 

emissions of aerosols. 

In getting back to where we started, we have learned much along the way. 

Tropical convective clouds are just as important to the world climate as they were when 

Joanne Simpson began her illustrious meteorological career, but other factors have 

intervened. Our results, and those of METROMEX years ago, indicate that inadvertent 

weather modification is a reality (Braham, 1981). The more we look the more prevalent it 

appears to be. The challenge now is to understand and quantify its extent and its effect on 

clouds, precipitation, and on local and global climates. Deliberate weather modification 

through cloud seeding pales in comparison to the modifications being accomplished 

inadvertently, and it may some day have to be employed to offset the unintended 

modifications (e.g., hygroscopic seeding of clouds to offset the detrimental effects of 

pollution on rain-forming processes). Many of the past advances in cloud physics 

technology and insights have been made in the context of cloud seeding experiments. 

Future progress is likely to be accelerated now that pollution and its probable effect on 

the global climate has been brought to the attention of the scientific community. 
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List of Captions 

Fig. 1. The mean rain volumes of convective cells as a function of maximum 

precipitation echo top height for cells growing on days with weak coalescence activity 

(Category 1) and on days with strong coalescence activity (Category 2). The data are 

plotted at the center point of 2 km intervals of maximum echo top height. For the purpose 

of showing the trend on a logarithmic scale, a value of 102 m3 was used instead of the 

zero value of RVOL for the 3 km maximum echo top height interval for cells growing on 

days with weak coalescence activity (Category 1). 

Fig 2. Mean rain-volume differences (dashed line) and ratios of mean rain volumes (solid 

curve) versus maximum precipitation echo top height for cells growing on days with 

weak coalescence activity (Category 1) and on days with strong coalescence activity 

(Category 2). The data are plotted at the center point of 2 km intervals of maximum echo 

top height. For the purpose of showing the trend on a logarithmic scale, a value of 102 m3

was used instead of the zero value of RVOL for the 3 km maximum echo top height 

interval for cells growing on days with weak coalescence activity (Category 1). 

Fig. 3: The relation of the spectral bands of the Meteosat Second Generation (MSG) 

satellite with respect to the top-of-the-atmosphere solar and surface terrestrial radiation 

fluxes. Note that the 3.8 µm channel receives both solar and thermal radiation, and it is 

on the common minimum. Therefore, thermal emission must be deducted in obtaining 

solar reflectance at 3.8 µm.
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Fig. 4: The dependence of the absorption coefficients of water and ice on wavelength. 

The MSG channels in the atmospheric windows are denoted. Note that water and ice are 

practically non-absorbing in the visible, and strongly absorbing at 3.8 µm. The ice 

absorbs much more strongly than water at 1.6 µm. This makes 1.6 µm useful for 

separating ice from water clouds and surfaces. 

Fig. 5: Ship tracks over the North Pacific, as observed by the NOAA/AVHRR on 22 June 

2000, 03:25 GMT. The color scheme is red for the visible, green for 3.7 µm reflectance 

component, and blue for temperature. The ship tracks with reduced particle size appear as 

cloud bands of enhanced green, or enhanced 3.7 µm reflectance. For full description of 

the color table see Table 2. 

Fig. 6: The classification scheme of convective clouds into microphysical zones, 

according to the shape of the T-re relations. Note that in extremely continental clouds re at 

cloud base is very small, the coalescence zone vanishes, mixed phase zone starts at T<-

15oC, and the glaciation can occur in the most extreme situation at the height of 

homogeneous freezing temperature of –39oC. In contrast, maritime clouds start with large 

re at their base, crossing the precipitation threshold of 14 µm a short distance above the 

base. The deep rainout zone is indicative of fully developed warm rain processes in the 

maritime clouds. The large droplets freeze at relatively high temperatures, resulting in a 

shallow mixed-phase zone and a glaciation temperature reached near –10oC.

Fig 7a: Wave clouds in area of about 300x200 km in the lee of the Andes, forming as 

supercooled water cloud at their leading edge (upper left edge of the waves), as evident 

by the yellow color (see Table 2 for color interpretation). The image was taken by the 

NOAA/AVHRR on 7 January 1999, 20:08 GMT. Abrupt freezing occurs at –32oC, as 

indicated by the red color and the jump to a larger indicated effective radius at –32oC, as 

shown in Fig. 7b. 
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Fig. 7b: The T-re for frame 7a. The microphysical zones are marked by the vertical bars 

where 1 = diffusional growth, and 5 = glaciated. Note that glaciation is indicated at –

32oC.

Fig. 8: Earth Probe TOMS Aerosol Index on 13 September 1998, showing the smoke 

from forest fires in the Amazon and Congo basins. 

Fig. 9a: A TRMM image showing microphysically continental cumulus clouds growing 

in smoke over the Amazon, centered at 15oS, 60oW, at 19:15 GMT on September 13, 

1998. The 230 km radar swath is delimited between the white lines. The white hatching is 

areas with radar-detected precipitation. The yellow crosses are lightning flashes, as 

detected by the TRMM/LIS. The color scheme is given in Table 2. 

Fig. 9b: The T-re for frame 1 of Fig. 9a. The microphysical zones are marked by the 

vertical bars where 1 = diffusional growth, 2 = coalescence, and 4 = mixed phase zones. 

The lines for the 15th, 50th and 85th percentiles of pixels having re for a given T are 

plotted. Note that the 14-micron precipitation threshold is reached only at T<-10oC.

Fig. 9c: The vertical cross section of the clouds along the lines in Fig. 9a. The two cross 

sections are delimited by the same characters in this figure and in Figure 9a.  Note that 

clouds reaching tops < 7 km do not precipitate. 

Fig. 10a: A TRMM image showing microphysically continental cumulus and 

cumulonimbus clouds growing in smoke over the Amazon, centered at 13oS, 61oW, on 

18:16 GMT, September 15, 1998. The color scheme is given in Table 2. 

Fig. 10b: The T-re for the frame in Figure 10a. The lines of the 15th, 50th and 85th 

percentiles of pixels with re for a given T are plotted. The microphysical zones are 

marked by the vertical bars where 1 = diffusional growth, 4 = mixed phase and 5 = 

glaciated. Note that glaciation is indicated at –27oC.
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Fig. 10c: The vertical cross section of the clouds along the line in Fig. 10a. Note that that 

the Z>40 dBZ extends to H=10 km, i.e., well above the 0oC isotherm. 

Fig. 11a: A TRMM image showing microphysically maritime cumulus and 

cumulonimbus clouds growing in clean air over the Amazon, centered at 5oS, 59oW, on 

16:28 GMT on April 13, 1998. The color scheme is given in Table 2. 

Fig. 11b: The T-re plot for the frame in Figure 11a. The microphysical zones are marked 

by the vertical bars 2 = coalescence, 3 = rainout, 4 = mixed phase and 5 = glaciated 

zones. Note the deep rainout zone and the glaciation indicated at the relatively high T=-

7oC.

Fig. 11c: The vertical cross section of the clouds along the line in Fig. 9a. Note that the 

shallowest clouds already precipitate. Also note that the Z>40 dBZ is confined to H<5 

km, i.e., below the 0oC isotherm. 

Fig. 12a: A TRMM image showing microphysically maritime cumulus and 

cumulonimbus clouds over the equatorial Pacific near Kwajalein, centered at 6N 167W, 

on 02:51 GMT November 5, 1998. The color scheme is given in Table 2. 

Fig. 12b: The T-re for the frame in Figure 12a. Note the great similarity of the 

microphysical zones to the clouds over the Amazon in the clean air, as shown in Figure 

11b.

Fig. 12c: The vertical cross section of the clouds along the line in Fig. 12a. Note that the 

shallowest clouds already precipitate. Also note that the Z>40 dBZ is confined to H<5 

km, i.e., below the 0oC isotherm. 

Fig. 13a: Hailstorm Cb clouds in an area of about 150x150 km over Alberta, Canada, as 

observed by the NOAA/AVHRR overpass of 10 July 1998 at 22:15 GMT. According to 
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the color classification scheme presented in Table 2, the yellow cumuliform cloud 

elements indicate they are composed of supercooled droplets. The red areas are the anvils 

of the Cb tops.

Fig. 13b: The T-re for frames 2 and 3 of Fig. 13a. The T- re graphs for area #2 shows very 

deep supercooled water and mixed phase clouds with glaciation occurring only at –37oC.

The same applies to Area 1 (not shown). The clouds in Area 3 were seeded with AgI ice 

nuclei, and glaciated between –15 to –25oC in different parts of the cloud, as indicated by 

the T- re graph for that area. Hail was observed in the area on that day. However, clouds 1 

and 2 occurred over remote areas where there were no observations. 

Fig. 14a: The supercooled cloud liquid water content as a function of temperature, in all 

the clouds on the 13 August 1999. Each point represents one second of measurements, or 

150 - 200 m of cloud path. Note the abrupt decrease of the water at –38oC, indicating the 

point of homogeneous freezing. The dotted curve marks the ½ adiabatic water content, as 

a reference for the rate of consumption of cloud water to freezing and other processes. 

The black dots are those in which the hot wire sensor detected less than 0.3 g m-3 liquid 

water contents. 

Fig. 14b: The median volume diameter of the cloud particles measured by a Forward 

Scattering Spectrometer Probe (FSSP) as a function of temperature, in all the clouds on 

the 13 August 1999. Each point represents one second of data, or 150 - 200 m of cloud 

path, containing more than 100 cm-3 FSSP-measured cloud particles. The red symbols 

denote cloud segments with hot-wire measured liquid water contents >0.3 gm-3.

Fig. 14c: The same as Fig. 2, but for the FSSP-100 measured concentration of cloud 

particles.  

Fig. 15. The T-re plots for the TRMM satellite overpass at 22:45 GMT (1745 CDT) on 13 

August 1999.  The clouds profiled were those in which the aircraft measurements were 
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made. Note that the re increased steadily with decreasing T until about –38oC, indicating 

that only at that temperature were the clouds mostly glaciated.  

Fig. 16: Processed AVHRR image at 2012 GMT on 20 July 2000 showing five pollution 

tracks in a supercooled cloud deck in north-central Manitoba Province, Canada. The 

dimensions of the image is 550X250 km. 

Fig. 17: The effective radius in and outside of the pollution tracks shown in Fig. 16. The 

numbers in the figure correspond to the numbered areas in Fig. 16. 

Fig. 18: The AVHRR image for the Great Lakes industrial area at 2007 GMT on 5 June 

1998.

Fig. 19: The T-re plots for the four areas shown in Fig. 18. Note that re averages 6 to 10 

microns between +2oC and –10oC.

Fig. 20: Plot of the relative frequency of effective cloud radius for clouds over the 

African Congo (black bars) and the Amazon (crosshatched bars). (After McCollum et al.,

1999).
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Appendix A: 

Glossary: 

AVHRR: Advanced Very High Resolution Radiometer onboard the NOAA satellites 

CCN: Cloud Condensation Nuclei 

EDOP: NASA’s ER2-Doppler radar 

ELDORA: NCAR Electra Doppler Radar 

HIPLEX: High Plains Cooperative Experiment 

LIS: TRMM Lightning Imaging Sensor 

METEOSAT: European geostationary meteorological satellite 

METROMEX: Metropolitan Meteorological Experiment 

MODIS: Moderate Resolution Imaging Spectroradiometer 

MSG: METEOSAT Second Generation 

NASA: National Aeronautics and Space Administration 

NCAR: National Center for Atmospheric Research 

NOAA: National Oceanic and Atmospheric Administration 

PR: TRMM Precipitation Radar 

TOMS: Total Ozone Mapping Spectrometer 

VIRS: TRMM Visible and Infra Red Sensor 
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Fig. 1. The mean rain volumes of convective cells as a function of maximum precipitation echo 
top height for cells growing on days with weak coalescence activity (Category 1) and on days 
with strong coalescence activity (Category 2). The data are plotted at the center point of 2 km 
intervals of maximum echo top height. For the purpose of showing the trend on a logarithmic 
scale, a value of 102 m3 was used instead of the zero value of RVOL for the 3 km maximum 
echo top height interval for cells growing on days with weak coalescence activity (Category 1). 
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Fig 2. Mean rain-volume differences (dashed line) and ratios of mean rain volumes (solid curve) 
versus maximum precipitation echo top height for cells growing on days with weak coalescence 
activity (Category 1) and on days with strong coalescence activity (Category 2). The data are 
plotted at the center point of 2 km intervals of maximum echo top height. For the purpose of 
showing the trend on a logarithmic scale, a value of 102 m3 was used instead of the zero value 
of RVOL for the 3 km maximum echo top height interval for cells growing on days with weak 
coalescence activity (Category 1). 
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Fig. 3: The relation of the spectral bands of the Meteosat Second Generation (MSG) 
satellite with respect to the top-of-the-atmosphere solar and surface terrestrial radiation 
fluxes. Note that the 3.8 µm channel receives both solar and thermal radiation, and it is 
on the common minimum. Therefore, thermal emission must be deducted in obtaining 
solar reflectance at 3.8 µm.
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Fig. 4: The dependence of the absorption coefficients of water and ice on wavelength. 
The MSG channels in the atmospheric windows are denoted. Note that water and ice are 
practically non-absorbing in the visible, and strongly absorbing at 3.8 µm. The ice 
absorbs much more strongly than water at 1.6 µm. This makes 1.6 µm useful for 
separating ice from water clouds and surfaces. 
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Fig. 5: Ship tracks over the North Pacific, as observed by the NOAA/AVHRR on 22 June 
2000, 03:25 GMT. The color scheme is red for the visible, green for 3.7 µm reflectance 
component, and blue for temperature. The ship tracks with reduced particle size appear as 
cloud bands of enhanced green, or enhanced 3.7 µm reflectance. For full description of 
the color table see Table 2. 
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Fig. 6: The classification scheme of convective clouds into microphysical zones, 
according to the shape of the T-re relations. Note that in extremely continental clouds re at 
cloud base is very small, the coalescence zone vanishes, mixed phase zone starts at T<-
15oC, and the glaciation can occur in the most extreme situation at the height of 
homogeneous freezing temperature of –39oC. In contrast, maritime clouds start with large 
re at their base, crossing the precipitation threshold of 14 µm a short distance above the 
base. The deep rainout zone is indicative of fully developed warm rain processes in the 
maritime clouds. The large droplets freeze at relatively high temperatures, resulting in a 
shallow mixed-phase zone and a glaciation temperature reached near –10oC.
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Fig 7a: Wave clouds in area of about 300x200 km in the lee of the Andes, forming as 
supercooled water cloud at their leading edge (upper left edge of the waves), as evident by the 
yellow color (see Table 2 for color interpretation). The image was taken by the NOAA/AVHRR 
on 7 January 1999, 20:08 GMT. Abrupt freezing occurs at –32oC, as indicated by the red color 
and the jump to a larger indicated effective radius at –32oC, as shown in Fig. 7b. 
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Fig. 7b: The T-re for frame 7a. The microphysical zones are marked by the vertical bars 
where 1 = diffusional growth, and 5 = glaciated. Note that glaciation is indicated at –
32oC.



51

Fig. 8: Earth Probe TOMS Aerosol Index on 13 September 1998, showing the smoke 
from forest fires in the Amazon and Congo basins. 
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 Fig. 9a: A TRMM image showing 
microphysically continental cumulus clouds 
growing in smoke over the Amazon, centered 
at 15oS, 60oW, at 19:15 GMT on September 
13, 1998. The 230 km radar swath is 
delimited between the white lines. The white 
hatching is areas with radar detected 
precipitation. The yellow crosses are lightning 
flashes, as detected by the TRMM/LIS. The 
color scheme is given in Table 2. 
.

Fig. 9b: The T-re for frame 1 of 
Fig. 9a. The microphysical zones 
are marked by the vertical bars 
where 1 = diffusional growth, 2 = 
coalescence, and 4 = mixed phase 
zones. The lines for the 15th, 50th

and 85th percentiles of pixels 
having re for a given T are plotted. 
Note that the 14-micron 
precipitation threshold is reached 
only at T<-10oC.

Fig. 9c: The vertical cross 
section of the clouds along 
the lines in Fig. 9a. The 
two cross sections are 
delimited by the same 
characters in this figure 
and in Figure 9a.  Note 
that clouds reaching tops < 
7 km do not precipitate. 
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Fig. 10a: A TRMM 
image showing 
microphysically 
continental cumulus and 
cumulonimbus clouds 
growing in smoke over 
the Amazon, centered at 
13oS, 61oW, on 18:16 
GMT, September 15, 
1998. The color scheme 
is given in Table 1. 

Fig. 10b: The T-re for the frame in 
Figure 10a. The lines of the 15th, 
50th and 85th percentiles of pixels 
with re for a given T are plotted. 
The microphysical zones are 
marked by the vertical bars where 
1 = diffusional growth, 4 = mixed 
phase and 5 = glaciated. Note that 
glaciation is indicated at –27oC.

Fig. 10c: The 
vertical cross 
section of the 
clouds along the 
line in Fig. 10a. 
Note that that the 
Z>40 dBZ extends 
to H=10 km, i.e., 
well above the 0oC
isotherm.
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Fig. 11a: A TRMM 
image showing 
microphysically 
maritime cumulus 
and cumulonimbus 
clouds growing in 
clean air over the 
Amazon, centered at 
5oS, 59oW, on 16:28 
GMT on April 13, 
1998. The color 
scheme is given in 
Table 2. 

Fig. 11b: The T-re plot for the 
frame in Figure 11a. The 
microphysical zones are marked 
by the vertical bars 2 = 
coalescence, 3 = fallout, 4 = 
mixed phase and 5 = glaciated 
zones. Note the deep rainout zone 
and the glaciation indicated at the 
relatively high T=-7oC.
.

Fig. 11c: The 
vertical cross section 
of the clouds along 
the line in Fig. 9a. 
Note that the 
shallowest clouds 
already precipitate. 
Also note that the 
Z>40 dBZ is 
confined to H<5 km, i.e., below the 0oC isotherm. 
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Fig. 12a: A TRMM image showing microphysically maritime cumulus and 
cumulonimbus clouds over the equatorial Pacific near Kwajalein, centered at 6N 167W, 
on 02:51 GMT November 5, 1998. The color scheme is given in Table 2. 

Fig. 12b: The T-re for the frame in 
Figure 12a. Note the great 
similarity of the microphysical 
zones to the clouds over the 
Amazon in the clean air, as shown 
in Figure 11b.

Fig. 12c: The vertical cross 
section of the clouds along 
the line in Fig. 12a. Note 
that the shallowest clouds 
already precipitate. Also 
note that the Z>40 dBZ is 
confined to H<5 km, i.e., 
below the 0oC isotherm.. 
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Fig. 13a: Hailstorm Cb clouds in an area of about 150x150 km over Alberta, Canada, as 
observed by the NOAA/AVHRR overpass of 10 July 1998 at 22:15 GMT. According to 
the color classification scheme presented in Table 2, the yellow cumuliform cloud 
elements indicate they are composed of supercooled droplets. The red areas are the anvils 
of the Cb tops.
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Fig. 13b: The T-re for frames 2 and 3 of Fig. 13a. The T- re graphs for area #2 shows very 
deep supercooled water and mixed phase clouds with glaciation occurring only at –37oC.
The same applies to Area 1 (not shown). The clouds in Area 3 were seeded with AgI ice 
nuclei, and glaciated between –15 to –25oC in different parts of the cloud, as indicated by 
the T- re graph for that area. Hail was observed in the area on that day. However, clouds 1 
and 2 occurred over remote areas where there were no observations. 
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             Figure 14a     Figure 14b    Figure 14c 

Fig. 14a: The supercooled cloud liquid water content as a function of temperature, in all 
the clouds on the 13 August 1999. Each point represents one second of measurements, or 
150 - 200 m of cloud path. Note the abrupt decrease of the water at –38oC, indicating the 
point of homogeneous freezing. The dotted curve marks the ½ adiabatic water content, as 
a reference for the rate of consumption of cloud water to freezing and other processes. 
The black dots are those in which the hot wire sensor detected less than 0.3 g m-3 liquid 
water contents. 

Fig. 14b: The median volume diameter of the cloud particles measured by a Forward 
Scattering Spectrometer Probe (FSSP) as a function of temperature, in all the clouds on 
the 13 August 1999. Each point represents one second of data, or 150 - 200 m of cloud 
path, containing more than 100 cm-3 FSSP-measured cloud particles. The red symbols 
denote cloud segments with hot-wire measured liquid water contents >0.3 gm-3.

Fig. 14c: The same as Fig. 2, but for the FSSP-100 measured concentration of cloud 
particles.  
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Fig. 15. The T-re plots for the TRMM satellite overpass at 22:45 GMT (1745 CDT) on 13 
August 1999.  The clouds profiled were those in which the aircraft measurements were 
made. Note that the re increased steadily with decreasing T until about –38oC, indicating 
that only at that temperature were the clouds mostly glaciated.  
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Fig. 16: Processed AVHRR image at 2012 GMT on 20 July 2000 showing five pollution 
tracks in a supercooled cloud deck in north-central Manitoba Province, Canada. The 
dimensions of the image is 550X250 km. 
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Fig. 17: The effective radius in and outside of the pollution tracks shown in Fig. 16. The 
numbers in the figure correspond to the numbered areas in Fig. 16. 
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Fig. 18: The AVHRR image for the Great Lakes industrial area at 2007 GMT on 5 June 
1998.
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Fig. 19: The T-Re plots for the four areas shown in Fig. 18. Note that Re averages 6 to 10 
microns between +2oC and –10oC.
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Fig. 20: Plot of the relative frequency of effective cloud radius for clouds over the 
African Congo (black bars) and the Amazon (crosshatched bars). The plot is excerpted 
from the paper by McCollum et al. (1999). 


