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  FOREWORD 

substantive content and some editorial changes to Sections 1.2.1 
through 1.2.5, Section 5.0, and Section 7.0, alone; the content in 
the remaining ASCE/EWRI 44-05 sections was unchanged. The 
supplement was prepared and developed through the ASCE con-
sensus standards process, the remainder was undertaken by the 
AWM SC, then the fi nal consensus for the Revision of ASCE/
EWRI 44 was conducted before trying to obtain acceptance by 
ANSI. ASCE/EWRI 44-13 has been prepared in accordance with 
the ASCE Standards Writing Manual, August 20, 2010, revision 
with recognized engineering principles and should not be used 
without the user ’ s competent knowledge of the underlying prin-
ciples for a given application. 

 The American Society of Civil Engineers (ASCE) recognizes 
the work of the Atmospheric Water Management Standards 
Committee of the Environmental and Water Resources Institute 
(EWRI). The primary authors of this standard were the EWRI 
Atmospheric Water Management Standards Committee ’ s Fog 
Dispersal Ad Hoc Subcommittee members: Thomas P. DeFelice 
(chair), Conrad G. Keyes, Jr., Darin Langerud, and Maurice 
Roos. We also acknowledge the many who contributed their 
comments, reviews, illustrations, and photographs. 

  Thomas P. DeFelice, PhD, ASCE Mem, 
WMA CO, PMP, Maryland    

    The Board of Direction approved revisions to the ASCE Rules 
for Standards Committees to govern the writing and maintenance 
of standards developed by ASCE. All such standards are devel-
oped by a consensus standards process managed by the ASCE 
Codes and Standards Committee. The consensus process includes 
balloting by a balanced standards committee and reviewing 
during a public comment period. All standards are updated or 
reaffi rmed by the same process every fi ve years if at all possible. 
Requests for formal interpretations shall be processed in accor-
dance with Section 7 of ASCE Rules for Standards Committees, 
which are available at  www.asce.org . Errata, addenda, supple-
ments, and interpretations, if any, for this standard can also be 
found at  www.asce.org . 

 This standard has been prepared in accordance with recog-
nized engineering principles and should not be used without the 
user ’ s competent knowledge for a given application. The publi-
cation of this standard by ASCE is not intended to warrant that 
the information contained therein is suitable for any general or 
specifi c use, and ASCE takes no position respecting the validity 
of patent rights. Users are advised that the determination of 
patent rights or risk of infringement is entirely their own 
responsibility. 

 This standard, ASCE/EWRI 44-13, is a combination of ASCE/
EWRI 44-05 and its supplement. The supplement covered 
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Standard Practice for the Design and Operation of Supercooled Fog Dispersal Projects 1

    CHAPTER 1.0 

  INTRODUCTION  

populations. Fog clearing in open-pit mines can allow the safe 
resumption of mining operations that were suspended due to 
decreased visibility (ASCE/EWRI  2005 ). 

 Ice fogs are a special case and are slower to dissipate than 
supercooled fogs because they are composed mostly of tiny ice 
crystals and they generally form at air temperatures below about 
243 °K ( − 30 °C) (e.g., Huffman and Ohtake  1971 ). Ice fog dis-
persal is fundamentally different from the dispersal of super-
cooled fogs and may be more appropriately labeled  ice fog 
suppression . Ice crystals predominate and form by  heteroge-
neous nucleation  and, in some instances, by  homogeneous nucle-
ation . Ice fogs are primarily caused by unnatural sources of 
water vapor, which may include automobile and aircraft exhaust, 
exhaust from utility plants, and open water, such as cooling 
ponds (ASCE/EWRI  2005 ). Benson  (1969)  indicated that 
decreasing the ambient temperature of these moisture sources 
did improve visibility. Most attempts to disperse ice fogs have 
included electric fi elds, dehydrators of various types (e.g., gas, 
furnace, automobile), air movement by helicopters, polyethylene 
rafts, plastic fi lms (e.g., polyethylene), injection wells, cooling 
towers, and chemical fi lms (e.g., hexadeconal, ethylene glycol 
monobutyl ether). Presently, the standard technique used to sup-
press ice fog caused by exposed water sources employs a thin 
ethylene glycol monobutyl ether fi lm. This fi lm is harmless to 
marine life (it is biodegradable) and lasts much longer than 
other fi lms, but it is less effective in suppressing ice fog than 
hexadeconal fi lm (ASCE/EWRI  2005 ). McFadden  (1976)  and 
McFadden and Collins  (1978)  provide details of these tech-
niques. Ice fog suppression techniques will not be discussed in 
this document. The focus of this standard is on the dispersal of 
supercooled fog. 

  1.1     HISTORICAL REVIEW OF SUPERCOOLED FOG 
DISPERSAL OPERATIONS 

 Supercooled fog is colloidally stable but is otherwise in a ther-
modynamically metastable state (e.g., Silverman and Weinstein 
 1974 ). Thus, supercooled fog can be dissipated by growth and 
sedimentation of ice crystals. Seeding supercooled fog with ice-
forming particles ( nuclei ) may yield visibility improvements of 
at least 1.6 km (1 mi) within 15 min following seeding (Fig.  1-1 ). 
The results are so repeatable that randomized statistical verifi ca-
tion is generally considered unnecessary. As a result, super-
cooled fog dispersal has been operational since 1950 in the 
United States and since 1952 in Russia. The most frequent loca-
tions of these operations are at airports. Suitable seeding tech-
niques are primarily dependent upon wind, temperature, and the 
supercooled liquid water amount. Some involve the introduction 
of artifi cial ice nuclei into the air from either ground-based or 
airborne delivery systems. Other techniques employ liquid 
carbon dioxide, nitrogen, or propane to disperse fogs. Liquid 

       Fogs can pose a signifi cant threat to public safety and quality 
of life in the air, on land, and at sea. For example, the luxury 
liner  Andrea Doria  collided with the  Stockholm  in fog off New 
York and sank on its 1956 maiden voyage. Fifty-one people 
died and millions of dollars in property were lost (Silverman 
and Weinstein  1974 ). An airliner (Flight VD8387) overran the 
runway in heavy fog after landing in Yichun, in northeastern 
China, killing 43 passengers on August 24, 2010. Extended 
periods of fog can have large economic impacts on the avia-
tion, tourism, transportation, and mining industries (ASCE/
EWRI  2005 ). For example, in the early 1970s one fog at one 
U.S. airport caused an estimated $100,000 loss of revenue due 
to aircraft diversions, delays, and cancellations (Silverman and 
Weinstein  1974 ). The total annual weather impact on U.S. avia-
tion is an estimated $3 billion for accident damage and injuries, 
delays, and unexpected operating costs, and weather is a 
primary contributing factor in 23% of all aviation accidents 
(Kulsea  2002 ). 

 Although extended foggy periods can have negative impacts 
on agriculture and the mental health of the general public, there 
are some situations in which fog is benefi cial, such as where fog 
water is collected for drinking water in arid regions (e.g., Sche-
menauer  1998 ), and where fog supplies some of the necessary 
moisture to vegetation. For example, fog supplies needed mois-
ture to the northern California redwood trees during the summer 
dry season (e.g., Schemenauer  1998 ). Another example is the 
notorious winter fog in the San Joaquin Valley of California, 
which provides an important portion of the winter dormancy 
requirements of many deciduous orchard crops in the region. The 
San Joaquin valley fogs are also known as “tule” fogs and are 
in the category of “warm fogs” that are not normally super-
cooled, as their temperatures are often just above freezing 
(ASCE/EWRI  2005 ). 

 The harmful effects on transportation alone have been suffi -
cient justifi cation for attempts to modify or disperse fogs. Sil-
verman and Weinstein  (1974)  note that fog was the subject of 
the fi rst scientifi cally designed weather modifi cation effort of 
any kind. This may partially explain why supercooled fog dis-
persal is perhaps the only weather-modifi cation technology 
that does not require long experimentation and careful mea-
surement to detect results, because results are both visible and 
nearly instantaneous. The most frequently cited goal of any 
supercooled fog dispersal project is to increase visibility. An 
increase in the local temperature can be a by-product of the 
clearing activities. Fog dispersal operations reduce the threat to 
public safety by increasing the visibility over highways and 
airport runways. Dispersing fog to increase visibility, espe-
cially at airports, has tremendous economic value—particu-
larly at the local level—as transportation returns to normal 
levels. Additional sunshine resulting from fog dispersal opera-
tions can often improve the quality of life for specifi c 
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2 STANDARDS 44-13

nitrogen is used in ground-based systems at a few airports in 
some countries. 

  Fog-clearing operations are required under U.S. law to be 
reported to the National Oceanic and Atmospheric Administra-
tion (NOAA). However, it would appear that some supercooled 
fog dispersal projects may not be reported to NOAA. For 
example, there were nine fog dispersal activities reported during 
1973 (Charak  1981 ), whereas there were three each year between 
1991 and 1993 according to Blackmore  (1992, 1994) , and no fog 
activities were reported to NOAA during 1998. These numbers 
do not necessarily refl ect a sharp reduction of fog dispersal 
activities. Sponsors should periodically publish the results of 
these activities, because knowing about them could improve our 
understanding of fogs and their impacts on society and the 
environment. 

 The remainder of this document includes capability state-
ments for fog dispersal and an abridged version of the physics 
of supercooled fog formation and dispersal, as well as recom-
mendations for planning, organizing, conducting, and evaluating 
a supercooled fog dispersal operation.  

  1.2     THE STATUS OF SUPERCOOLED FOG 
DISPERSAL TECHNOLOGY 

 In 1964 the National Science Board appointed a Special Com-
mission of Weather Modifi cation, chaired by Dr. A. R. Cham-
berlain, which found that “Supercooled fog on the ground can 
be dissipated” (NRC  2003 ). Since then, several policy and/or 
capability statements on the subject of supercooled fog dispersal 
have been created. The following sections summarize the present 
perspectives of the scientifi c establishment on the subject of 
supercooled fog dispersal. 

  1.2.1     American Society of Civil Engineers.     The ASCE Policy 
Statement 275 (ASCE  2012 ) on atmospheric water resources 
management reads:

   The American Society of Civil Engineers (ASCE) supports and 
encourages: 

   •       The protection and prudent development of atmospheric 
water (also known as “weather modifi cation” or “cloud 
seeding”) for benefi cial uses.   

  •       Sustained support for atmospheric water data collection, 
research and operational programs, and the careful 

evaluations of such efforts, including the assessment of 
extra-area and long-term environmental effects.   

  •       Freely disseminating the results and fi ndings of all atmo-
spheric water-management programs and projects to the 
professional community, appropriate water managers and 
to the public.       

 The ASCE Manual of Professional Practice No. 81,  Guide-
lines for Cloud Seeding to Augment Precipitation  (ASCE/EWRI 
 2006 ) offers guidelines that cover general cloud-seeding projects 
and techniques.  

  1.2.2     Weather Modifi cation Association.     The most recent 
excerpts relating to supercooled fog dispersal from the capability 
statement adopted by the Weather Modifi cation Association 
(WMA  2011 ) read:

   The dispersal of shallow, supercooled (colder than 0   °C) fog 
or stratus cloud decks is an established operational 
technology. The effects from dispersing supercooled fog and 
stratus are easily measured and the results highly 
predictable. Hence, randomized statistical verifi cation has 
generally been considered unnecessary.  

  Dispensing ice phase seeding agents, such as dry ice, liquid 
nitrogen, liquid propane, or silver iodide into supercooled 
fog and stratus is effective in improving visibility. Clearings 
established in cloud decks embedded in strong wind fi elds 
fi ll in quickly, unless seeding is nearly continuous. Selection 
of a suitable technique is dependent upon wind, temperature, 
and other factors. Dry ice has commonly been used in 
airborne delivery systems. Liquid carbon dioxide, liquid 
nitrogen, and liquid propane have been used in ground-
based delivery systems at some airports.     

  1.2.3     American Meteorological Society.     Excerpts relating to 
fog clearing from the most recent capability statement adopted 
by the American Meteorological Society,  Planned Weather Mod-
ifi cation through Cloud Seeding  (AMS  2010 ), read:

   In its most common form, specially formulated aerosols or 
very cold materials are dispersed in targeted locations 
within clouds to achieve precipitation enhancement, hail 
damage mitigation, fog clearing, and other intentional 
effects. Cloud seeding techniques have been developed over 
nearly 70 years through experimentation and trials. …  

  FIG. 1-1.      Long rectangular hole cut through a stratus cloud using crushed dry ice at the rate of about 1 kg/km (Schaefer,  1948, 1953 ; 
WMA  1997 ).    
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Standard Practice for the Design and Operation of Supercooled Fog Dispersal Projects 3

  Planned weather modifi cation programs benefi t from a 
comprehensive understanding of the physical processes 
responsible for desired modifi cation effects. Recent improve-
ments in the composition and techniques for dispersion of 
seeding agents, observational technology, numerical cloud 
models, and in physical understanding of cloud processes 
permit ever more detailed design and targeting of planned 
weather modifi cation effects, and more accurate specifi ca-
tion of the range of anticipated responses. …  

  Affects are often immediately evident in simple situations, 
such as when cloud seeding is used to clear supercooled 
fog and low stratus cloud decks. …  

  This statement is considered in force until November 2013 
unless superseded by a new statement issued by the AMS 
Council before this date.     

  1.2.4     World Meteorological Organization.     Excerpts from the 
WMO capability statement on supercooled fog dispersal (WMO 
2010) read as follows:

   The ability to infl uence cloud microstructures has been 
demonstrated in the laboratory, simulated in numerical 
models, and verifi ed through physical measurements in 
some natural systems such as fogs, layer clouds and 
cumulus clouds. …  

  In principle, all types of fog can be dispersed by suffi cient 
heating or mechanical mixing, though such methods are 
often impractical and expensive. … Dispersal of supercooled 
fogs using glaciogenic materials or coolants is well 
established as a reliable technique feasible in certain 
meteorological conditions. …  

  The relative occurrence of cold fogs is geographically and 
seasonally dependent.  

  Cold (supercooled) fog can be dissipated by growth and 
sedimentation of ice crystals. This may be induced with 
high reliability by seeding the fog with artifi cial ice nuclei 
from ground-based or airborne systems. This technique is 
in operational use at several airports and highways where 
there is a relatively high incidence of supercooled fog. 
Suitable techniques are dependent upon wind, temperature 
and other factors. Dry ice has commonly been used in 
airborne systems. Other systems employ rapid expansion of 
compressed gas to cool the air enough to form ice crystals. 
For example, at a few airports and highway locations, 
liquid nitrogen or carbon dioxide is being used in ground-
based systems. A new technique, which has been 
demonstrated in limited trials, makes use of dry ice blasting 
to create ice crystals and promote rapid mixing within the 
fog. …  

  Because the effects of glaciogenic cloud seeding are easily 
measured and the results are highly predictable, randomized 
statistical verifi cation generally has been considered 
unnecessary.  

  Weather modifi cation is sometimes considered by countries 
when there is a need to improve the economy in a particular 
branch of activity (for example, increase in water supply 
for agriculture or power generation) or to reduce the risks 
that may be associated with dangerous events (frosts, fogs, 
etc.). Besides the present uncertainties associated with the 
capability to reach such goals, it is necessary to consider 
the impacts on other activities or population groups.    
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Standard Practice for the Design and Operation of Supercooled Fog Dispersal Projects 5

    CHAPTER 2.0 

  FOG CHARACTERISTICS  

ground, which continues to cool by radiation, is termed  advec-
tion-radiation fog . Fog that forms in moist air that fl ows up 
along a hillside is called  upslope  fog. Fog that forms from the 
mixture of two different air masses, whether or not these differ-
ent air masses are saturated, is typically termed  evaporation-
mixing  fog.  Steam  fog is an example of evaporation-mixing fog 
and may be seen over the thermal ponds at Yellowstone National 
Park, especially during the winter months (e.g., Dennis  1980 ). 
Another example of evaporation-mixing fog could be one ’ s 
breath. 

 The formation of fog was not routinely forecast prior to the 
middle of the twentieth century (Malone  1951 ; Byers  1959 ), but 
there has since been some improvement in this capability (e.g., 
Schemenauer  1998 ). Most of the improvements incorporate the 
use of satellite imagery, radar, and LIDAR data with the more 
traditional parameters (i.e., air temperature, dewpoint, and wind 
fi eld data) used to forecast fogs. The weather data will also be 
useful in identifying the type of fog that may have to be seeded. 
Some numerical weather prediction models developed by the 
National Center for Environmental Prediction (NCEP), such as 
the Estimated Time of Arrival-ETA and Rapid Update Cycle-
RUC (20 km), have more detailed topography and could aid fog 
forecasting. 

  2.1     FOG DROPLET CHARACTERISTICS 

 The formation of fog requires either (1) air cooled to its dew or 
ice point, or (2) water vapor added to a given volume of air until 
that air volume reaches saturation. There are a number of ways 
by which either (1) or (2) can be achieved in nature, such as 
radiative cooling, advection of air over a water body, advection 
of air over a moist or dry surface of a different temperature, and 
evaporation-mixing. Further details are available in, for example, 
Malone  (1951) , Byers  (1959) , ASRC (1973, see Jiusto and Lala); 
Welch and Wielicki  (1986) ; Tonna  (1989) ; Schemenauer and 
Caselles  (1991) ; Houze  (1993) ; Wetzel et al.  (1996) ; Heintzen-
berg et al.  (1998) ; Schemenauer  (1998) ; and Jiusto and Lala, 
personal communication, 1979. 

 Once the vapor begins to condense onto the larger and/or more 
soluble condensation nuclei, fog droplets begin to appear. The 
fog droplets grow until all the available water vapor for growth 
is depleted. The growth (or evaporation) of the fog droplet (or 
ice crystal, depending on the air temperature) is simply gauged 
by the change in droplet mass as a function of time. Small drop-
lets (less than about 100- μ m diameter) are essentially spherical. 
The mass growth of such droplets by water vapor diffusion may 
be expressed as a function of change in droplet diameter (or 
radius). Other droplet-related fog parameters include the number 
density, also commonly referred to as the droplet concentration, 
n d . That is, the number of droplets existing within a unit volume 
(usually a cubic centimeter, 1 cm 3  or 10  − 6  m 3 )] and the fog liquid 

       Whoever undertakes a fog dispersal project must fi rst understand 
what kind of fog they are dealing with and what characteristics 
it possesses. For example, where and when was it formed, and 
what caused it to form (radiative cooling, or did the fog move 
into the area from somewhere else)? Fogs produced at very low 
relative humidities (as low as 87%) typically have numerous fog 
droplets per unit volume (or high fog droplet number concentra-
tions). Furthermore, fogs with high droplet concentrations 
produce low visibilities (e.g., Malone  1951 ) and are also very 
slow to dissipate. 

  Fog  is herein defi ned as a cloud with a base at ground level. 
Fog has had many defi nitions since the mid 1900s. For example, 
fog has been defi ned as a cloud consisting of minute water drop-
lets and/or ice crystals that envelops the observer and restricts 
the horizontal visibility to 1,000 m or less.  Mist , has been defi ned 
as a fog with visibility greater than 1,000 m. The term mist has 
been used in the United States to describe drizzle, although mist 
droplets are actually smaller than drizzle droplets, which are 
smaller than rain droplets and larger than fog drops. Fog has also 
been defi ned as a cloud whose base was at or below the elevation 
of the observer. This has limited application and would not apply 
in the instance where the observer is on a mountain top, engulfed 
in cloud. The mountain-top observers would say they were in 
fog, whereas observers at the base of the mountain would call 
that cloud something else, such as stratocumulus or stratus. Fur-
thermore, older references also mention smoke and haze when 
discussing fog. Consequently, most earlier fog studies began 
with an author ’ s classifi cation of fog, which was usually pre-
sented in terms of causation (i.e., advection-warm air over cold 
land, cold air over a moist surface, radiation, advection-radia-
tion, frontal). Malone  (1951) , Byers  (1959) , and Schemenauer 
 (1998)  provide additional details. 

 There are three basic kinds of fogs: warm fogs, where droplets 
exist in air temperatures warmer than 273 °K (0 °C); supercooled 
fogs, where droplets exist in air temperatures colder than 273 °K 
(0 °C); and ice fogs, where air temperatures are typically colder 
than243 °K ( − 30 °C) (Huffman and Ohtake  1971 ). Ice fogs are 
analogous to dense cirrostratus clouds (Wendler  1969 ) and have 
ice crystal sizes between 2 and 50  μ m at number densities 
between 30 and 700 cm  − 3  (Ohtake and Huffman  1969 ). Approxi-
mately 5% of all fogs in the United States are accompanied by 
subfreezing air temperatures (Changnon  1975 ). 

 Fogs may be further categorized according to the physical 
processes responsible for their formation. A fog produced by 
radiative cooling of the Earth ’ s surface is called a  radiation  or 
 ground  fog. For example, fogs in the Central Valley of Califor-
nia are generally radiation fogs.  Advection  fogs are produced 
from the movement of warm, moist air (as in water vapor-laden 
air) over a surface cold enough to induce condensation above it. 
Fogs along the U.S. west coast are generally advection fogs. 
Advection fog that subsequently moves over relatively colder 
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water content,  w  l , is conventionally expressed as the summation 
of droplet masses, in grams (g) within one cubic meter (m 3 ) (e.g., 
0.5 g·m  − 3 ). The droplet number concentration and droplet diam-
eters contribute directly to the visibility, the parameter most 
often used to evaluate the effectiveness of fog dispersal 
projects. 

 Fogs have characteristic droplet (or ice crystal) number den-
sities and droplet (or ice crystal) sizes depending on the air 
mass, either continental or maritime, in which they form. Fogs 
that form in continental air masses have a tendency to consist of 
high number densities of droplets, whereas fogs that form in 
maritime air masses have low number densities. Fog droplet 
diameters can range between about 1  μ m to about 200  μ m, and 
their number concentrations (or number densities) can range 
between several thousand to about 1/cm 3 . (Note that the average 
diameter of human hair is about 65  μ m, and the size of 1 cm 3  is 
roughly that of a standard sugar cube used for coffee.) The 
droplet (or ice crystal) density, drop (or ice crystal) size and 
number of these that exist within a given volume of a fog are 
used to determine the liquid (or ice) water content of the fog. 
The water content of the fog is an operational parameter that 
should be considered when dispersing a fog. Supercooled fogs 
have liquid water contents that typically range between 0.01 
and 0.5 g·m  − 3  but may occasionally be greater. Pruppacher and 
Klett  (1980) , Rogers and Yau  (1991) , and Young  (1993)  provide 
additional details. 

 Fog dispersal projects use seeding agents to initiate the forma-
tion of ice, a process called  ice nucleation . If freezing results 
from the introduction of non-ice substances, the process is more 
specifi cally termed  heterogeneous nucleation , and the substances 
used are known as  ice-forming   nuclei . The temperature threshold 
at which an ice-forming nucleus triggers nucleation is referred 
to as the  nucleus’ activation temperature . Freezing of super-
cooled water is also possible in the absence of ice-forming nuclei 
if the fog is suffi ciently cooled. Such a process is called  homo-
geneous ice nucleation . The temperature threshold for the homo-
geneous ice nucleation of pure water is 233 °K ( − 40 °C) (e.g., 
Rogers and Yau  1991 ). There are many sources of natural ice 
nuclei, with clay soils perhaps being the most common. These 
natural ice nuclei generally have activation temperatures on the 
order of 261 °K to 252 °K ( − 12 °C to  − 21 °C) (Table  2-1 ), 
although natural ice nucleation rarely occurs at temperatures 
warmer than this range. 

  The seeding agents used to disperse fogs initiate ice forma-
tion through one of four heterogeneous modes: deposition, 
immersion-freezing, condensation-freezing, and contact. Depo-
sition occurs when ice crystals develop as water vapor collects 
directly on ice (or initially on ice-forming nuclei). This ice 
growth occurs at the expense of the surrounding supercooled 
water vapor. An immersion nucleus functions after immersion 
within a cloud droplet, followed by freezing when the droplet 
cools to the nucleus’ activation temperature. Condensation-
freezing nucleation occurs when the nucleus also acts as a 
cloud condensation nucleus, thereby inducing droplet forma-
tion on it when it is placed in a near-saturated environment. Ice 
formation follows as soon as the droplet cools to the nucleus’ 
activation temperature. Contact nucleation results when the 
nucleus collides with a droplet already supercooled to the 
nucleus’ activation temperature. Homogeneous nucleation may 
be induced by seeding with dry ice, which has an equilibrium 
surface temperature of 195 °K ( − 78 °C) (Mason  1981 ; Vonnegut 
 1981 ), or by venting of certain liquefi ed gases (e.g., propane). 
In the case of supercooled fogs, the two most likely modes of 
ice formation are contact and deposition. Additional details of 
ice nucleation may be found in Dennis  (1980) , Pruppacher and 

Klett  (1980) , Götz et al.  (1991) , Rogers and Yau  (1991) , and 
Young  (1993) . 

 Once formed, the ice crystals may grow by continued deposi-
tion, contact with supercooled cloud droplets that immediately 
freeze to the ice crystal (a process called  accretion growth ), and/
or aggregation, wherein ice crystals become tangled with each 
other, building snowfl akes. The ice particles created by seeding 
may therefore grow suffi ciently to precipitate, clearing the fog 
(or at least increasing the visibility within the fog) unless there 

 Table 2-1.      Ice-forming nuclei and their ice crystal nucleation 
threshold temperatures  

Atmospheric Ice Nucleant
Threshold 
Temperature (°K)

Complete 
Activity (°K)

Pure ice 273 273

Dry ice (carbon dioxide) 272

Cholesterol 271 NA  a  

Bacterium (such as  Pseudomonas 
syringae ; bacteria in leaf mold)

270.4 NA

1.5-dihydroxynaphthalene 270 NA

Silver iodide, AgI 269 263

Metaldehyde 268 NA

Lead iodide, PbI 2 267 261

Copper sulfi de, CuS 266 NA

Copper oxide, CuO 266 NA

Vaterite 266 NA

Mercury di-iodide, HgI 2 265 NA

Loam (North Dakota) 265 248

Kaolinite (silicate) 264 NA

Cadmium di-iodide, CdI 2 261 NA

Di-iodine, I 2 261 NA

Clay (Guilderland, NY) 261 248

Volcanic ash (Rogers and Yau  1991 ) 260 NA

Halloysite 260 NA

Vermiculite 258 NA

Soil (Montana and Wyoming) 258 246

Loam (Oakley, KS) 258 241

Cinnabar 257 NA

Loam (Coeur D’Alene, ID) 256 246

Ash (Crater Lake, OR) 256 244

Kyranite (Al 2 SiO 5 ) 254 243

Dust (Phoenix, AZ) 254 243

Marl (Ravena, NY) 254 244

Bentonite (Montana) 252 244

Kaolin (Georgia) 251 241

Ash (Paricutin, Mexico) 250 243

Soil (Nevada) 249 240

Diatoms 243 234

Spores 237 235

    a   NA  =  not available.  
  Data from Schaefer  (1951)  and Rogers and Yau  (1991) .   
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is strong advection of water vapor-laden air to reestablish the 
supercooled fog.  

  2.2     FOG CHARACTERISTICS AS APPLIED TO FOG 
DISPERSAL OPERATIONS 

 A fog dispersal project should not be initiated without knowing 
the physical characteristics of fogs that affect the target area and 
how they form. How a fog forms provides insight into the physi-
cal characteristics of the fog, which, in turn, is useful for select-
ing the dispersal strategy. Physical characteristics include air 
temperature, relative humidity, pressure and wind fi eld in the 
foggy region, predominant water phase, droplet (or ice crystal) 
size and number density, and possibly the chemical composition 
of the fog. The chemical composition could be used to help 
evaluate potential environmental impacts of the fog and its dis-
persal. Fogs produced in air containing high-cloud condensation 
nuclei (CCN) concentrations are dispersed differently than fogs 
produced in air containing low CCN concentrations. Fogs with 
large numbers of droplets typically have relatively low visibili-
ties and are also very slow to dissipate naturally (e.g., Malone 
 1951 ; Tomasi and Tampieri  1976a,b ). These fogs make good 
candidates for successful fog dispersal operations. Fogs form 
under many atmospheric conditions, so the dispersal techniques 
must be selected accordingly. Certain fog dispersal techniques 
have been shown to be effective in clearing supercooled fogs. 

 The goal of most fog dispersal operations is to increase visibil-
ity. Visibility,  V , within a fog is inversely proportional to the 
geometric cross sections of the fog hydrometeors. There is 
usually only a small range of fog hydrometeor sizes. The numbers 
of droplets of any given diameter vary, depending on the avail-
able water vapor, aerosols, and the formation mechanism. 
According to Hess  (1974) , the visibility will be better in a super-
cooled fog composed of small droplets than in one composed of 
large supercooled droplets, with the fog droplet number concen-
tration held constant. Further, for any supercooled fog with a 
given uniform droplet size, visibility will be improved when 
these droplets exist in low concentrations. This dependence on 
droplet size and concentration suggests that the visibility in 
supercooled fog is also inversely related to the supercooled water 
content of a fog with a mean value of droplet diameter,  d . The 
water content,  w  l , is a product of the number density,  n d  , the 
diameter cubed of the hydrometeors, and the density of water. 
The visibility during nighttime depends on the same parameters 
as daytime visibility. It is suggested that one use a commercial 
nighttime visibility measuring device or markers (such as a 
beacon on a tower) that are known distances away from one ’ s 
location, in conjunction with local weather data to determine 
nighttime visibility. Gazzi et al.  (1975a, b)  provide some insights 
into daytime and nighttime visual range determination at 
airports. 

 In certain scenarios, a cloud volume could have equivalent 
liquid water contents and very different droplet sizes, resulting 
in different visibilities (Table  2-2 ). The real importance of Table 
 2-2  is realized when trying to devise a strategy for dispersing a 
fog. The appropriate application of seeding material can change 
the physical characteristics of a fog with  w  l   =  0.02 g·m  − 3 ,  n d    =  
500 cm  − 3 , and  d   =  9.2  μ m into a fog with  w  l   =  0.02 g·m  − 3 ,  n d    =  
50 cm  − 3 , and  d   =  19.7  μ m, leading to a corresponding increase in 
visibility. The method that will most effectively achieve and 
maintain this increase in visibility depends on a number of 
factors, as indicated previously, especially the kind of fog being 
seeded. 

  The target visibility or range of values desired for various 
situations during fog dispersal operations should be agreed upon 

by the sponsor and operator prior to award of contract. In the 
case of an airport operation, the target visibility should be at least 
the minimum established by the responsible aviation authorities 
as being required for takeoffs and landings. Fog clearing opera-
tions should continue until the required minimum visibility (i.e., 
per Federal Aviation Administration [FAA] guidelines) is 
obtained, which allows aircraft to safely land.  

  2.3     SEEDING STRATEGY FOR DISPERSING 
SUPERCOOLED FOG 

 The strategy for clearing supercooled fogs involves increasing 
fog hydrometeor sizes to a point where they are large enough to 
precipitate. Thus, one approach to supercooled fog dispersal 
could be to modify the strategies for precipitation enhancement 
in stratus clouds (e.g., Schaefer  1946a, b, 1948, 1953 ). This is 
also discussed in ASCE/EWRI Standard 42-04,  Standard Prac-
tice for the Design and Operation of Precipitation Augmentation 
Projects  (ASCE  2004 ). The details of the operational implemen-
tation of this strategy will depend upon the wind fi eld, air tem-
perature, fog type, fog thickness, number of cloud layers above 
the fog, and constraints imposed by the operational area and 
possibly by the sponsors. 

 The goal of most supercooled fog dispersal projects can be 
obtained by creating and placing, within the fog, suffi cient ice 
particles that will ultimately fall to the ground faster than super-
cooled fog droplets form over, or advect into, an area. The ice 
particles, or snowfl akes, are most commonly created by placing 
dry ice or liquefi ed propane into the supercooled fog, although 
other glaciogenic seeding agents may be used. 

 Once formed, the ice crystals then grow at the expense of the 
surrounding supercooled water droplets. The idea is to have just 
enough crystals form throughout the entire cloud area such that 
the crystals transform surrounding supercooled water and vapor 
into ice crystals large enough to fall to the ground (Fig.  2-1 ). A 
common rule of thumb for initiating the ice-crystal precipitation 
process is that at least one ice crystal per liter of supercooled 
cloud is required to initiate the precipitation process. 

  Maximum seeding effects occur in supercooled fogs that have 
natural ice crystal concentrations of less than 1 per liter ( < 1 L  − 1 ). 
This allows the introduced ice-forming agents to produce ice 
crystals large enough to precipitate. In the case of a typical radia-
tion fog, it is suggested that the introduced seeding agent produce 
10–50 ice crystals per liter of seeded fog volume (Schaefer 
 1951 ). There is rarely a need to use more than 50 ice crystals 
per liter of seeded volume. The desirable concentrations needed 
to nucleate the maximum amount of water to optimize the fog 
dispersal activity depend on the air temperature, fog-forming 

 Table 2-2.      How a given water content,  w  l , could be associated 
with different horizontal visibility values  

 w  l   a   n d   d  V   b  

(g·m  − 3 ) (cm  − 3 ) ( μ m) (m)

0.02 50 19.7 324
0.02 100 15.65 257
0.02 500 9.2 149
0.02 1000 7.25 120

    a    w  l   ≡  ( ∏ /6) *  ρ  l  *  n d   * ( d ) 3  where  ρ  l   =  density of water; and  n d    =  number 
density of droplets with mean volumetric diameter,  d , with  ρ  l   =  1 g·cm  − 3 .  
   b    V   =   A /(4  d  2 )  ∝   d  /  w  l , where  V   =  distance at which a black target can just 
be detected against a horizon sky with a contrast threshold of 2%;  d   =  mean 
droplet diameter;  A  is given by 3.9/[pi *  n d   *  K ];  n d    =  droplet concentration; 
 K   =  scattering effi ciency factor (typically 2 for droplets); and  ∝  denotes “is 
proportional to.”   
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mechanism, fog microstructure, location and timing of applica-
tion, and the time available for clearing. The effect of tempera-
ture on ice-forming nuclei activation is shown in Table  2-2 , but 
temperature may also play a role in the duration of fog (e.g., 
George  1951 ). Natural materials commonly act as ice-forming 
agents at temperatures between 265 °K ( − 8 °C) and 234 °K 
( − 39 °C). Thus, supercooled fogs with such air temperatures 
might not react well to seeding operations if there are already 
suffi cient natural nuclei present. There are typically insuffi cient 
numbers of natural ice nucleants capable of activating the ice 
phase to disperse the fog in air with temperatures warmer than 
-14 °C. It is imperative to remember that the latter is very depen-
dent on localized conditions. 

 Vickers and Church  (1966)  conducted some experiments in 
supercooled clouds to determine the seeding rate that achieved 
optimal clearing using dry ice pellets. The clouds had thick-
nesses of approximately 370 m (1,200 ft) with ambient tempera-
tures of 270 °K ( − 3 °C) or colder. Positive results were obtained 
by applying 1.7  ±  0.1 kg/km of 1-cm 3  pellets with 0.6 g·cm  − 3  
density. Cloud response doubled when they seeded at a rate of 
0.85 kg/km of 1-cm 3  pellets with 0.6 g·cm  − 3  density, all other 
conditions being the same. In contrast, clouds failed to respond 
when they used 0.4 kg/km of 1-cm 3  pellets with 0.6 g·cm  − 3  
density. Mobile dry ice and silver iodide delivery systems have 
also been used to disperse fogs with thickness of less than 213 m 
(700 ft).     

  FIG. 2-1.      Size versus fall velocity for various hydrometeors; 
“stellars” are star-shaped hexagonal ice crystals. Adapted 

from Schaefer and Day  (1981) .    
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    CHAPTER 3.0 

  THE DESIGN OF SUPERCOOLED FOG DISPERSAL PROJECTS  

   Operational area:  The operational area (dotted oval) contains 
the target area and any surrounding upwind areas employed 
for treatment in order that the effect from seeding covers 
the target area.  

   Control area(s):  Control areas (solid ovals) may not be neces-
sary for fog dispersal projects, especially because the results 
of seeding are readily visible upon application. Nonethe-
less, control areas are still a good idea in fog dispersal 
projects for documenting the naturally changing physical 
characteristics of the fog being dispersed.  

   Project Area:  The area containing all of the equipment used 
for operations and evaluation or assessment by the contrac-
tors and/or sponsors.      

  3.1.2     Initial Design Considerations.     A project plan should 
consider:

   •     Where fog clearing is needed;  
  •      When during the year [e.g., month(s), season] should the 

project be operated;  
  •      The meteorology (climatology) for this period;  
  •      The characteristics of the fogs to be treated;  
  •      The treatment method to be utilized;  
  •      How the operations will be conducted;  
  •      The project decision-making infrastructure;  
  •      How project effi cacy will be evaluated;  
  •      Applicable cloud seeding regulations, if any;  
  •      If the project is at the airport, that airport ’ s security policies 

and requirements; and  
  •      Possible suspension criteria.    

 It is highly recommended that all options be considered and 
evaluated from an economic viewpoint before a fi nal decision is 
reached to implement a project.   

  3.2     DELIVERY METHODS 

 The placement of seeding agents in fog is important for effective 
fog dispersal. One has to decide where, when, how, and how 
much seeding material should be placed in the fog to maximize 
the longevity of its dispersal. Important considerations include:

   •      Where, relative to fog top, the placement of seeding mate-
rial would yield the desired operational result, and  

  •      Time factors, including how quickly a desired level of 
effect is needed, how long does the effect need to be main-
tained, and what is a reasonable estimate of the duration of 
typical events.    

 The answers depend on fog depth, air temperature, fog 
type, wind fi eld (both speed and direction), the seeding agent 
chosen, and the desires of the sponsor and/or stakeholders. Fog 
dispersal involves intervening in the microphysical and/or 

       Once supercooled fogs are recognized by a sponsoring entity as 
causing a problem and a decision is made to sponsor a fog dis-
persal effort, the next step is to determine the scope of a project 
to disperse the fog and produce a suitable project design. A suit-
able project design document includes the project scope, deliv-
ery methods, seeding agent selection, targeting and delivery 
considerations, experience and training required, seeding sus-
pension criteria, and legal, environmental, and social consider-
ations. The following serves as an example of a suitable fog 
dispersal project design. 

  3.1     PROJECT SCOPE 

 The fog dispersal project scope is generally determined by the 
primary goal of the project, such as to clear fog at a specifi c 
airport. This immediately defi nes the geographical area of inter-
est, and a detailed analysis of all relevant information then 
follows. The analysis should include the geography and topog-
raphy of the area, the physical characteristics of the fogs them-
selves, and the weather conditions that typically prevail when 
the problematic fogs form and persist. Examination of these 
factors, in turn, leads to consideration of possible targeting and 
delivery methods, which culminates in the development of oper-
ational procedures and an evaluation plan (Section 5). 

  3.1.1     Basic Project Area Concepts.     Fog dispersal operations 
do not require the extensive project area designs used in precipi-
tation enhancement (ASCE  2004 ) and hail suppression opera-
tions (EWRI/ASCE  2003 ). Nonetheless, the following briefl y 
describes the relevant concepts of a fog dispersal operation using 
the terms employed in precipitation augmentation and hail sup-
pression operations, as shown in Fig.  3-1 . The actual orientation 
and shape of each zone shown in Fig.  3-1  should be a function 
of the target area shape, wind speed and direction roses during 
supercooled fog events, topography, and local conditions. For 
example, the operational area would approach the size of the 
target area as the wind speed becomes calm.

    Target area:  The target area (solid-line, fi ve-sided shape) is 
the area where the objective is to clear the fog or to increase 
the visibility to a distance that is suitable for the sponsor to 
conduct their restricted operations in that area. In the case 
of an airport, the target area commonly encompasses the 
runway plus 3–6 km (2–4 miles) on each end. Equipment 
and instrumentation may be deployed within this area to 
gather data, monitor the operation, or seed radiation fogs, 
because these are typically accompanied by relatively calm 
winds. Fogs accompanied by winds, such as advection fogs, 
could require data gathering, monitoring, or seeding that 
extends from the area covered for the radiation fog to 
upwind of the target area, depending on the meteorological 
conditions and other project scope considerations.  
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10 STANDARDS 44-13

  FIG. 3-1.      Terms related to project area and dispersal 
operations for advection fogs.    

Target
area                                

Control
area

Prevailing
wind

direction

Control
area

Operational area

  FIG. 3-2.      The air space typically cleared during airport fog dispersal operations. The dimensions are derived from the typical 
dimensions (in meters) provided by Silverman and Weinstein  (1974) . The thick dashed arrow represents the path of the airplane.    
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dynamic development of typically nonconvective clouds in order 
to initiate their precipitation process. Consequently, some of the 
delivery methods and seeding agents discussed in this section 
may be similar to those in precipitation augmentation manuals 
(Griffi th et al.  1995 ; ASCE  2004 ; ASCE/EWRI  2006 ). 

 There are a number of appropriate delivery choices available 
for both airborne and ground-based delivery systems. The 
equipment necessary for a suitable stationary ground-based 
delivery system can be considerably more expensive than for 
aircraft or mobile ground-based seeding. This is especially true 
early in a project ’ s history, because there are generally multi-
ple, permanent devices that need to be installed. Mobile 
ground-based supercooled fog dispersal systems are very cost-
effective. Ground-based systems are often very effective when 
used to disperse rather shallow fogs (i.e., less than 700 m 
[2,300 ft] in depth), whereas they are less effective in dispers-
ing fogs greater than 700 m thick. However, it should be noted 
that it would seldom, if ever, be necessary to totally disperse 
such a deep fog through its entire depth. Dennis  (1980)  pro-
vides additional details in support of the 700-m limit. 

 Fog dispersal operations are conducted most effi ciently when 
natural processes, such as turbulent diffusion, help spread the 
seeding material. The process of turbulent diffusion spreads the 
seeding agent or ice crystals in three dimensions throughout 
the fog. This process is sometimes limited by the fact that fog 
forms in stable air. If an aircraft drops dry-ice-forming curtains 
of ice crystals, diffusion only has to spread the ice crystals in 
one direction. For example, a typical airborne supercooled 
fog clearing operation at an airport has its aircraft dispense 
approximately 1 or 2 kg·km  − 1  of dry ice sized to just reach the 
ground when released from 500 m above the ground. Each air-
craft pass dispenses dry ice parallel to and 45–60 min upwind of 
the runway to be cleared. This creates an ice crystal curtain that 
drifts downwind while spreading due to turbulent diffusion. 

Each pass is repeated frequently enough so that the resulting ice 
curtains are about 1 km (0.6 mi) apart. This helps to minimize 
the refi lling of air over the runway due to turbulent mixing with 
untreated air. Assuming a line contains an infi nite number of 
point sources, with a typical stability class of A or B (Pasquill 
 1962 ) and a wind speed between 1 and 2 m·s  − 1 , then the vertical 
dispersion (or depth) of the seed plume would reach about 
700 m (0.4 mi) at a location 3 km (1.9 mi) downwind. This same 
natural process is of limited help during calm conditions. These 
situations require the aircraft to spread suffi cient seeding mate-
rial to treat the target area and to repeat this treatment as often 
as needed. 

 A point seeding source on the ground requires turbulent dif-
fusion to spread the ice crystals or the nuclei themselves both 
vertically and horizontally. Mobile ground-based delivery 
systems, dispensing either dry ice or silver iodide, are employed 
most effectively when the fog thickness is shallow and, in the 
case of silver iodide, when air temperatures are below 269 °K 
( − 4 °C). Most supercooled fogs are often only slightly below 
freezing temperatures (i.e., approximately 271 °K to 268 °K ( − 2 
to  − 5 °C). This means the best seeding agents are those that 
operate effectively at these slightly supercooled temperatures 
(i.e., approximately 271 °K to 268 °K). Silver iodide is seldom 
used in supercooled fog suppression operations, because its acti-
vation threshold is near 269 °K ( − 4 °C), with increasing activity 
at colder temperatures. 

  3.2.1     Airborne Programs.     Assuming the fog is thick enough 
to warrant the use of aircraft, consideration should be given to 
the fl ight path and speed of the aircraft during seeding, the 
seeding agent, and what equipment to use. 

 The typical airport clearing fl ight path encompasses the 
runway plus up to 3–6 km (2–4 mi) on each end (Fig.  3-2 ), 
depending on the meteorological conditions (particularly the 
wind fi eld) and air traffi c control. These dimensions will vary 
depending on the spatial extent of the actual fog, runway size, 
and program scope, as well as criteria determined by the Federal 
Aviation Administration (FAA) or similar authorities. For 
example, at FAA-controlled airports, a Category I landing system 
requires a minimum visibility of 732 m (2,400 ft) and a decision 
height of 61 m (200 ft). A Category II landing system requires a 
minimum visibility of 305 m (1,000 ft) and a decision height of 
about 31 m (100 ft). Category III landing systems do not have a 
decision height specifi cation but require 213 m (700 ft) for Sub-
category IIIa, 46 m (150 ft) for Subcategory IIIb, and 0 m for 
Subcategory IIIc (Silverman and Weinstein  1974 ). Other possi-
ble fl ight paths, such as the racetrack pattern (Fig.  3-3 a) and the 
raster pattern (Fig.  3-3 b), can be used. The racetrack pattern 
typically extends just beyond the runway dimensions. A race-
track pattern works best in radiation fog situations (e.g., no wind 
fl ow). The spacing between the seed lines of the raster pattern is 
typically 1 km (0.6 mi) (Dennis  1980 ). 
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  FIG. 3-3.      Two possible fl ight paths for clearing supercooled 
fog decks; (a) the racetrack pattern, (b) the raster pattern.    
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   Airborne fog dispersal programs favor dry ice or liquefi ed 
propane, although silver iodide generators or burn-in-place fl ares 
can be used if air temperatures are cold enough.  We do not rec-
ommend the use of ejectable fl ares when dispersing fogs with 
thicknesses under 1   km (0.6   mi) . This is founded on common 
sense, but such use generally violates safety and ceiling height 
regulations administered by the FAA. The FAA can provide 
waivers for altitude restrictions during airborne fog dispersal 
operations. Three reasons for the preferred use of dry ice to 
disperse supercooled fog are: (1) the warmer ice nucleation 
threshold (refer to Table 2-1), (2) dry ice or liquefi ed gases cover 
a greater vertical extent than the seeding agent from the silver 
iodide generators or burn-in-place-fl ares, and (3) operational 
fl exibility. Dry ice pellets have a fi xed fall distance that depends 
on the air temperature, wind fi eld, and their size (Vickers and 
Church  1966 ). They are slow to sublimate, and typical, com-
mercially available sizes easily fall 1 km (0.6 mi). Thus, if the 
seeded fogs are shallower than 1 km (0.6 mi) and dry ice is used 
to disperse them, the dry ice pellet sizes should be reduced in a 
roughly inverse linear manner. That is, a half-sized commercial 
dry ice pellet will fall approximately 500 m (0.3 mi). The dry ice 
must be loaded and handled with some care but requires minimal 
preparation compared with some alternatives. Details on some 
of the equipment used in seeding operations can be found in the 
 ASCE Manual of Professional Practice No. 81  (Griffi th et al. 
 1995 ; ASCE/EWRI  2006 ). 

 Fog dispersal operations should be conducted using a twin-
engine aircraft certifi ed for fl ight in known icing conditions. The 
aircraft must have an experienced pilot in addition to adequate 
navigation equipment, and it must equipped with the appropriate 
seeding equipment to conduct the operation from within or 
above the fog deck. Two engines will help ensure safety. A 
single-engine aircraft is not advisable for safety reasons: If it 
loses its engine, a safe landing could be diffi cult. Nonetheless, 
aircraft types should be determined after careful consideration 
of all operational factors, including the maximum fog thickness 
in the area chosen for seeding, the areal extent of the operational 
area, and the availability of suitable alternate airports.  

  3.2.2     Ground-Based Programs.     Liquefi ed propane, nitro gen, or 
carbon dioxide ground-generating systems, or mobile dry ice 
platforms, are particularly attractive for airports located in 
mountainous regions of the western United States where air-
borne seeding methods might not be practical. Mobile silver-
iodide delivery systems have also been used to disperse shallow 
fogs [thicknesses less than 700 m (0.4 mi)] when typical air tem-
peratures were at or below 268 °K ( − 5 °C). 

 The number and position of the generators within a network 
should be determined by considering at least the following 
factors:

   •      The characteristics of the emission, the type of generators, 
and the seeding agent;  

  •      The background concentration of naturally occurring ice-
forming nuclei in the target area; and  

  •      The meteorological characteristics during conditions con-
ducive to the formation and/or advection of fog in/into the 
target area and how they relate to dissipation efforts.    

 Ground dispensers should be situated to ensure that the wind 
and any natural turbulence will carry the seeding material in the 
desired directions and assist in its dispersion on its way to and 
across the target area. Generator networks can be designed and 
used with the aid of a computerized dispersion model. That will 
allow visualizing the seeding agent trajectory to optimize opera-
tions. This technique can also be used if the ground platforms 
are mobile. 

 The liquid propane dispenser used by the Paris Airport Author-
ity at Orly Airport, France since 1964, dispenses up to 38 L 
(10 gal.) of propane per hour at an operating cost of $20/h in 
1970. The Orly Airport had 60 such dispensers, four near the 
airport for calm winds, and the rest placed at various distances 
upwind along the most common wind directions. The U.S. Air 
Force Weather Agency at Fairchild Air Force Base near Spokane, 
Washington, also had a similar system. Silverman and Weinstein 
 (1974)  provide some additional details. (See ASCE/EWRI 
44-05)   

  3.3     SEEDING AGENT SELECTION 

 The materials placed within a targeted fog are known as  fog 
seeding agents , and they may be dispensed via ground or air-
borne delivery systems. The two most common supercooled fog 
dispersal seeding agents are dry ice and liquefi ed glaciogenics, 
such as propane. Silver iodide is not commonly used to disperse 
supercooled fog, even though it is frequently used in the conduct 
of precipitation enhancement programs. The differences in how 
dry ice and liquefi ed glaciogenics create ice crystals are dis-
cussed in the following subsections. There are a variety of lique-
fi ed glaciogenics (e.g., propane, carbon dioxide, nitrogen) that 
are capable of creating ice crystals in supercooled fog clearing 
operations. 

 Pyrotechnic formulations are available that produce effective 
hygroscopic nuclei, but their effective use in supercooled fog 
dispersal operations is unproven. The hygroscopic fl are offers 
the benefi t of relatively low production costs. When used with 
an airborne platform, there are essentially no corrosion problems 
and a signifi cantly reduced need for expensive pressurized air-
craft. Hygroscopic agents become liquid by “absorbing” water 
vapor from the air (i.e. deliquesce) at relative humidity values 
signifi cantly less than 100%. Salts within pyrotechnic fl ares are 
generally used for enhancing the precipitation process in warm 
clouds. Finnegan and Pitter  (1997)  discuss a mechanism that 
provides a basis for why such formulations might be effective 
in supercooled fog dispersal. 

  3.3.1     Dry Ice, Liquid Propane, and Liquid Nitrogen.    
 Dry ice (Fig.  3-4 ) rapidly transforms vapor into ice crystals 
(Schaefer  1946a, b ; Vonnegut  1981 ), which then grow at the 
expense of the surrounding supercooled droplets. Any transfor-
mation of preexisting fog droplets directly into the ice phase is 
a secondary effect compared to the conversion of water vapor 
into ice crystals (Vonnegut  1981 ). Dry ice does not work 
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12 STANDARDS 44-13

  FIG. 3-4.      Dry ice pellets, in protruded form, used in airborne 
dry ice fog dispersal operations. Length of ruler is 6 inches.    

  FIG. 3-5.      Example of propane dispenser. (Photo courtesy of J. Heimbach).    

consistently at air temperatures warmer than about 272 °K to 
271 °K ( − 1 °C to  − 2 °C). Dry ice should be used when air tem-
peratures accompanying the fog being treated are between 
271 °K ( − 2 °C) and about 263 °K ( − 10 °C). Dry ice is normally 
dispensed from aircraft. Dry ice can be obtained in pelletized 
form, as pictured in Fig.  3-4 . This form is more convenient to 
use than obtaining dry ice in blocks or sheets and then breaking 
or sawing it into smaller sizes either on the ground or crushing 
it onboard the seeding aircraft. Dry ice is diffi cult to store 
because it continually sublimates. Consequently, supplies of dry 
ice must be continually replenished during periods when super-
cooled fog is forecast to occur. 

  Dry ice produces on the order of 10 11  to 10 12  ice crystals per 
gram of dry ice dispensed, and this production may be dependent 
on temperature in the range from 272 °K ( − 1 °C) to 262 °K 
( − 11 °C) (Holroyd et al.  1978 ; Horn et al.  1983 ). Dry ice has the 
advantage of being a natural substance (frozen carbon dioxide), 
being very effective at temperatures only slightly colder than 
0 °C, generating ice crystals nearly instantaneously, producing 

ice crystal numbers almost independent of air temperature, and 
being relatively inexpensive. 

 Liquid carbon dioxide, liquid propane (Fig.  3-5 ), and liquid 
nitrogen produce ice crystals in a small, cone-shaped zone of 
extremely low temperatures that is produced when one of these 
liquefi ed, pressurized gases is vented into the air. They produce 
nearly the same number of ice crystals per gram as does dry ice 
(Kumai  1982 ), but they can also be dispensed from the ground. 
Liquid propane is not dispensed from an aircraft because it is 
fl ammable. Liquid nitrogen has been dispensed from aircraft. 
The U.S. Air Force has used ground-based liquid propane to 
clear supercooled fog from military airports for more than 20 
years (Griffi th et al.  1995 ). The possibility of fl ammability does 
exist with liquid propane dispenser systems and, as a result, 
these systems should be completely surrounded by a fence. The 
propane odor could be a nuisance factor and a possible concern 
from the public. “Unstenched” propane is commercially avail-
able and is used by the military, including at the Fairchild Air 
Force Base, but make sure you are able to secure it in the area 
near your operation.   

  3.3.2     Quality Control of Seeding Agents.     Program planners 
will normally purchase their own seeding agents from commer-
cial suppliers. The following should be considered:

   1.      The quality of the seeding agents used;  
  2.      The ingredients (active and inactive with respect to ice 

nucleation) of all seeding agents, including fl ares, should 
be specifi ed along with their quality and concentration; and  

  3.      Material Safety Data Sheets (MSDS) must accompany all 
materials, whether in raw form or ready to use. Dry ice 
pellets must be of consistent sizes, and transported and 
stored in containers that minimize sublimation and limit 
the development of water ice within the dry ice.      

  3.4     TARGETING AND DELIVERY CONSIDERATIONS 

 The consistent proper placement of seeding agent(s) in both time 
and space is defi ned as  targeting  and is absolutely essential to 
produce the desired results. Targeting is one of the more diffi cult 
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tasks in any cloud seeding program. Fog dispersal operations 
may have signifi cant targeting concerns, especially when turbu-
lence and vertical wind shear are present. Turbulence and verti-
cal wind shear are a concern when seeding advection fog. Thus, 
the choice of seeding agent may determine the choice of delivery 
system. Keep in mind that the volume of air that one is attempt-
ing to keep clear is on the order of 10 7  m 3 . 

 Turbulence and vertical wind shear help mix seeding agents 
into and within treated fogs. Most fogs form in stable atmo-
spheres, so the vertical transport of seeding agents released from 
the surface is not aided by convective mixing. Turbulent mixing 
near the surface increases the depth (height) to which the seeding 
agent may be mixed. Hence, shallow fogs are best targeted by 
ground-based seeding methods. However, because the upper 
portion of the fog remains unaffected, solar radiation that might 
help keep the fog from reforming cannot reach the ground. 
Deeper fogs can be seeded from above to ensure that the full 
depth of the fog bank is treated. Ground releases in deeper fogs 
may be effective when it is necessary to increase the visibilities 
in the landing zone of the airport above some minimum values, 
as discussed in Section 3.2, and not to clear the entire fog. If the 
upper portions of the deeper fog decks are effectively targeted 
via aircraft seeding, the resulting ice crystals may “sweep out” 
unfrozen fog droplets below as they fall to the surface, effec-
tively clearing the lower portion of the fog as well. 

 Predictions of how seeded volumes of foggy air will be 
advected over the target area are also important, since this will 
determine where treatment must take place in order for it to be 
effective. Vertical wind shear affects the trajectory of ground-
based and airborne-released seeding agents, as well as any pre-
cipitation that may result from seeding. For example, consider a 
300-m (1,000 ft)-thick supercooled fog that will be dispersed 
over an airport runway using an airborne dry ice delivery system. 
The aircraft drops a curtain of ice crystals with 5  ×  10 8  crystals 
m  − 2 , seeding at a rate of 1 kg · km  − 1  perpendicular to a mean wind 
fi eld of 1 m·s  − 1  and extending 1 to 2 km (0.6 to 1.2 mi) beyond 
each edge of the runway. The aircraft travels at 50 m·s  − 1 , and the 
runway is approximately 2,700 m (1.7 mi) long. This curtain is 
predicted to reach the airport runway in 3,000 s. Its width will 
spread (in both directions) at an approximate rate of 1 to 2 m·s  − 1  
and will become approximately 1 km (0.6 mi) wide over the 
runway, assuming reasonable values of turbulence (Dennis 
 1980 ). The ice crystal concentration will decrease to about 100/L 
due to turbulent spreading, aggregation, and fallout just prior to 
reaching the runway. A few of these ice crystals will grow to 
snowfl ake sizes and fall to the ground in 10–20 min after the 
aircraft drop, while the smaller ice crystals continue growing 
until they, too, fall out. The ice crystal concentrations should be 
near 2,000/L, slightly higher at the center, within 10 min of the 
drop, and practically all of the supercooled water would be 
removed within the extent of the curtain due to evaporation and 
accretion growth (Dennis  1980 ). 

 Returning to the example, as the seed plane turns around to 
head back to its origin point, clearing should be evident. 
However, seeding cannot cease, because turbulent mixing with 
untreated air could cause the cleared fog to fi ll in within 
50–100 min after the dry ice drop. Thus, in order to disperse the 
fog over the runway, the seeding lines should be dropped con-
tinuously about 50 min upwind of the runway and be repeated 
frequently enough so that the resulting curtain centerlines are 
about 1 km (0.6 mi) apart. The frequency depends upon the 
mean wind speed in the fog deck, how fast the seed aircraft 
travels while dropping the dry ice, the visibility requirement at 
the runway, and for how long the visibility requirement needs to 
be maintained. 

 An aircraft drops 2–4 kg·km  − 1  of dry ice on seeding passes that 
take place about 45–60 min upwind of the target area in a pattern 
that usually consists of 5 to 30 parallel lines, spaced between 
800 and 2,400 m (0.5 and 1.5 mi) apart during a typical super-
cooled fog clearing operation. These passes typically range 
from 8–10 km (5–6 mi) long. A mobile liquifi ed, glaciogenic, 
ground-based delivery system can accomplish similar results by 
driving back and forth along a road parallel to the runway to be 
cleared (assuming that there are roads available at the right dis-
tances upwind, which will allow this type of seeding to be done). 
See Silverman and Weinstein  (1974)  and Dennis  (1980)  for 
additional details. A typical fog dispersal operation could require 
about 500 kg (1,340 lb) of dry ice, cost approximately $80,000 
(winter 1969–1970), and save more than $900,000 in airline 
operating expenses (Silverman and Weinstein  1974 ). (See ASCE/
EWRI 44-05)  

  3.5     EXPERIENCE AND TRAINING 

 Operational fog dispersal personnel require special knowledge 
and skills. National, state, and local regulations should be con-
sulted to determine whether personnel in control of operations 
are required to be certifi ed “weather modifi cation operators or 
managers,” as defi ned by such organizations as the Weather 
Modifi cation Association (WMA  2003 ). Some U.S. states have 
such requirements. If a particular government agency does 
require certifi cation, the regulatory entity should be contacted 
for the specifi cs of the requirements. The Weather Modifi cation 
Association may be able to furnish information on such regula-
tions. Some of the required skills are discussed following. Cer-
tifi cation demonstrates a proven level of competence and ensures 
that the fi eld personnel have the special knowledge and skills 
required to perform successful fog dispersal operations.  

  3.6     SEEDING SUSPENSION CRITERIA 

 Suspension criteria are developed to protect the physical and 
economic well-being of the project area or to prevent damage to 
the environment. Their fundamental scope is to reassure the 
public that the weather modifi cation project is properly run in 
such a way that these criteria spell out adequate safeguards 
designed to avoid, insofar as possible, damage to public health, 
safety, or welfare, or to the environment, and does not substan-
tially interfere with economic or social activities. 

 Fog clearing activities should be suspended whenever condi-
tions develop in which continued operations could potentially 
be a threat to health, safety, or welfare of area residents. Per-
ception is very important. In the case of supercooled fog dis-
persal, reasons for suspension might include unsafe fl ight 
conditions and/or roadways being used by mobile seeding plat-
forms, a weather-related accident within or immediately down-
wind of the seeding area, and generally hazardous weather 
such as freezing precipitation. Fog dispersal operations pose no 
signifi cant environmental threat. See Section 3.7 for additional 
details.  

  3.7     LEGAL, ENVIRONMENTAL, AND SOCIAL 
CONSIDERATIONS 

 Liabilities have been limited in weather modifi cation and are 
virtually nonexistent with respect to supercooled fog dispersal 
projects. The city of Boise, Idaho, was sued in the early 1990s 
because there was a car accident in the vicinity of the local 
airport following an airborne fog dispersal seeding event. As a 
result of this lawsuit, such operations are now performed via a 
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mobile ground dry-ice delivery system in association with public 
advertisements. Fog-associated automobile accidents cost insur-
ance companies in excess of $300 million per year (Silverman 
and Weinstein  1974 ). Thus, a key societal benefi t of fog dispersal 
projects could be the prevention of multicar pileups on fog-
shrouded highways. 

 The concessions at major airports suffer during foggy periods 
from reduced sales of their food, gifts, and rentals cars, down to 
parking to ultimately local motels, restaurants, and even the 
airlines. Recently, Northwest Airlines offi cials in Bismarck, 
North Dakota, indicated that rerouting planes due to fog could 
cost an amount equivalent to that for the fuel and engine time, 
as well as increased ground crew efforts and time, of the original 
fl ight. Consider the cost of fl ying back to the airport of origina-
tion, which in this case would mean a return to Minneapolis. The 
entire fl ight must be repeated or the passengers bused to their 

destinations. Sometimes fl ights are unable to depart in fogs, in 
which case not only is the revenue for that fl ight lost, but the 
aircraft, which was scheduled for multiple fl ights on that day, 
becomes unavailable for all other fl ights as well. 

 The societal benefi t of seeing the sun during otherwise dreary 
periods cannot be over emphasized. More-dependable airport 
operations would result from fog dispersal operations. The 
increased revenue compared to periods when facilities had to 
otherwise shut down on regular bases should also have a posi-
tive, albeit indirect, effect on the social well-being of the affected 
population. If the increased revenue is large enough, then perhaps 
local schools and the community will benefi t. Fog-clearing could 
even personally benefi t people who suffer from “seasonal affec-
tive disorder” (SAD). Fog dispersal projects do not pose any 
threat to the environment (e.g., Douglas  1968 ; Cooper and Jolly 
 1969 ; Cooper  1977 ; Klein  1978a, b ).     
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    CHAPTER 4.0 

  SUPERCOOLED FOG DISPERSAL OPERATIONS  

include, but are not necessarily limited to, compliance with all 
laws and regulations of the federal, state, and local governmental 
units having jurisdiction in the areas where the projects are 
conducted, and nonparticipation in any activities that can reason-
ably be expected to be detrimental to the general public interest 
or to contribute to undue hardship in operational areas. Please 
note that U.S. states do not necessarily require this. 

  4.2.1     Meteorological Staff.     A dedicated project forecaster is 
benefi cial, because such a person has more at stake than might 
a National Weather Service forecaster. Unforecasted fogs may 
result in missed opportunities and unnecessary economic losses. 
The full-time person assigned to the fog dispersal program 
would preferably be a certifi ed weather modifi cation manager or 
operator, and/or a meteorologist. The WMA has established pro-
cesses for the certifi cation of weather modifi cation operators and 
managers (WMA  2003 ).  

  4.2.2     Support Personnel.     Part-time support of an experienced 
technician should be arranged if the full-time person is unable 
to handle all the necessary tasks. Thus, a fog dispersal operation 
requires a minimum of one full-time meteorologist, perhaps with 
part-time support of a technician. If the project involves airborne 
treatment, a pilot and possibly a copilot will also be needed.  

  4.2.3     Cloud Treatment Pilots.     In the event of aircraft being 
involved in a project, an experienced pilot will need to be able 
to maintain regular radio contact with the other project personnel 
and air traffi c control, etc. If aircraft are used, an analysis could 
be performed (based on climatological data) to determine the 
number of aircraft required at any time (e.g., based on how many 
fogs occur in the target area on any day during the proposed 
operational period, whether there are consecutive fog days, and 
what are their thicknesses). This information should allow one 
to determine whether the use of aircraft would be wise, and, if 
so, the questions of where to locate the plane(s), and of pilot 
training and experience present themselves, among others. There 
must be an alternate airport plan in case the seed aircraft are 
fogged in. Airborne operations will also require an airplane 
mechanic and an electronics technician for all equipment main-
tenance on the aircraft, in addition to the other electronics needs 
for the fog dispersal operation.  

  4.2.4     Direction of Operations.     In the unlikely event of larger 
projects, separate people might function as the operations 
director, meteorologist, electronics technician, pilot mechanic, 
and pilot (if aircraft are used). A person experienced in fog dis-
persal operations should direct operations from the operations 
center. The operations director must have access to important 
decision-making information while at the operations center. 
Such decisions typically concern the initiation of liquefi ed gas 
releases, the launching of aircraft, and the termination of 
operations.   

       This chapter contains some guidelines for operational decision 
making and project infrastructure. The scope, objectives, meth-
odology, decision-making, and communications infrastructure of 
the project should be clearly defi ned and provided to all opera-
tional personnel as part of a project operations manual. Develop-
ment of the operations manual requires advanced thought and 
study of all aspects of the project. A day-long, ground-school 
session on fog dispersal operations would be a good venue for 
this information. The general requirements for the conduct of 
supercooled fog dispersal operations, including notifi cation of 
seeding intent to authorities, selection of seeding agent(s), deliv-
ery systems, support equipment, targeting, opportunity recogni-
tion, and personnel requirements, are discussed in this chapter. 

  4.1     OPERATIONS MANUAL 

 An operations manual should be constructed and made available 
to all project personnel. The operations manual should provide 
clear defi nitions of all terms used in conducting operations, 
describe the types and functions of all information-gathering 
systems employed and all actions to be undertaken, and defi ne 
all phases of operations and state criteria for initiation and ter-
mination of each phase. Procedures for recording and reporting 
operational information should be given, particularly to comply 
with any weather modifi cation laws or regulations. The circum-
stances under which seeding will be suspended should also be 
clearly defi ned so that prompt decisions can be made when cir-
cumstances warrant. Those establishing new projects are advised 
to obtain copies of manuals used on other projects. Certifi ed 
managers or operators from commercial cloud seeding fi rms can 
usually answer any questions raised while creating a new pro-
gram-specifi c manual.  

  4.2     PERSONNEL REQUIREMENTS 

 The typical ground-based fog dispersal operation requires one 
full-time person to maintain and operate all equipment and make 
observations, assuming a single, mobile, ground-based seeding 
system is used. This person should be a skilled forecaster and be 
technically competent enough to handle basic electronics techni-
cian tasks (e.g., two-way radio communications, computing 
equipment) and maintenance of ground-based silver-iodide gen-
erators, liquid propane generators, and mobile platform systems. 
National, state, and local laws and regulations should be con-
sulted to determine whether personnel in control of operations 
require certifi cation. The sponsor should be aware that the 
Weather Modifi cation Association (WMA) is proactive in ensur-
ing that all operators and managers of a fog dispersal project (or 
any weather modifi cation type of project) possess the knowl-
edge, experience, character, and good morals as expressed in the 
WMA ’ s Professional Code of Ethics (WMA  2012 ). These 
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  4.3     OPERATIONAL DECISION MAKING 

 The National Weather Service in the United States, the Meteo-
rological Service of Canada, and other analogous organizations 
in other countries provide generalized forecasts about expected 
foggy periods, and these should be made available to the opera-
tors of fog dispersal projects in the respective areas. In particular, 
it is important to be aware of fog advisories issued by the offi cial 
government weather agency in the region. Maintaining aware-
ness of fog advisories will enable the operator to maximize the 
number of successful fog dispersal events. The person running 
the project must determine the meteorological conditions near 
the target area and make a decision to seed or not to seed, what 
delivery method and seeding agent to use, and how much seeding 
material should be dispensed. 

 The forecasting of fog is locale-specifi c, and the forecasters 
of fog dispersal projects (or any weather modifi cation effort) 
should at least visit and listen to the elders of the area in which 
their operations will occur, whether or not they are stationed in 
the fi eld for the particular project period. An on-site visit will 
provide forecasters with a sense of the surrounding topographi-
cal features and some insights into the local infl uences on the 
weather in the area for which they are forecasting. 

 Fog climatologies for the region should be used when devel-
oping the operations plan. Most projects begin and end each 
daily operational period with a weather briefi ng, wherein project 
staff are provided with a forecast of the likelihood of treatable 
fog during the upcoming 24-h period. The primary purpose of 
the briefi ng is to heighten the likelihood of timely opportunity 
recognition. Generally, in fog dispersal projects the “prime time” 
for operations is early morning through pre-noon, with a second-
ary optimal time from late evening through just before midnight. 
Fog may occur any time of the day, so there are no hours during 
which operations cannot occur. If fog already exists at the time 
of the scheduled briefi ng, operations will probably be underway. 
However, the forecast is still given so that personnel will have 
some idea as to how long they are expected to continue opera-
tions. When it is determined that the conditions are favorable for 
fog formation, the forecaster must alert the operations crew, the 
sponsor, and, if applicable, the offi cial(s) in charge of airport 
operations. 

 After the weather briefi ng (if operations are not underway), 
duty assignments for the day are carried out. Otherwise, person-
nel are on standby and furnished with pagers or cell phones for 
notifi cation of pending operations. Once operations begin, staff 
members are engaged accordingly. If no suitable fog develops, 
the operational status might be downgraded. The whole cycle 
repeats itself every day.  

  4.4     COMMUNICATIONS 

 The project personnel must communicate freely and effectively. 
Others with whom regular and reliable communication is neces-
sary include project sponsor(s), the local weather service offi ce 
(if such an offi ce exists), and people within the target area. For 
fog dispersal projects at airports, this would include the airport 
authorities and possibly the control tower. If airborne operations 
are conducted near an airport, ongoing seeding operations might 
also be noted on the airport ’ s prerecorded fi eld information radio 
broadcast, now common at most medium and large airports in 
North America. Pilots approaching the fi eld listen to these broad-
casts before contacting the control tower and so would immedi-
ately become aware of the presence of seeding aircraft in and 
near the fog. Conventional telephones and two-way radios are 
most commonly used, although cellular telephones are now a 

viable alternative in most locations. Project personnel may also 
carry electronic devices that tell the bearer to “phone in” for 
further information. How to reach somebody is just as important 
as whom to contact in a given situation. 

 It may be necessary to suspend operations because of a per-
ceived public hazard. In such cases, those who need to know 
must be notifi ed immediately. It is also important that provisions 
be made to document all operational decisions. 

 Project planners must consider how the project will be 
managed and establish a reliable decision-making chain of 
command. All this must be contained within the operations 
manual.  

  4.5     PUBLIC RELATIONS, INFORMATION, 
INVOLVEMENT, AND SAFETY 
CONSIDERATIONS 

 The public should be provided with factual information about 
the goals, objectives, and methodologies of the project. Failure 
to provide such information could generate undue negative 
press. Many communities require hearings before a weather 
modifi cation project can be undertaken, or before a license or 
permit for the project can be granted by the state licensing and 
permitting agency. Concerned individuals will generally attend 
such meetings, and their concerns should be addressed with 
respect and listened to carefully. The concerns that can be imme-
diately addressed should be; others may require some additional 
information gathering, which should be done and the concerned 
parties informed of the fi ndings. Some objections, such as con-
fl ict with religious beliefs, cannot always be addressed in ways 
that the objector fi nds acceptable. Concerns about adverse envi-
ronmental effects from the seeding agents, cost, or making the 
visibility worse, are readily addressed. Several states that have 
weather modifi cation laws or regulations do not require licenses 
or permits for fog clearing operations. 

 Criteria for the suspension of operations during a supercooled 
fog dispersal project should be delineated in the project opera-
tions manual. At least one copy of the operations manual should 
be onsite and placed in a location where it is readily accessible, 
viewable, and otherwise available to the public. Special weather 
statements issued by the responsible governmental agencies 
(such as the National Weather Service in the United States), and 
statements from the local authorities may also be incorporated 
within the project suspension criteria. 

 Public safety is always a concern, even in cases of fog disper-
sal. Information brochures about weather modifi cation opera-
tions, answers to common questions, and the results from most 
long-term projects can be obtained from the WMA. These bro-
chures may be helpful in more ways than one, as they may 
provide ideas for locally produced materials that are specifi cally 
tailored to the project at hand. 

 There are a few hazards associated with fog dispersal opera-
tions, besides the obvious hazard during taxi, takeoff, and land-
ings in poor visibility conditions. Flammable and/or explosive 
chemicals, oxidizers, and solutions may be employed as seeding 
agents or as ingredients used in the formulation of seeding agents 
for fog dispersal. These must be stored in a safe area, approved 
by local offi cials. Most fi re departments also appreciate being 
made aware of the locations, quantities, and characteristics of 
such materials being stored, so that in the event of fi re, they 
immediately know what must be dealt with. For example, some 
chemicals used in seeding formulations, such as silver iodide 
(AgI), are not combustible in raw form, and pose no fi re or 
explosive threat. Oxidizers such as sodium perchlorate will burn 
vigorously at very high temperatures if ignited, and in confi ned 
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containers may explode. These must only be stored in approved, 
appropriately labeled containers, in suitable locations. Liquid 
seeding solutions are primarily acetone-based. Acetone is highly 
volatile and poses a signifi cant fi re risk. It is of low viscosity 
(splashes easily) and produces potentially toxic vapors. Acetone 
solutions must be prepared and dispensed only by trained per-
sonnel equipped with rubber gloves and protective eyewear. 
Eyewash stations should be provided to fi eld sites where the 
solution is handled, just in case. When handled outdoors, the 
acetone vapors are very unlikely to become concentrated enough 
to be considered hazardous. Most local fi re departments require 
the storage of acetone and acetone solutions in spillproof over-
fl ow containers. 

 Another hazard is driving in low-visibility areas, and this is 
especially true of operations involving mobile generators. The 
most common hazard created by fog dispersal projects is 
ice-phase precipitation (snow), which may slicken roadways. 
Only minimal accumulations generally result, and the resulting 
improvement in visibility and elimination of the supercooled fog 

more than offsets this. It may prove helpful to notify the local 
street or highway department to ensure that sanding of affected 
roads is conducted if needed. 

 Dry ice (solid carbon dioxide) has an equilibrium surface 
temperature of 195 °K ( − 78 °C). If allowed to come in contact 
with bare skin, freezing can happen in an extremely short time. 
Dry ice should therefore be handled, sifted, and loaded into 
seeding equipment by only those personnel wearing insulated 
gloves. Project personnel should also be made aware that dry ice 
continually sublimates at normal atmospheric pressures and tem-
peratures, and therefore displaces the oxygen needed to sustain 
life. Personnel should never transport dry ice within the pas-
senger compartment of any vehicle, and all dry ice-dispensing 
equipment onboard aircraft must be vented to the outside. All 
project personnel who will be working with seeding agents or 
will be in their proximity must be provided with Material Safety 
Data Sheets (MSDS) regarding each of the seeding agents, so 
that they are fully aware of all proper and safe handling and 
storage requirements, as well as the potential hazards.     
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    CHAPTER 5.0 

  EVALUATION OF SUPERCOOLED FOG DISPERSAL PROJECTS  

of seeding material used and how long it takes to clear the fog 
following the start time of the seeding operation. The start time 
of the operation should ideally coincide with those periods when 
the visibility falls below 1.6 km (1 mile) for at least 15 min; 
similarly for the operation end time, except the visibility increases 
beyond 1.6 km (1 mile) for at least 15 min. 

 The evaluation of supercooled fog dispersal projects may be 
conducted by directly measuring and analyzing physical (i.e., 
ambient air temperature, not visibility) and chemical properties 
of the supercooled fog intended to be cleared before, during, and 
after seeding occurs. This kind of evaluation is typically used 
when a research project is piggybacked onto the operational 
project (ASCE/EWRI  2005 ). Although such a dual-purpose 
evaluation is rare, it usually involves some or all of the following 
equipment: an onsite radiosonde or vertical balloon profi le (e.g., 
Wetzel et al.  1996 ), a ground-based icing rate meter (Hindman 
 1986 ; ASCE/EWRI  2006 ), satellite data (e.g., Welch and Wielicki 
 1986 ; Welch et al.  1986 ; Ellrod  1992, 1995 ; Purdom  1996 ; 
Wetzel et al.  1996 ; Schemenauer  1998 ), and remote sensing 
devices such as Ka or Ku band radar, LIDAR, and dual-wave-
length microwave radiometers. Satellite-borne and unmanned 
ground and/or airborne vehicle or systems sensor platforms are 
becoming available to supplement such evaluations. DeFelice 
 (1998)  provides general background on remote sensing measure-
ments used for meteorological applications, including details on 
their operation. Evaluations might also involve a modeling com-
ponent (e.g., Welch et al.  1986 ; Bott et al.  1990 ; Duynkerke 
 1991 ), which requires measurements of standard meteorological 
weather parameters, droplet size distribution, and optical path, 
among others.    

       Project evaluations are routinely conducted to determine how 
successful the operations were in achieving the desired results. 
The desired result for fog dispersal projects is most commonly 
increased visibility in the target area. Supercooled fog dispersal 
efforts are typically evaluated by line-of-sight visibility and are 
generally not subjected to elaborate evaluation efforts. Project 
evaluations are important when researching new, more effi cient 
ways to improve upon the present fog dispersal technologies and 
techniques, as well as developing decision-support tools for 
various project sponsor applications. Project sponsors are 
strongly encouraged to incorporate some evaluation procedures 
into their project design (ASCE/EWRI  2005 ). 

 Supercooled fog dispersal technology is well established, 
easily applied, and usually produces rapid results, reducing the 
need for any detailed evaluation of such projects. However, 
evaluations of cloud seeding projects may be required by the 
project sponsor, as mentioned in Section 1.2.1. 

 The most direct, and perhaps the best way, to evaluate a 
supercooled fog dispersal project is to continuously monitor the 
visibility in the control and target areas before, during, and after 
seeding (ASCE/EWRI  2005 ). The monitoring device could be a 
video camera, cloud radar (i.e., Ka or Ku band radar), satellite 
imagery, LIDAR, or some combination of these. 

 The visibility data from the surrounding region may be 
obtained from the National Weather Service (NWS)-staffed and 
automatic weather stations. Even though there are limitations to 
the values of visibility reported by the NWS, the measurement 
is still truncated to 16.1 km (10 miles) and sensitive enough to 
indicate a positive or negative result from the fog dispersal 
attempt. The evaluations typically involve comparing the amount 
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    CHAPTER 6.0 

  GLOSSARY OF ACRONYMS AND TERMS  

processes can be monitored to provide a scientifi c standard 
used to assess the results from the application of unnatural 
stimuli (e.g., a cloud seeding agent) within fogs in the target 
area. Control areas may not be necessary for fog dispersal 
projects, especially because the results of seeding are readily 
visible upon application. Nonetheless, control areas are still a 
good idea in fog dispersal projects for documenting the natu-
rally changing physical characteristics of the fog being 
dispersed.   

   Dry ice  :       Frozen carbon dioxide (CO 2 ). Dry ice pellets have an 
equilibrium surface temperature of  − 78 °C and an operational 
temperature range colder than  − 2 °C. Dry ice is used fairly 
often, especially in applications where environmental con-
cerns about silver doses are heightened or the temperature is 
between 0 °C and  − 5 °C.   

   Evaporation-mixing   fog:       Fog that forms from the mixture of 
two different air parcels.  Steam fog  is an example of evapo-
ration-mixing fog and it may be seen over the thermal ponds 
at Yellowstone National Park, especially during the winter 
months (e.g., Dennis  1980 ).   

   EWRI  :       Environmental Water Resources Institute, American 
Society of Civil Engineers, 1801 Alexander Bell Drive, 
Reston, VA 20191,  http://www.EWRInstitute.org    

   FAA  :       Federal Aviation Administration,  http://www.faa.gov . 
The governmental entity that regulates aircraft operations, 
safety, and use of airways in the United States. Analogous 
entities exist in most other nations.   

   Fog droplets  :       See  Cloud droplets .   
   Glaciogenic  :       Causing the formation of ice.   
   Glaciogenic seeding  :       Seeding clouds with materials intended 

to increase and/or initiate the formation of ice crystals.   
   Ground   fo  g  :       See  Radiation   fog .   
   Heterogeneous   nucle  ation  :       The phase change of a substance 

to a more condensed state initiated by nuclei having physical 
and chemical properties different from those of the substance. 
An example is the nucleation of ice crystals from supercooled 
water vapor using silver iodide as nuclei. See  Nucleation .   

   Homogeneous   nucl  eation  :       The phase change of a substance to 
a more condensed state initiated by nuclei with the same 
physical and chemical properties as the substance. An example 
is the nucleation of ice crystals from supercooled water vapor. 
See  Nucleation .   

   Hydrometeor  :       Cloud water or ice particles of any size and 
shape, either suspended in the air or precipitating.   

   Ice   fog:       A fog made up of small ice crystals, generally at air 
temperatures colder than  − 30 °C.   

   Ice  -forming nucleus (IFN):       See  Ice nucleus  .    
   Ice nucleus   (IN)  :       Any particle that serves as a nucleus for the 

formation of ice crystals in the atmosphere. The subset of 
atmospheric particles (essentially, all airborne matter) upon 
which ice crystals will form. These nuclei are typically 

          Advection  :       A local change in the properties of a fl uid (e.g., 
temperature, relative humidity) caused by its movement. This 
movement is usually considered to be in the horizontal direc-
tion but may be used in terms of vertical movement.   

   Advection   fo  g  :       Advection fogs are produced from the move-
ment of warm, water vapor-laden air over a surface cold 
enough to induce a condensation process. Fogs along the 
California coast are generally advection fogs.  Advection-
radiation  and  upslope fogs  are special cases of advection 
fogs.   

   Advection-radiation fog  :       Advection fog that subsequently 
moves over relatively colder ground that continues to cool by 
 radiation .   

   AgI  :       See  S  ilver iodide .   
   Air mass  :       A large body of air (hundreds to thousands of square 

kilometers) that possesses the same temperature and dewpoint 
temperature level by level.   

   AMS  :       American Meteorological Society, 45 Beacon St., Boston, 
MA 02108,  http://www.ametsoc.org/AMS/    

   ASCE  :       American Society of Civil Engineers, 1801 Alexander 
Bell Dr., Reston, VA 20191,  http://www.asce.org    

   ASOS  :       Automated surface observing station.   
   BAMS  :        Bulletin of the American Meteorological Society . See 

 AMS .   
   Burn-in-place fl are  :       A pyrotechnic device burned in a fi xed 

location, such as the trailing edge of an aircraft wing.   
   Certifi ed   Weather Modifi cation   Manager:       Certifi cation of 

weather modifi cation project managerial experience and skills 
granted by the  WMA .   

   Certifi ed   Weather Modifi cation   Operator  :       Certifi cation of 
weather modifi cation project operational experience and skills 
granted by the  WMA .   

   Cloud condensation nuclei (CCN)  :       Tiny solid and/or liquid 
(not predominantly pure water) nuclei upon which water 
vapor fi rst condenses as the relative humidity approaches 
100%. These nuclei are the seeds for cloud droplets.   

   Cloud droplets  :       Liquid water droplets that are too small to 
precipitate because they typically range from 1  μ m to tens of 
micrometers in diameter. Such droplets suspended in the 
atmosphere with other droplets form a cloud. Human hair has 
an average thickness of about 65  μ m.   

   CO   2   :       See  D  ry ice .   
   Colloid  :       A mixture composed of two phases of matter, the dis-

persed phase and the continuous phase. It is an intermediate 
between suspensions and solutions. Colloids do not settle. In 
the case of fog, the dispersed phase is liquid and the continu-
ous phase is air.   

   Continental   air   mass  :       A large body of air that forms over a 
continent. See  Air mass .   

   Control area  :       An area separate from the target area containing 
similar phenomena being modifi ed (fog), wherein the natural 
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water-insoluble particles and may be classifi ed as hydrophobic 
condensation nuclei. These are sometimes abbreviated IN or 
IFN, which stand for ice nuclei or ice-forming nuclei, 
respectively.   

   Instrument Flight Rules (IFR):       The FAA regulations pertain-
ing to fl ight at altitudes of 18,000 ft (5.5 km) above mean sea 
level or higher over U.S. airspace, or in any meteorological 
conditions necessitating the use of aircraft instrumentation for 
safe navigation.   

   In   situ measurements  :       Measurements that refer to the gather-
ing of information from within or on a medium. That is, they 
are made in the actual location or environment of the object 
or entity measured. Such measurements are still the most 
common type of measurements, although remote sensing mea-
surements are gaining popularity.   

   JWM  :        Journal of Weather Modifi cation , the offi cial journal of 
the Weather Modifi cation Association. See  WMA .   

   KI  :       Chemical formula for potassium iodide.   
   Latent heat  :       The heat released or absorbed per unit mass by a 

system in a reversible, isobaric-isothermal change of phase. 
In simple terms, the heat released into the surrounding air or 
absorbed from the surrounding air when water changes its 
physical state. For example, the heat released when water 
vapor condenses is called latent heat of condensation; the heat 
released when a liquid water droplet freezes is called the latent 
heat of fusion.   

   Maritime air mass  :       A large body of air that forms over an 
ocean. See  Air mass .   

   MSDS  :       Material Safety Data Sheets.   
   N  H   4   I  :       Chemical formula for ammonium iodide.   
   NOAA  :       National Oceanic and Atmospheric Administration, 

U.S. Department of Commerce,  http://www.noaa.gov . The 
parent organization of the (U.S.) National Weather Service, 
and the federal agency to which all U.S. weather modifi cation 
activities must be reported.   

   Nucleation  :       Any process through which a phase change of a 
substance to a more condensed state is initiated upon a nucleus. 
The nucleus is either the vapor phase of the substance or a 
different substance.   

   Nucle  us:       A basis for future development and growth; a kernel. 
An airborne particle upon which water vapor molecules 
accumulate to form a droplet or ice crystal. See  C  loud con-
densation nuclei (CCN) ,  Ice-forming nucle  us (IFN) ,  Ice 
nucle  us (IN) .   

   NWS  :       The (U.S.) National Weather Service. See  NOAA .   
   Operational area  :       The operational area contains the target area 

and any surrounding upwind areas employed for treatment in 
order that the effect from seeding covers the target area.   

   Opportunity recognition  :       The identifi cation of those fogs 
capable of being dissipated using an appropriate fog dispersal 
method.   

   Project   ar  ea  :       The area containing all of the equipment used for 
operations and evaluation or assessment by the contractors 
and/or sponsors.   

   Radiation  :       The transfer of heat energy without the involvement 
of a physical substance, such as air molecules. The heat from 
a stove burner is an example of radiation, because the heat 
would fl ow away from the burner regardless of whether there 
were air molecules, no air molecules (as in deep space), a body 
of water, water and a piece of metal, or a piece of metal 
between the burner and the receptor.   

   Radiation   fo  g  :       A fog produced by radiative cooling of the 
Earth ’ s surface. Sometimes called a  ground fog . Radiation 
fog that forms due to the atmospheric conditions in a valley 
may be termed valley fog, but a fog that forms in a valley may 

not necessarily be called a valley fog. For example, fogs in 
the Central Valley of California are generally radiation fogs. 
See  Radiation .   

   Radiosonde  :       An instrument package that senses and transmits 
temperature, dewpoint temperature, and pressure at various 
altitudes during its ascent into the atmosphere. These quanti-
ties can be converted into relative humidity. Radiosondes are 
carried aloft by weather balloons twice daily from many sites 
around the world, and may also be employed by projects to 
bolster forecasting or research efforts. If their position is 
tracked in time, they will also reveal the vertical windfi eld 
profi le.   

   Rawinsonde  :       A radiosonde that is tracked in time to also obtain 
windfi eld data.   

   Remote sensing devices  :       Refers to the one or more sensors on 
satellite, airborne, or ground-based platforms that either 
directly (active) or indirectly (passive) infer information about 
a property of an environment without being in or attached to 
that environment. Examples of ground-based remote sensing 
devices include lidars, radars, radiometers, acoustic sounders, 
and sonic anemometers. Satellites have radiometers sensitive 
to one or more spectral regions of the electromagnetic spec-
trum onboard a satellite. Some of the latest satellite platforms 
include a radar, and will include a lidar in the near future. 
These kinds of devices can also be mounted on aircraft. Con-
trast with  In situ measurements .   

   Remote sensing measurements  :       Refers to the measurements 
from  remote sensing devices .   

   SAD  :       Seasonal Affective Disorder. A form of depression occur-
ring at certain seasons of the year, especially because the 
individual has less exposure to sunlight.   

   S  eeded area  :       The area that is actually seeded. This may be the 
same as the target area for fog dispersal operations. See also 
 Target area .   

   Seeding agents  :       Agents dispensed by any means in or near a 
cloud volume, which are intended to modify the cloud char-
acteristics. A cloud volume, the base of which is at the ground 
is a fog.   

   Silver   io  dide  :       A common glaciogenic seeding agent. Its chemi-
cal symbol is AgI. See  i  ce   n  ucleus .   

   Steam   fo  g  :       See  Evaporation-mixing fog .   
   Stratus clouds  :       These clouds are uniformly stratifi ed and nearly 

always have a uniform base. They are normally precipitation-
free, but occasionally drizzle or light mist will fall out of 
stratus clouds. There have been weather reports of light to 
moderate continuous rain from stratus clouds that form near 
an ocean.   

   Supercooled   fo  g  :       A fog composed of supercooled water drop-
lets. See  Supercooled water .   

   Supercooled water  :       Water that remains in the liquid state 
despite air temperatures colder than 273 °K (0 °C). Observa-
tions have revealed some cloud droplets in cloudy air at or 
colder than 233 °K( − 40 °C), (e.g., Ohtake  1992 ; Sassen  1992 ; 
Young  1993 ; Rosenfeld and Woodley  2000 ). Such have been 
called solution drops, which contain dissolved salts from 
cloud condensation nuclei. The dissolved salts lower the 
temperature for freezing compared to if the drops only con-
tained water molecules. Drops that only contain water would 
freeze at temperatures at or colder than 233 °K( − 40 °C).   

   Target area  :       The area where the effects from seeding opera-
tions are targeted. The target area is usually near the control 
area, which is similar in character and climatology. The target 
area of a fog dispersal project is where the objective is to clear 
the fog or to increase the visibility to a distance that is suitable 
for sponsors to conduct their restricted operations in that 
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area. In the case of an airport, the target area commonly 
encompasses the runway plus 2–4 mi (3–6 km) on each end. 
Equipment and instrumentation may be deployed within this 
area to gather data, monitor the operation, or seed radiation 
fog, because these are typically accompanied by relatively 
calm winds. Fogs accompanied by winds, such as advection 
fogs, could require data gathering, monitoring, or seeding that 
extends from the area covered for the radiation fog to upwind 
of the target area, depending on the meteorological conditions 
and other project scope considerations. See also  Control area , 
 Seeded area .   

   Upslope Fog:       Fog that forms when air fl ows upward over rising 
terrain and, consequently, is cooled to or below its 
dewpoint.   

   USAF  :       United States Air Force.   

   Visibility  :       The daytime distance at which a black target can just 
be seen and recognized against a bright background (i.e., 
horizon sky). The daytime visibility depends inversely on the 
sum of the scattering cross sections of the target per unit 
volume (the number of fog droplets per unit volume). The 
scattering cross sections are proportional to the geometric 
cross sections of the fog droplets (their sizes).   

   Windfi eld  :       The vertical and horizontal values of wind speed 
and wind direction over a surface on the Earth.   

   WMA  :       Weather Modifi cation Association, P.O. Box 845, River-
ton, UT 84065,  http://www.weathermodifi cation.org    

   WMO  :       World Meteorological Organization, 7 bis, Avenue de 
la Paix, Case Postale No. 2300, CH-1211 Geneva 2, Switzer-
land,  http://www.wmo.int/pages/index_en.html        
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    CHAPTER 8.0 

  CONVERSION TABLES  

 A number of prefi xes are approved for use with SI units so 
that very large or very small quantities need not be displayed in 
unruly formats. For example, 1,000 m can be expressed as 1 km. 
Likewise, one-millionth of a meter can be expressed as 1  μ m. 
These prefi xes are listed in Table  8-1 . 

  There are a limited number of other units outside of SI that 
are approved for use with SI. These include minutes (min), hours 
(h), days (d), and liters (L). Some useful conversions are pre-
sented in Table  8-2 , and some useful physical constant values 
are provided in Table  8-3 .

      

       ASCE standards specify units in accordance with the Interna-
tional System of Units, or SI. In SI, the base unit of length is the 
meter (m); of mass, the kilogram (kg); of time, the second (s); 
and of temperature, the Kelvin (K). Derived SI units include 
those for area, the square meter (m 2 ); for volume, the cubic meter 
(m 3 ); and for speed, meter per second (m·s  − 1 ). Other derived SI 
units relevant to this standard include force, the Newton (N, 
kg·m·s  − 2 ); pressure, the Pascal (Pa, or N·m  − 2 ); and energy, the 
joule (J, or N·m). The Celsius temperature scale (°C) is also a 
derived SI unit. 

 Table 8-1.      Approved SI prefi xes  

Factor Name Symbol

10  − 6 micro  μ 
10  − 3 milli m
10  − 2 centi c
10 2 hecto h
10 3 kilo k
10 6 mega M

 Table 8-2.      Some useful conversions  

Quantity SI Units CGS Units English Units

Density 1 kg·m  − 3 10  − 3  g·cm  − 3 6.24  ×  10  − 2  lb·ft  − 3 

Force  a  1 kg·m·s  − 2 10 5  g·cm·s  − 2 0.224 lb-f (lb force)

Pressure  b  1 kg·m  − 1 ·s  − 2 10 g·cm  − 1 ·s  − 2 0.021 lb-f·ft  − 2 

Energy, work  c  1 kg·m 2 ·s  − 2 10 7  g·cm 2 ·s  − 2 0.738 lb-f·ft

Power  d  1 kg·m 2 ·s  − 3 10 7  g·cm 2 ·s  − 3 0.738 lb-f·ft·s  − 1 

Temperature 1 °K 1 °C 1.8 °F

Heat or 
radiation fl ux  e  

1 W 0.2389 cal·s  − 1 3.414 BTU·h  − 1 

Flux density 
or power per 
unit area

1 W·m  − 2 23.89  ×  
10  − 6  cal·cm  − 2 ·s  − 1 

0.317 BTU·ft  − 2 ·h  − 1 

Latent heat 1 J·kg  − 1 0.2389  ×  
10  − 3  cal·g  − 1 

0.430  ×  10  − 3  BTU·lb  − 1 

Specifi c heat 1 J·kg  − 1  °K  − 1 0.2389  ×  
10  − 3  cal·g  − 1  °C  − 1 

0.2389  ×  
10  − 3  BTU·lb  − 1  °F  − 1 

Thermal 
diffusivity

1 m 2 ·s  − 1 10 4  cm 2 ·s  − 1 10.8 ft 2 ·s  − 1 

Calorie 1.163  ×  
10  − 6  kW·h

Calorie 4.1868 J

    a   1 Newton (N)  =  kg m s  − 2 , 1 dyne  =  1 g cm s  − 2 .  
   b   1 Pascal (Pa)  =  1 kg m  − 1  s  − 2 , 10 g cm  − 1  s  − 2   =  10  − 2  mb.  
   c   1 Joule (J)  =  1 kg m 2  s  − 2 , 1 erg  =  1 g cm 2  s  − 2 .  
   d   1 Watts (W)  =  1 kg m 2  s  − 3 , 0.738 lb-f ft s  − 1   =  0.00134 hp (horsepower).  
   e   BTU  =  British thermal unit.  
  Adapted from DeFelice  (1998) .   
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 Table 8-3.      Some useful constant values  

Physical constants

   Universal gas constant 8.3145 J K  − 1  mol  − 1 

   Boltzmann constant 1.381  ×  10  − 23  J K  − 1  molecule  − 1 

   Solar constant 1.37  ×  10 3  W m  − 2 

Dry air

   Gas constant for dry air 287.04 J K  − 1  kg  − 1 

   Molecular weight of dry air 28.97 g mol  − 1 

   Density of dry air (20 °C, 1,000 mb) 1.209 kg m  − 3 

Specifi c heat at constant pressure 1.004  ×  10 3  J K  − 1  kg  − 1 

Thermal conductivity (0 °C) (independent 
of pressure)

2.4  ×  10  − 2  J m  − 1  K  − 1  s  − 1 

Dynamic viscosity (20 °C) 1.818  ×  10  − 5  kg m  − 1  s  − 1 

Mechanical equivalent of heat 4.184 J cal  − 1 

Standard atmospheric pressure 1.013  ×  10 2  kPa

Water substance

   Gas constant for water vapor 461 J K  − 1  kg  − 1 

   Molecular weight of water 18.016 g mol  − 1 

   Density of liquid water (0 °C, 1,000 mb) 1.000  ×  10 3  kg m  − 3 

   Density of ice (0 °C, 1,000 mb) 0.917  ×  10 3  kg m  − 3 

   Specifi c heat of liquid water (0 °C) 4.218  ×  10 3  J K  − 1  kg  − 1 

   Specifi c heat of water vapor at constant 
pressure

1.952  ×  10 3  J K  − 1  kg  − 1 

   Specifi c heat of water vapor at constant 
volume

1.463  ×  10 3  J K  − 1  kg  − 1 

   Latent heat of vaporization (0 °C) 2.50  ×  10 6  J kg  − 1 

   Latent heat of vaporization (100 °C) 2.25  ×  10 6  J kg  − 1 

   Latent heat of fusion (0 °C) 3.34  ×  10 5  J kg  − 1 

   Diffusivity of water vapor in air (20 °C, 
1,000 mb)

2.57  ×  10  − 5  m 2  s  − 3 

   Adapted from DeFelice  (1998) .   
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Modifi cation through Cloud Seeding     2–3  

 American Society of Civil Engineers 
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 manual for    15  
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     Page numbers followed by  e ,  f , and  t  indicate equations, fi gures, and tables, respectively.  
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 suspension, of seeding operations 
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 turbulent diffusion 
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 “unstenched” propane    12  
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 U.S. Air Force Weather Agency    11  
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 as dispersal goal    7  
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