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Executive Summary

This report summarizes the activities during the 2013 field operations of the Alberta Hail Suppression Project.
This was the eighteenth year of operations by Weather Modification, Inc. (WMI) of Fargo, North Dakota under
contract with the Alberta Severe Weather Management Society (ASWMS) of Calgary, Alberta. This season was
the third year of the current 5-year contract cycle for this on-going program; WMI has been the contractor since
operations began in 1996. The program was again directed for the ASWMS by Dr. Terry Krauss. The program
continues to be funded entirely by private insurance companies in Alberta with the sole intent to mitigate the
damage to urban property caused by hail.

The cloud-seeding contract with WMI was renewed in 2001, 2006, and again in 2011. Calgary, Red Deer and
many of the surrounding communities have seen significant growth in population and area since 1996. Calgary’s
population exceeded 1 million in 2006, and property values have more than doubled since the program’s
inception. In 2008 it was estimated that a hail storm similar to that which caused $400 million damage in
Calgary in 1991 would now cause more than $1 billion damage. New record Alberta hailstorms have recently
occurred in 2009 and 2010, and the severe storm that struck Calgary on August 12, 2012 caused an estimated
$500 million dollars damage, indicating that a billion dollar storm within Calgary is now possible.

A Doppler weather radar replaced the previous unit in 2011. This radar is more sensitive, better depicting the
developing cloud turrets of interest for seeding, and has Doppler capability which provides additional
information about internal storm circulations that would not otherwise be available.

Springbank Airport (CYBW) continued to be the southern operational base in 2013. Air traffic at the Calgary
International Airport (CYYC) by 2012 had grown to the point where arrival and departures at that airport had to
be scheduled well in advance, so midway through the 2012 season operations were relocated to Springbank
(CYBW), approximately 25 km to the west of the Calgary Airport.

The project design has remained the same throughout the period, but a fourth seeding aircraft was added to the
project in the summer of 2008 to increase seeding coverage on active storm days. In 2013, a fifth aircraft
(Hailstop 5) was added, which is another twin-engine turboprop King Air, the same model aircraft as Hailstop 1
and 3 have been in recent seasons. This fifth aircraft was based in Springbank with Hailstop 1 and Hailstop 2.

The program was operational from June 1* to September 15% 2013. Only storms that posed a hail threat to an
urban area as identified by the project’s weather radar situated at the Olds-Didsbury Airport were seeded. The
project target area covers the region from High River in the south to Lacombe in the north, with priority given to
the two largest cities of Calgary and Red Deer.

The most notable weather event this summer was not a hailstorm, but rather flooding that occurred in Calgary
and High River as a result of a quasi-stationary low pressure center that produced sustained upslope
precipitation totaling more than 325 mm over the foothills west of Calgary between June 19" -22™. No seeding
was conducted during any part of this event, and the resulting high waters caused sufficient damage and a
declared state of emergency, so project seeding was suspended for the entire project area until June 24™ and
for the most impacted portions of the protected area until June 27™.
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The flooding caused the ASWMS to formalize a policy for suspension of seeding activities. Guidelines for such
suspensions had been previously established by the Weather Modification Association (WMA). The new
ASWMS guidelines are presented within this 2013 final project report.

Hail was reported within the project area (protected area and buffer area) on 65 days. Larger than golf ball size
hail was reported on July 20" in Red Deer. On the 22" of July, larger than golf ball size hail was also reported
near the town of Dogpound.

Golf ball size hail was reported or observed by radar signature on June 17" east of Strathmore; June 29" north
of the town of Caroline and west of Sylvan; on the 4™ of July north of Cochrane and north of Airdrie; on July 14%
east northeast of Rocky Mountain House; the 19" of July north of Three Hills; on the 23" of July west of Sundre,
southwest of Cremona, southwest of Calgary, west of Okotoks, and in High River; and the 24™ of July northeast
of Rocky Mountain House. The month of August saw golf ball size hail on the 11', north of Cochrane and north
of Calgary; on the 16" west northwest of Sylvan; and the 29" north of Cochrane.

Walnut size hail was reported or observed by radar signature on June 7" northeast of Airdrie; on June 25%
northwest of the town of Rimbey; the g of July east northeast of Airdrie and east of the town of Irricana; on the
11" of July southwest of Sylvan; July 25™ south of High River; the 4™ of August north of Cochrane; on August 12"
east of Olds and west southwest of Three Hills; August 26" northwest of Rocky Mountain House and east of the
town of Rimbey; east northeast of Innisfail on the 30" of August; and on September 8™ south of Cremona.

The weather pattern during the summer of 2013 was less active than the previous two summers, closer to the
climatological average. iIn June, 21 seeding missions were flown, and an additional two flights flown for patrol.
A “patrol” flight is a flight flown to check cloud intensity or in anticipation of clouds becoming intense enough to
warrant seeding, but during which no seeding was actually conducted.

July was the most active month. All five Hailstop aircraft flew on six days. Forty-seven seeding missions were
flown, and 7 more patrol flights. A severe hailstorm moved through Red Deer during the evening of July 20",
Though seeded by multiple aircraft, larger-than-golf ball hail still fell in the city.

The active weather pattern slowed in August, as only 15 seeding missions were flown. Ten patrol missions were
needed, however.

No seeding was conducted in September, and only one patrol mission was flown, that on the 9*".

There were thunderstorms reported within the project area on 77 days this summer, compared with 70 days in
2012. Hail fell on 65 days. During this season, there were 229.6 hours flown on 31 days with seeding and/or
patrol operations. A total of 70 storms were seeded during 83 seeding flights (170.9 flight hours) on the 26
seeding days. There were 21 patrol flights (22.2 hours), and 24 short “public relations” flights on which one
aircraft was flown to the Olds-Didsbury Airport to be available for viewing by insurance company employees
attending tours of the operations centre and radar.
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The amount of silver-iodide nucleating agent dispensed during the 2013 field season totaled 233.3 kg. This was
dispensed in the form of 6,311 ejectable {cloud-top) flares (126.22 kg seeding agent), 636 burn-in-place (cloud-
base) flares (95.4 kg seeding agent), and 131.7 gallons of silver iodide seeding solution {11.6 kg seeding agent).

For the first time, five specially equipped cloud seeding aircraft were dedicated to the project. Two Beech C90
King Airs and one Cessna 340A were based in Springbank, and a C90 and another C340A were based in Red Deer.
The procedures used in 2013 remained the same as the previous years. The Springbank office and aircraft were
at Springbank Aero Services, at that airport. The WMI Red Deer office was again set up in the Air Spray hangar
at the Red Deer Regional Airport, as had been done in the three previous seasons.

The aircraft and crews provided a 24-hour service, seven days a week throughout the period. Thirteen full-time
pilots and three meteorologists were assigned to the project this season. In addition, WMV’s Chief Pilot, Mr.
Jody Fischer, served as overall project manager. The 2013 crew was very experienced. The Red Deer aircraft
team was led by Mr. Roger Tilbury, who has been flying cloud research and cloud seeding missions since the
1970s, and Mr. Joel Zimmer who has been with the Alberta program for 11 years. The Springbank team was
anchored by Mr. Jody Fischer and Mr. Brook Mueller. The radar crew was anchored by WMI’s Chief
Meteorologist, Mr. Daniel Gilbert, now with four seasons’ experience in Alberta, in addition to seven seasons’
work in a similar capacity on a hail suppression program in North Dakota.

Overall, the personnel, aircraft, and radar performed exceptionally well and there were no interruptions or
missed opportunities.

There were two minor radar issues during the course of the summer, neither of which impacted seeding
operations. The first, initially manifested on the afternoon of July 2", was resolved by re-seating a card in the
radar and slowing, ever-so-slightly, the antenna rotation speed. The second, an antenna elevation issue,
occurred in the early morning of July 14™. Work to replace damaged drive gears began than afternoon and was
completed just before seeding began that evening.

High speed Internet service was once again obtained at the Springbank and Red Deer offices for the pilots so
that they could closely monitor the storm evolution and storm motion using the radar images on the web prior
to take-off. All of the project’s radar data, meteorological data, and reports have been recorded onto a portable
hard drive as a permanent archive for the Alberta Severe Weather Management Society. These data include the
daily reports, radar maps, aircraft flight tracks, as well as meteorological charts for each day. The data can be
made available for outside research purposes through a special request to the Alberta Severe Weather
Management Society. In addition, ASWMS Program Director Dr. Terry Krauss was provided the entire season’s
TITAN (radar) data, as he has that software running on a computer in his office. This will enable mutual (WM
and ASWMS) continued examination of the data set in the off season prior to the 2014 program.
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1.0 Introduction

Hail has long been a problem for both agriculture and municipalities in the Province of Alberta. Figure 1 shows
the average number of hail days throughout Canada. It is notable that there is a bull’s eye on the area from
Calgary to Red Deer, which coincides with the greatest population density of the province, and continues to
increase. In 1956, under the aegis of the Alberta Research Council, a research program was undertaken that
sought to develop and evaluate the effectiveness of cloud seeding from aircraft to mitigate crop-hail damage.
Though never “operational”, the program continued to research the hail problem and ways to reduce the hail
impact on agriculture until 1985, when it was discontinued.

The hail problem did not end with the hail research program, and in 1991 a severe hailstorm caused several
hundred million dollars damage in the City of Calgary and adjacent metropolitan areas. This storm, though by
no means the first of its kind, was of sufficient magnitude to rekindle interest in hail damage mitigation through
cloud seeding.

Fig. 1. Hail dimstology for Canada. The average
nurmber of hail days per year, based on the 1951
1880 climate normast of Environment Canads
{1887, from Etkin and Brun {19961

A consortium of underwriters of property
and casualty insurance in Alberta was
formed in the wake of the 1991 Calgary
storm, and named itself the Alberta Severe
Weather Management Society (ASWMS).
From its formation, the ASWMS was focused
on establishing a renewed Alberta Hail
Suppression  Program  through cloud
seeding, but this time, the focus was to be
on protecting municipalities, not crops. The
necessity for such a program was presented
to the Insurance Bureau of Canada (IBC),
and though the IBC was encouraging it
offered no financial support. The Province
of Alberta was approached for funding of
the program. Though the need was
acknowledged by the provincial leaders
funding was not forthcoming.

In 1995 the ASWMS developed a protocol through which its members would pay into a common project fund,
amount proportional with market share, and the current Alberta Hail Suppression Project finally became
possible. An international tender was issued and Weather Modification, Inc. was awarded an initial five-year
contract to conduct operations from June 15 through September 15 each summer, beginning in 1996.

WEATHER MODIFICATION
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The goal of the project from the beginning has been the protection from the ravages of hailstorms to property
concentrated in urban areas, to the maximum extent technology and safety will allow. The two largest such
areas within the project target area are Calgary and Red Deer, but there are dozens of additional cities and
towns that also warrant attention. To do this, the project established a weather radar and Operations Centre at
the Olds-Didsbury Airport, approximately halfway between the two largest metropolitan areas. Two aircraft
were based in Calgary, a third in Red Deer. At the conclusion of the initial five-year period the contract between
the ASWMS and WMI was renewed for a second 5-year period (2001-2005), a third (2006-2010), and in 2011, a
fourth.

Five significant changes have been made to the project scope during the eighteen seasons. Early on (season 2) it
was recognized that the hail problem begins earlier in the year than June 15, so since 1998, the project has
begun each season on June 1.

Beginning in the 2006 season the protected area was expanded somewhat to the east, to include the town of
Strathmore and communities east of Calgary.

The third change did not occur until the 13" season, 2008. The unrelenting expansion of the metropolitan areas
within the project area meant increasing risk, and a fourth cloud seeding aircraft was added to the project. This
aircraft is based in Red Deer.

The fourth change was the replacement in 2011 of the aging WR-100 weather radar with a new set built by
WMI. This radar possesses significantly increased sensitivity which means that clouds are detected sooner than
they were previously (earlier in their development), and Doppler capability means that internal storm motions
can also be observed.

The final change was implemented just this season, with the addition of a fifth aircraft to the project, another
King Air, based at the Springbank Airport.

Calgary, the focus of southern Alberta population (and thus risk) is located very near the Rocky Mountains, and a
favored location for storm genesis is the foothills immediately west. The mountains are a great target when it
comes to showing up on radar. Thus, the “clutter” produced by the “rocks” was significant. The radar upgrade
in 2012 reduced this problem significantly.

This final operations report summarizes, in detail, all the activities during the 2013 field operations of the
Alberta Hail Suppression Project, the eighteenth summer of operations by Weather Modification, Inc. of Fargo,
North Dakota under contract with the Alberta Severe Weather Management Society of Calgary, Alberta.
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2.0 The 2013 Field Program

The program again conducted operations to mitigate hail storms threatening cities and towns from June 1%
through September 15", 2013. Only those storms posing hail threats to an urban area were treated by the
project aircraft. The project target area covers the region from High River in the south to Lacombe in the north,
with priority given to the two largest cities of Calgary and Red Deer. The weather pattern during the summer of
2013 was less active than the previous two summers, closer to the climatological average. Hail was reported
within the project area on 65 days this past summer.

The present program utilizes the latest cloud seeding technology available, incorporating several notable
improvements over previous projects in the province. These improvements include:

e Fast-acting, high-yield mixtures for the silver-iodide flares and the liquid seeding solution. The flares are
manufactured by Ice Crystal Engineering (ICE) of Kindred, North Dakota. The new generation ICE
pyrotechnics produce >10* ice nuclei per gram of Agl active at a temperature of -4°C, and produce between
10" and 10™ ice nuclei per gram of pyrotechnic active between cloud temperatures of -6°C and -10°C.
Colorado State University (CSU) isothermal cloud chamber tests (DeMott 1999) indicate that at a
temperature of -6.3°C, 63% of the nuclei are active in <1 min, and 90% active within 68 seconds. This high-
yield, fast-acting agent is important for hail suppression since the time window of opportunity for successful
intervention of the hail growth process may be less than 10 minutes for each maturing cloud turret.

e Use of the latest GPS tracking and advanced TITAN (Thunderstorm Identification Tracking Analysis and
Nowecasting) computer software to accurately display the aircraft locations on the radar displays to improve
the controlling of aircraft and facilitate the direction of seeding operations to the most critical regions of the
storms.

e Injection of the seeding material directly into the developing cloud turrets as the most frequent seeding
method.

e Use of experienced meteorologists and pilots to direct the seeding operations.

¢ The deployment of sensitive, Doppler weather radar.

The target or "protected" area presently focuses on the area from Lacombe in the north, to High River in the
south, with priority given to the cities of Calgary and Red Deer. In 2006, the target area was increased slightly
towards the east to include the town of Strathmore and some of the smaller towns east of the QE Il highway.
Five aircraft specially equipped to dispense silver iodide were used. Three aircraft (two Beech King Air C90s and
one Cessna 340A, or C340A) were based in Springbank west of Calgary, and two aircraft (one Beechcraft King Air
C90 and one C340A) were based in Red Deer. The radar remained located at the Olds-Didsbury airport. The
radar coordinates are 51.71 N Latitude, 114.11 W Longitude, with a station elevation of 1024 m above sea level.
The WMO station identifier is no. 71359 and the ICAQO identifier is CEA3. The project area dimension is
approximately 240 km (N-S) by 120 km (E-W) or 28,800 square km.

ODIFICATION
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3.0 Project Objectives

The project has two main objectives:

¢ To conduct cloud seeding operations to suppress hail and reduce property damage, and
¢ to develop a data archive that may eventually be used for the scientific assessment of the program’s
effectiveness.

The first of these is met by using five aircraft and experienced pilots and meteorologists to identify potential
threats and react appropriately. The second is being achieved through the operation of a C-band Doppler
weather radar with full archival, and the collection of other weather information by project meteorologists.
These efforts include the comprehensive archival of all project decision records, as well as a wealth of additional
weather data from the internet and other sources.

The project operations area is illustrated in Figure 2. The boundaries of flight operations (actual seeding) are
indicated by the broad yellow line, which actually includes the foothills of the Rocky Mountains, west of the
protected area. This is very important, for the foothills are an important zone for storm genesis. The broad
green line denotes the boundary of the protected area, i.e., storms threatening any of the communities within
this area will be seeded, as resources allow.
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4.0 Priorities

Cities and towns are protected according to priority and proximity of aircraft, with greatest attention given to
Calgary and Red Deer. Priority is determined based on rank in population, as shown in Table 1, below. Since
2006 Calgary has grown 11%, Red Deer 9%, Airdrie 47%, Okotoks 43%, and Chestermere 49%. Most storms are
not seeded after they cross the QE Il highway, except for storms east of Airdrie and Calgary that might threaten
Strathmore.

Table 1. AMSP Priority Ust Based on City Population

Population Population Percent

Priority City/Town Name 2011 2006 Change
1 Calgary 1,096,833 988,812 10.9%
2 Red Deer 90,564 83,154 8.9%
3 Airdrie 42,564 28,927 47.1%
4 Okotoks 24,511 17,150 42.9%
5 Cochrane 17,580 13,760 27.8%
6 Chestermere 14,824 9,923 49.4%
7 High River 12,920 10,716 20.6%
8 Sylvan Lake 12,327 10,250 20.3%
9 Strathmore 12,305 10,280 19.7%
10 Lacombe 11,707 10,752 8.9%
11 Olds 8,235 7,253 13.5%
12 Innisfail 7,876 7,331 7.4%
13 Rocky Mountain House 6,933 6,874 0.9%
14 Blackfalds 6,300 4,618 36.4%
15 Didsbury 4,957 4,305 15.1%
16 Turner Valley & Black Diamond 4,540 3,808 19.2%
17 Carstairs 3,442 2,699 27.5%
18 Crossfield 2,853 2,668 6.9%
19 Sundre 2,610 2,523 3.4%
20 Penhold 2,375 1,971 20.5%
21 Bowden 1,241 1,210 2.6%
22 Irricana 1,162 1,243 -6.5%
23 Eckville 1,125 951 18.3%
24 Bentley 1,073 1,083 -0.9%
25 Beiseker 785 804 -2.4%
26 Linden 725 660 9.8%
27 Acme 653 656 -0.5%
28 Caroline 501 515 -2.7%
29 Cremona 457 463 -1.3%
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5.0 The Scientific Basis for Hail Suppression

Hail is formed when small ice particles known as hail embryos are held aloft by strong thunderstorm updrafts
within regions of unfrozen supercooled cloud water. This supercooled cloud water is collected by the hail
embryos and freezes to them, resulting in growth to hail {(greater than 5 mm diameter) sizes. Growth continues
until (1) the supporting updraft weakens, (2) the in-storm motion of the growing hailstone moves it to the
downdraft side from whence it can fall, or (3) the hailstone grows so large that the updraft can no longer
support it.

In most situations the subcloud layer is relatively warm (much warmer than 0°C) so hailstones begin to melt
during the final portion of their plummet to earth, but in many cases the hailstones are too large for melting to
be complete, and hail reaches the ground.

The Formation of Hall

Understanding of the development of hail includes knowledge gained from work in Alberta by Chisholm (1970),
Chisholm and Renick (1972), Marwitz (1972a, b, and c), Barge and Bergwall {1976), Krauss and Marwitz (1984),
and English (1986). Direct observational evidence from the instrumented aircraft penetrations of Colorado and
Alberta storms in the 1970s and early 1980s indicates that hail embryos grow within the evolving main updraft
of single cell storms and within the updrafts of developing feeder clouds (the cumulus towers) that flank mature
multi-cell and supercell storms (see e.g. Foote 1984, Krauss and Marwitz 1984). The computation of hail growth
trajectories within the context of measured storm wind fields provided a powerful new tool for integrating
certain parts of hail growth theories, and illustrated a striking complexity in the hail growth process.

Fig. 3. A thunderstorm develops ust
east of Rocky Mountain House at 7:22
PR on August 15, 2013, as seen from
Hailstop 4. The imege was captured
during patrol {seeding had not yet
orourred). WM photograph by lenelle
Mewman,

i
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Some of this complexity is reviewed in the paper of Foote (1985) that classifies a broad spectrum of storm types
according to both dynamic and microphysical processes thought to be critical to hail production. Small
precipitation embryos that eventually grow into hailstones are called hail embryos. Hail embryo sources
identified by Foote (1985} include the following:

e Embryos from first-ice in a time-developing updraft

e Embryos from first-ice in the core of a long-lived updraft

Embryos from flanking cumulus congestus

Embryos from a merging mature cell

Embryos from a mature cell positioned upwind

Embryos from the edges of the main updraft

Embryos created by melting and shedding

Embryos from entrainment of stratiform cloud

Embryos from embedded small-scale updrafts and downdrafts

Recirculation of embryos that have made a first pass through the updraft core

Hail embryos grow into hailstones by collecting unfrozen, supercooled liquid water through collisions. This
water freezes to the already-frozen embryo, increasing the size, weight, and fall speed, and also the potential for
damage at the surface. This growth to large hail is theorized to occur primarily along the edges of the main
storm updraft where the merging feeder clouds interact with the main storm updraft (WMO 1995). However,
the mature hailstorm most certainly consists of complicated airflow patterns and particle trajectories.

Studies of the internal structure of large hailstones in Alberta and elsewhere have shown that hailstones can
have either a graupel (snow pellet) embryo or a frozen drop embryo. The different hail embryos indicate
different growth histories and trajectories and illustrate the complexity within a single hailstorm.

Hail Suppression Concepts

The hail suppression conceptual model utilized in the Alberta Hail Suppression Project is based on the results of
the former research program of the Alberta Research Council and the experiences of WMI in the USA, Canada,
Argentina, and Greece. It involves the use of glaciogenic (ice-forming) materials to seed the developing feeder
clouds near the -10°C level in the upshear, new growth “propagation” region of hailstorms. The glaciogenic
reagents initiate the rapid development of small ice particles through the condensation-freezing nucleation
process, and thus produce enhanced concentrations of ice crystals that compete for the available supercooled
liquid water in storms. This helps prevent the growth of large, damaging hail. The seeding also stimulates the
precipitation process by speeding the growth of ice-phase hydrometeors, initially into snow pellets (also called
graupel} which fall from the cloud earlier, melt, and reach the ground as rain, instead of continuing to grow into
large ice particles that reach the ground as damaging hail.

CDIFICATION
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The present seeding methodology modifies the graupel embryo hail development process. Frozen drop hail
embryos are thought to originate from secondary sources (shedding from large existing hailstones, or via a
recirculation process at the edge of the main updraft). Cloud seeding can only reduce the hail that grows from
frozen drop embryos if the available liquid water can be reduced to limit their growth, or if the dynamics of the
storm can be affected to eliminate the recirculation processes that formed the drop embryo in the first place.
Both are extremely complex, and are not the focus of the Alberta project.

Fig. 4. Hallstop 1 was seeding at
cloud top on july 4, 2013, this
picture of developing cloud turrets
was photographed at 4:54 P, The
billowing, orisp cdoud tops  are
indicative of supercooled,
unglaciated  updreft,  that s,
seedable clouds. WM photograph
by Andreas Bertonl,

The governing premise of the
Alberta cloud seeding operations
is the cloud microphysical
concept called beneficial
competition. The premise of
beneficial competition is that the
well-documented natural
deficiency of ice nuclei (ice-
forming particles) in the
atmosphere can be corrected by
the release of additional ice
nuclei (glaciogenic seeding material) into developing storm clouds. This is done by the combustion of small
amounts of reagent and/or solutions containing silver iodide (Agl), either as pyrotechnics (flares) or from wing-
borne solution-burning ice nucleus generators. With either method, from 10 to 10" (or from
10,000,000,000,000 to 100,000,000,000,000) ice nuclei are produced for each gram of silver iodide burned, e.g.,
see Figure 9. This potentially increases greatly the number of precipitation embryos in the cloud. These natural
and human-made ice crystals, many of which become precipitation, then “compete” for the available
supercooled liquid cloud water within the storm. Because the total amount of supercooled liquid remains
essentially unchanged, that same mass is divided among the increased number of embryos, meaning the final
maximum size of each individual ice particle is significantly decreased. Hence, the hailstones that form within
seeded clouds will be smaller and produce less damage if they should survive the fall to the surface. If they are
sufficiently small, they will melt completely in the warmer subcloud layer and reach the ground as rain.
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Cloud seeding alters the microphysics of the treated clouds, assuming that the existing precipitation process is
inefficient due to a lack of natural ice nuclei. This deficiency of natural ice has been documented in the new
growth zone of Alberta storms (Krauss 1981). Cloud seeding does not alter directly the energy or dynamics of
the storm. Any alteration of the storm dynamics that does occur results as a consequence of the increased ice
crystal concentrations and the development of additional precipitation-size ice particles earlier in the cloud’s
lifetime.

Because the mature hailstorm consists of complex airflows and precipitation trajectories, cloud seeding does not
affect all hail embryo sources. It does, however, modify the primary hail formation process. In other words; the
cloud seeding cannot eliminate all of the hail, but can reduce the size and amount of hail.

A schematic diagram of the conceptual storm model showing the hail origins and growth processes within a
hailstorm is shown in Figure 5. The cloud seeding methodology applied to the new growth zone of the storm is
illustrated. As mentioned previously, cloud seeding cannot prevent or completely eliminate the occurrence of
damaging hail. We presently do not have the ability to predict with any certainty exactly the amounts and sizes
of hail that would occur if cloud seeding did not take place. Therefore, we do not have the ability to predict with
certainty the net effect of the seeding. The new growth zones of potential hailstorms are seeded, and the
amounts and types of precipitation at the surface are observed, as well as the radar reflectivity characteristics of
the storm before, during, and after seeding. It is anticipated that the successful application of the technology
will yield a decrease of damaging hail by approximately 50% from what would have occurred if seeding had not

taken place.

Fig, 5 The conceptual mode! for hall suppression s Hlustrated graphically {adapted from WMD 19951 This schamatic
shows generalized doud seeding flight paths at feeder-cloud tops and below cloud bases, those typicaily emploved for
mature thunderstorms.
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This expectation is consistent with the results reported in North Dakota (Smith et al. 1997) and in Greece
(Rudolph et al. 1994). The decrease in hail can only be measured as an average over time (e.g. S years or more)
within the operations area, and then compared with the historical values for the same area. Because of these
uncertainties, the evaluation of any hail mitigation program requires a statistical analysis. The characteristics of
both seeded and unseeded storms vary considerably, such that any storm trait can be found in either category.

A meaningful evaluation of the project might be feasible if insurance loss data for hailstorms was made
available, and a step in this direction was taken in 2011 when two of the companies participating in the AHSP
through the ASWMS provided limited storm loss data to Dr. Terry Krauss, the ASWMS Director. However, such
data are considered proprietary and the other companies have not yet followed suit. An additional complicating
factor is that hail, by itself, is not always differentiated as the cause of the insured damage, e.g., a window might
be broken by hail, high winds, or by surface-based debris borne by the high winds, and to the insurance adjuster
it makes little difference; storm damage has occurred.

Effects of Hail Suppression Efforts on Rainfall

A common question about cloud seeding concerns the effect on the rainfall. The effects of seeding to mitigate
hail damage on storm rainfall are not dramatic, but slightly positive. The target area specifically, and Alberta as
a whole, lack the high density time-resolved precipitation measurements necessary to provide a scientifically-
meaningful rainfall analysis. However, evaluation of another long-term hail suppression program in neighboring
North Dakota that does have such a precipitation network found that rainfall is increased about 5 to 10 percent
compared to that from similar unseeded clouds (Johnson 1985). Since methodology, seasons, and seeding
agents are the same, and since the storms themselves are very similar, it is reasonable to believe that effects in
rainfall in Alberta are similar. All this is wholly consistent with the concept that the number of precipitation
embryos is increased by glaciogenic seeding.

There is a common (yet quite false) belief by much of the public and even a few meteorologists that
thunderstorms operate at near 100% efficiency in producing rainfall. This is not logical, for 100% efficiency
would require that all moisture processed by a storm would fall to the ground; no cloud, even, could remain.
This is far from the case. There have been numerous studies of the fluxes of air and water vapor through
convective clouds; these are summarized in Figure 6.
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100 v ey T Fig. 6. Precipitation efficlency for High Plains
o R R ! ! ’ . e .
R ® Newton (1966) convective storms.  Known supercell hailstorms are
- @ Chisholm (1968) 1 labeled "5". Storms that produced rain only are
o o Auer & Marwitz (1968) fabeled "R”. Figure from Browning 1977, copyright
E - x Chisholm (1970) 1  American Meteorological Soclety, Boston, MA, used
S + Hartzell (1970) by permission.
8 T e Fankhauser (1971) )
> R © Marwitz (1972) 1 Precipitation efficiencies can vary widely from as
5 o o\go 4 Foote & Fankt;aguser (1973) little as 2% for storms studied by Marwitz (1972)
© 50 © © Chalon et al. {1976) -1 and Dennis et al. (1970) to near 100% for a select
E few. Marwitz (1972d) and Foote and Fankhauser
5 8 ) (1973) show that in the case of High Plains
'§ i | storms there is an inverse relation between the
- precipitation efficiency and the environmental
§ - 4 wind shear in the cloud-bearing layer. [Wind
o. shear is the change in wind speed and direction
- 7 at various altitudes.] The least efficient storms
, tend to be supercell hailstorms; the highly
0 0 g efficient storms tend not to produce hail at all.

Wind Shear (10'3 sec") The average wind shear on hail days in Alberta is

approximately 2.5 x 10 sec™. This average shear

value corresponds to an average precipitation efficiency of approximately 50% (see again Figure 6). For reasons

previously stated, it logically follows that the production of large, damaging hail is largely a result of natural
storm inefficiency.

Krauss and Santos (2004) performed an exploratory analysis of the project volume-scan C-band radar data, using
the TITAN storm tracking software, to obtain radar-derived rainfall from 160 seeded and 1167 non-seeded
storms, on 82 days with seeding, during the summers of 2001 and 2002 in Alberta. The seeded storms (stratified
according to maximum radar-derived cell top height) had greater mean durations (+ 50%), greater mean
precipitation fluxes (+ 29%) and had greater mean total area—time integral of precipitation (+ 54%). There was
statistical evidence to support the claim that seeding caused an increase in rainfall. The seeding effect was
estimated to be a factor of 2.2 increase in the mean rainfall volume (averaged for categories 7.5-11.5 km height
storms) with an average 95% confidence interval of (1.4, 3.4). The effect on point rainfall is less than the effect
on rain volume because the seeding effect is composed of increases in the mean area and duration of the
precipitation as well as the flux. The average increase in rainfall depth was approximately 12% which agrees
well with the results from North Dakota.

The introduction of more precipitation embryos through seeding earlier in a clouds lifetime is highly
advantageous, reducing the amount and size of any hail, and making the cloud more efficient as a rain producer
in the process. Seeding a hailstorm means that less water is lost via the entrainment of dry environmental air
through the sides and top of the cloud, or lost by ice crystals vented through the cloud anvil at high altitudes.
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6.0 The Operations Plan

identification of Hall-Producing Storms

The height of the 45 dBZ contour (a radar echo-intensity level) was a criterion tested in the Swiss hail
suppression program. The Swiss research found that all hailstorms had 45 dBZ contours above the altitude of
the -5°C temperature level (Waldvogel et al. 1979). There was a False Alarm Rate (FAR) of 50%, largely because
some strong rainstorms also met the criterion. However, it is much preferable to make an error and assume
that a heavy rainstorm is going to produce hail than to mistakenly believe that a hailstorm is only going to
produce heavy rain. Studies of Alberta hailstorms also indicated that 50% of all Alberta hail storms had a
maximum radar reflectivity greater than 45 dBZ, above the -5°C level (Humphries et al. 1987). The Russian
criteria for hail identification stated that the height of the 45 dBZ contour had to exceed the height of the 0°C
isotherm by more than 2 km (Abshaev 1999). Similarly, the criteria used by the National Hail Research
Experiment in the USA (1972-1974) for a declared hail day was defined by radar maximum reflectivity greater
than 45 dBZ above the -5°C level (Foote and Knight 1979). Our experience suggests that the
Swiss/Alberta/Russian/USA criterion is reasonable (Makitov 1999). The physical reasoning behind it is simply
that radar reflectivity (245 dBZ) implies that significant supercooled liquid water exists at temperatures cold
enough for large hail growth.

In Alberta, the TITAN cell identification program is set to track any cell having more than 10 km® of 40 dBz
reflectivity, extending above 3 km altitude (MSL). Each such cell tracked by TITAN is then considered to be a
potential hail cell; therefore, this represents our seeding criterion. A storm is a candidate for immediate seeding
if the storm cell (as defined by TITAN) is moving towards, and is expected to reach, a town or city within the
target area in less than 30 min.

Onset of Seeding

In order for cloud seeding to be successful, it is the goal of the program to seed (inject ice nucleating agents) the
developing "new growth" cloud towers of potential hail-producing storms at least 20 minutes before the storm
cell moves over a town or city within the target zone. For the Alberta project, the principal targets are the
towns and cities within the project area (Table 1). Since 20 minutes is the minimum time reasonably expected
for the seeding material to nucleate, and have the seeded ice crystals grow to sufficient size to compete for the
available supercooled liquid water (and yield positive results), the 30 minute lead time is generally thought to be
advisable.

Cloud Seeding Methodology

Radar meteorologists are responsible for initiating cloud seeding and patrol flights, alerting air crews of the
presence of developing weather sufficiently in advance that aircraft will be ready for immediate flight when that
time comes, in accordance with operational protocols. The meteorologists advise the Hailstop aircraft when to
takeoff, and guide them to the storms of concern. Patrol flights are often launched before clouds within the
target area meet the radar reflectivity seeding criteria, especially over or near the cities of Calgary and Red Deer.
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Fig. 7. Base seeding with wing-tip ice nucleus generstors is
conducted by Hallstop 2 in organized updraft beneath developing
cumulus turrets on the flank of 3 mature thundersiorm. WM
photograph by lacob Eeuwes.

These patrol flights ensure a quicker response to developing
cells. In general, a patrol flight is launched in the event of
visual reports of vigorous towering cumulus clouds, or when
radar cell tops exceed 25 kft (7.6 km) height over the higher
terrain in the western part of the operations area, especially
on those days when the forecast calls for hailstorms.

Launches of additional aircraft are determined by the
number and spacing of storms and the flight time required
for each seeding aircraft to reach the desired location and
altitude. Overlap of coverage (airspace) and on-station time
are also considered. In general, to avoid collisions and for
air traffic control (ATC) considerations only one aircraft can
work safely at cloud top for each active thunderstorm
complex. If multiple storms develop that are sufficiently
spaced, more than one aircraft can work at cloud top
simultaneously. Horizontal separation must be sufficient to
ensure there is no chance of either aircraft impinging on the
other’s assigned airspace. [Cloud top seedmg is always done under instrument flight rules (IFR), so separation is
required by regulation as well as for safety.]

When the storm clouds of interest are relatively small (especially common when storms first develop), there is
often room only for one seeding aircraft to operate beneath the rain free cloud base as well. However, when
storms are larger and visibility is good, multiple aircraft can often be used safely at cloud base on the same
complex. This is possible because flight operations below cloud base are usually conducted under visual flight
rules (VFR) and out of cloud, so separation of aircraft can be ensured visually. To accomplish this, all cloud base
seeding aircraft must be constantly aware of each other’s locations. In addition, a landing light may be turned
on to aid spotting by other Hailstop aircraft. Responsibility for safe separation of aircraft is not a responsibility
of the project meteorologists, though they can usually monitor the relative positions in real-time through the
AirLink tracking system. Rather, the flight crews have this responsibility. Multiple aircraft are most often used
on the same storm when the storms assume a linear structure and develop new growth (towering cumulus)
along the leading edge of the line. The project utilizes five aircraft to provide uninterrupted seeding coverage
(at either cloud-base or cloud-top) and/or to seed multiple storms simultaneously, if required.
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Factors that determine which seeding strategy is used (cloud top or cloud base seeding) include: storm
structure, visibility, cloud base height, and/or time necessary for Hailstop aircraft to reach seeding altitude.
Cloud base seeding is conducted by flying just below the cloud base within the developing inflow of growing
cumulus congestus (towering cumulus) clouds, or the inflow associated with the new growth zone in advance of
the shelf cloud located on the upshear side of linear multi-cell storms {squall lines). Care is taken not to seed the
strong updrafts of mature storms, for such clouds are too advanced in their development and hail development,
if it has occurred, is too far advanced to be averted.

Seeding Procedures

Cloud top seeding is usually conducted at altitudes where cloud temperatures are between the -5°C and -15°C
and closer to the former when possible, typically at altitudes of about 16,000 to 18,000 feet MSL. Cloud top
seeding is done primarily with small pyrotechnics, comprised of 20 grams of silver iodide seeding agent, which
are ejected into updrafts in the upper regions of developing supercooled cloud towers. Each flare burns for ~37
seconds, while falling about 2,700 ft (0.8 km). Nevertheless, a minimum 3,000 ft vertical separation (~1.5 km) is
always maintained between cloud top and cloud base seeding aircraft (Figure 8).

The cloud top seeding aircraft penetrate or skim the tops of developing, supercooled, largely ice-free {(and
therefore free of radar echo), cumulus congestus cells as they mature. When multicell storms are present or
when more isolated storms have feeder clouds, the seeding aircraft penetrate or skim the tops of the
developing cumulus towers as they grow up through the -10°C flight level. The direction of flight is determined
by the location of any more mature, adjacent cells, which cannot be safely penetrated.

When the growing cells of interest are embedded within surrounding cloud, and also with most convective
complexes at night, there are no clearly defined feeder turrets visible to the flight crews. Seeding aircraft can
use their on-board weather radars to help position themselves in these cases; however, aircraft radars are
designed for weather avoidance, not for the detection of non-precipitating clouds, and so “see” only mature
cells - those beyond the growth stage where seeding can be effective. In these instances, seeding aircraft will
skim the storm edge at altitudes between -5°C and -10°C, near the region of tightest radar reflectivity gradient.

Seeding is done primarily by ejecting multiple 20-gram flares into cloud elements when updrafts and liquid
water are encountered. A burn-in-place flare may be ignited also, especially when turrets are closely spaced and
seedable cloud volumes are frequently encountered. Nocturnal seeding may also be performed from below the
cloud base altitude when visibility is sufficient.
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Fig. & Separstion of aircraft by altitude. This diagram Hlustrates how the separation of cloud-base and doud-top seeding
airoraft is achleved. W graphic by Bruce Boe.

An idea of what night seeding is like is provided by Figure 9. Lightning can often help provide illumination at the
cloud base and at cloud top, but such illumination is irregular, very brief, and by nature, “flat”, meaning that
human eyes struggle to perceive much depth and distance perception. Nevertheless, lightning does help in
conducting nocturnal operations. On occasion, additional illumination may be provided by moonlight, especially
if the upper reaches of the storm anvil do not shadow the developing turrets. In any case, the seedable clouds
are those that have not yet produced precipitation, and therefore those devoid of radar echoes. For safety
reasons flight operations require aircraft to avoid heavily electrified regions, and also close proximity to known
hail and hail aloft, as indicated by the project radar. Wind shear and terrain clearance pose additional hazards.
Though operations after dark are infrequent in Alberta because of the long summer days and lingering twilight
hours, seeding operations are conducted whenever storms develop, even in the wee hours of the morning.
Typically, this happens only a few times each season, though the number of such flights had been increasing
recently (2011, 2012).
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VIEW FROM
AIRCRAFT,
AT SEEDING
ALTITUDE

SEEDABLE CONVECTIVE
TURRETS
(NO RADAR ECHOES)

VIEW FROM
GROUND

UNSEEDABLE CONVECTIVE TURRETS
{TOO MATURE, BUT HOT YET ECHOING)

7 ¢

SEEDABLE CONVECTIVE
TURRETS
{NO RADAR ECHOES)

RAINFREE CLOUD BASE

Fig. 9. When seeding nocturnal thunderstorms lightning Is o frlend. 1t ltuminates, if only sporadically, many cloud detalls
that would otherwise go unseen, The single lightning flash in the upper Image revesis 3 developing doud turret at alroraft
seeding aititude, while the multiple flashes in the lower time-exposure from the ground reveal much more: the rain-free
cloud base [near which base-seeding slroraft would operate), smaller, developing turrets that might be seedable ¥ cold
enough, Brger maturing cells that are too cold and ive-aden {and close 1o being detecied by radar), and the mature
thunderstorm behind that has produced the lightning, WM photographs: Matthias Morel [top) andd Bruce Boe [bottom).
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