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1.0 Summary

The Aerospace Industries Association (AlA) initiated a study of precipiation
water concentration from rain and hailstorms oceurring at the wortd-wide worst-
case locations for rain and hail. Graupel, snow, and mixtures of rain/hail were
not considered in this study. ‘

Curves were derived that show probability versus rain water contant and hail
water content. These curves apply at both a single point and for an airplane in
flight. The rain curve that applies at a single point location indicates rain water
contents of 15.3, 18.9, and 22.4 g m'3 at probability levels of 10-7, 10-8, and
10-9, respectively. The single-point, Boeing-derived hail curve (based on ARC
data) indicates hail water contents of 8.5, 12.5, and 16.5 g m3 at probability
lavels of 10-7, 10-8, and 109, respectively, while the CFMI-derived hail curve
(based on GNEFA data) indicates hail water contents of 8.6, 13.4, and 18.1

g m3 at the 107, 108, and 10 probability levels. A very good agreement
considering that two completely different sets of weather data were utilized.

The rain and hail water content values listed above are assumed to apply at
19,700 feet MSL (rain), 15,000 feet MSL (Boeing-derived hail), and 12,000 fest
MSL (CFMI-derived hail). Complete atmospheric verticat profiles for rain and
hail are shown,



2.0 Introduction

The historical data, included in the AIA PC338-1 Study Results presented to the
regulatory agencies on 8/7 June 1990, records the number of powerloss events
that have been attributed 1o the effects of inclement weather. Many facets of
severe weaather have lead to engine powerioss, for instance: turbulence,
lightning, wind shear, rain, hail, and/or supercooled liquid water. The scope of
the analysis presented in this document, however, is limited to rain and hail.

The objectiva of the weather threat study (i. 8., environmental definition) was to
quantify the rain and hail threat in terms of a probability analysis and to
ascertain if the current 4% water/air ratio (by weight) of FAR 33.77 (Department
of Transportation, 1974) is an appropriate value for woridwide climatology of
rain and hail storms. This was accomplished by developing curves that
describe the probability of various rain and hail intensity levels occurring in the
atmosphere and then comparing thesa intensity values against current
regulations.. In the context of this study, "intensity” refers to the concentration of
rain or hail given in units of grams of water per cubic meter (g m3). Further
details of the quantification of the rain and hail threat are given in Section 3.0,

Considerably more data has been published on rain than on hail. A couple of
likely explanations for this are; 1.) rain occurs much more frequently than hail,
and 2.) there are more research aircraft equipped to fly into rain storms than into
hail storms. Because of the scarcity of published hail data, both the Boeing
Company and CFM international (CFMI) initiated contracts with atmosphatic
research institutions to provide hail data. The respective contracters were the
Alberta Research Council in Edmonton, Alberta, Canada, and the Groupement
National d’Etudes das Fléaux Atmosphériques in Aubiere, France. These
agencies were contracted to supply hail data in terms of radar reflectivity
measuremants, storm size, etc. The analysis of these data were done by
Boeing and CFM! with the goal of having a common definition of the hail threat
from the two sets of data. This analyzed data has been provided to the AIA
Propulsion Committee (PC) Project PC 338-1, "Investigation of Engine
Powerloss and Instability in Inciement Weather”, for their use in the study. All
decisions on the use of this data were made by the project study group. In all
subsequent reference to ARC and GNEFA data, it must be understood that only



the basic data source was supplied by those two organizations. Additional
particulars of the rain and hail data sources are provided in Sections 4.1, 5.1,
and 6.1,

In addition to the contract with ARC, Boeing also issued a contract to the South
Dakota School of Mines and Technology (SDSMT) located in Rapid City, South
Dakota. The Institute of Atmospheric Sciences (IAS) at SDSMT has the
capability to numerically simulate rain and hail storms with a two-dimensional,
time-dependent cloud model. Four storms in which commercial aircraft
encountered heavy precipitation (three resulting in engine powerloss) were
simulated by SDSMT. Further details and resuits of the SDSMT simulations are
given in Saction 10.0,

The results of the weather threat analysis are congidered to apply at a single
point in space in the "worst case” location. In other words, the rain and hail
probability curves describe the likelihood of rain or hail, of a given intensity,
occurring at the location in the world most likely to have that given intensity.
The probability of an airplane encountering a particular rain or hajl intensity
over a period of time is discussed in Section 9.0.



3.0 Threat Definition

Water cancentration was used to describe the level of intensity of rain and hail.
For the remainder of this document, when discussing water concentration, the
term liquid water content (LWC) will be used in association with rain. Hajil water
content (HWC) will be used whenr discussing hail. Unless stated otherwise,
LWC and HWC will not include the contribution of water from cloud droplets.
The basis for ignoring cloud water is that it is assumed that at high
concentrations of precipitation, cloud water is swept out by the precipitation
particles faster than it is generatad in the cloud updraft. As mentioned in
Section 2.0, LWC and HWC are given in units of grams of water per cubic meter
(g m3). Precipitation other than rain and hail, including rain/hail mixtures,
snow, and graupel (i.e., soft hail or snow pellets; c. {., Huschke, 1959), are not
within the scope of this study.

This study assigns probability levels to given LWC and HWC values. In other
words, it describes LWC and HWC as functions of probability:

LWC = §(P) (3.1)
HWC = f,(P) - (3.2)

In Egs. (3.1) and (3.2) above, P is the joint probability of a rain or hail storm
occurting at a given point and of the given LWC or HWC being equalted or
exceeded at that point. Expressed symbolicaliy:

P = P(joint) = P(storm ~ M) = P(storm) X P(Mstorm) (3.3)

where M is water content (either LWC or HWC), P(starm) is the probability of a
storm occurring at a given point and at a given instant, and P{M|storm) is the
conditional probability of a given water concentration (M) value occurring at that
point and time given the occurrence of the storm. It was assumed that LWC (or
HWC) and P have a one-to-one relationship; therefore the probability of a given
LWC value, P(LWC), or of a given HWC value, P(HWC), can also be expressed
as functions of LWC and HWC;

P(LWC) = g+{LWC}) (3.4)



P(HWC) = go(HWC) (3.5)
where g, and g, are the inverse functions of f; and f, respectively.

Because the probability of a given water concentration (M) varies significantly
as a function of location, the approach used was to considar the known “worst
case” locations for rain and hail intensity, that is, those locations in the world
where high LWC and HWC values have been reported to occur most frequently.
This insures that gny point in the world could ba randomly chosen, at any
random instant, and the probability of a given LWC or HWC occurning at that
instant would be no higher than that given by Egs. (3.4) or (3.5), respectively.
The considerations discussad in this section shape the framework for the
weather threat study as outlined in the following sections.



4.0 Rain

This saction documents the portion of the weather analysis pertaining to rain. #t
is divided into three subsections. In Section 4.1 the data sources are given and
discussed. In Section 4.2 the methodology used to develop the LWC
probability curve is explained. [n Section 4.3 the results and a discussion are
presented.

4.1 Data Sources

As discussed previously P(LWC) and P(HWC) were defined as "instantaneous”
probabilities (i. e., as the probability of a given LWC or HWC occuring at a
given instant). In practice, though, there is a finite tima interval over which a
datum point is collected. Traditionally, rain data with a temporal resolution of
one minute are considered indicative of the instantaneous rain rate. Most of the
rain data used in this analysis were taken over one-minute intervals.

An important source of data came from Tattelman and Larson (1989). They
analyzed one-minute rain rate data collected by weighing rain gages. Their
data spans 10 years (1970-79) and inciudes 41 stations in the continental
United States and one station in Puerto Rico (6-1/2 year data base). Annual
average number of occurrences of rain rates from 0.0 to 2.5 mm min-t (0.0 to
150 mm hr') for durations ranging from 1 to 30 minutes are given (c. f., Fig. 4.1).
Table 4.1 lists the 42 stations they examined; of these, Miami and Tallahassee,
Fiorida had the highest annual average occurrences of 2.5 mm min-1 rain rates
sustained over a one-minute perod.

Badtmann and Ruthroff (1976) analyzed five years {1966-70) of weighing rain
gage data for 20 U. S. stations (Table 4.2). They give the annual average
number of accurrences of rain rates from 20 to 280 mm hr1 (0.33 to 4.67 mm
min-1) sustained over a one-minute period (¢. {., Fig. 4.2). The highest rain rates
in their data occurred at Miami.

Jones and Wendland (1984) gave the percent frequency above threshold rain
rates for rates between ~4 x 103 and ~5.4 mm min-! (~0.24 and ~324 mm hr')
at Urbana, lllinois (Fig. 4.3). These data, taken over a ten-year period from



1970-79, were particularly useful because the upper end, at ~5.4 mm min-!,
was higher than any data given by Bodtmann and Ruthroff (1976) or Tatteiman
and Larson (1988).

Roys and Kessler (1966) discussed water contents of thunderstorms in
Oklahoma. Data were collected at altitudes above 25,000 feet by a F-100
airplane during the 1962 National Severe Storms Project. Water entering in the
F-100's jet engine is evaporated as the air is warmed through compression.
The compressed air is analyzed by a water vapor analyzer and compared to air
collected in a refarence cavity. This comparison yields the amount of water
condensed in the engine. The largest of the 22 measured valuas of maximum
water content reported, and discussed extensively, by Roys and Kessler (1966)
was 43.7 g m3, The authors point out that this value is somewhat suspect, but it
can not be ruled out, based on the available data. The other 21 values ranged
from1.2t013.8 g m-3 with an average value of 8.4 g m3 (Table 4.3).

Finally, Briggs (1972) presented data from Freetown, Sierra Leone, Singapore,
Singapore, and London (Heathrow), United Kingdom (Table 4.4) in a paper in
which he derived curves of the intensity of rain, as a function ¢t altitude,
predictad to be met once in 105 flight hours by a Concorde airplans. Of the
thraee locations, Freetown has the highest probability of oceurrance of
instantaneous rainfall at or exceeding 25, 50, and 100 mm hrl.

4.2 Methods of Analysis

Data from the disparate sources discussed in Section 4.1 above were
evaluated so that individual data points could be piotted on a common graph
with probability on the abscissa and LWC on the ordinate. An "envelope” fit
gave LWC as a function of probability. The curve fitting technique is discussed
in greater detail in Section 4.3.

A straightforward technique was used to convert the data of Tattelman and
Larson (1989), Bodtmann and Ruthroff (1876), and Jones and Wendland (1984)
0 a common format. All three of these studies used rain rats on one of the axes
of their plotted data (c.f., Figs. 4.1-4.3). The other axis was either annual
average occurrences (Tattelman and Larson, 1989), number of minutes per

7



year rain rate is exceeded (Bodtmann and Ruthroff, 1978), or parcent frequency
above threshold rate (Jones and Wendland, 1984). Likewise, the methods to
convert the Briggs (1972) data to the common format for this study were
straightforward. The first step was to conven rain rates to LWC. The second
step was to convert the other axis to exceedance probability,

There are a number of studies in which correlations between LWC (frequently
designated "M") and rain rate (R) are reported. Rain rate and LWC are
measured independently, but at the same time and location. A plot like that
shown in Fig. 4.4 is the result. The points, when plofted on log-log paper, can
usually be fit with a straight line, thus defining a power law relationship between
M and R. Tabie 4.5 shows the M-R relations used in the rain analysis described
here.

From the Tattelman and Larson {1989) data; Miami and Tallahassee, Florida
and Oklahoma City, Okiahoma waere the stations chosen to provide data peints
for the LWC vs. probability graph. Miami and Tallahasses were chosen
because high intensity one-minute rain rates were most frequent at these two
locations. Oklahoma City is a significant location, as will be discussed later in
this section, becayse the Roys and Kessler data were also collectad in
Oklahoma. The rain rates at Miami and Tallahassee were converted to LWGC
using the Mueller and Sims (1966) equation from Table 4.5. The Oklahoma
City data was converted using the Jones (1956) equation. The other axis of the
Tattelman and Larson (1989) plots is the annual average occumences. For this
study the one-minute duration curves were used and the assumption was made .
that the probability of a given LWC value being exceeded is equal to the annual
average number of minutes per year it is exceeded divided by the number of
minutes in a year. The larger the sample population, the better is this
assumption.

To clarify how 2 data point is generated, it is useful {0 go through the process
step by step. For example, in Fig. 4.1 the one-minute duration curve (uppermost
curve) shows that the 2.5 mm min-1 rain rate occurs ~11 times annually. So the
LWC value, using the Mueller and Sims (1966) equation is;

LWC =M =0.0528 xR (= 150 mm hr1)0.95 =62 g m=3
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The probabifity level is calculated by taking the number of one-minute
securrences divided by the number of minutes in & year:

P(LWC) = ~ 11/ (365.25 X 24 x 60) = 2.1 x 105

So the data point, (P, LWC), is (2.1 x 105, 6.2). This particular point can be
seen plotted on Fig. 4.9.

Three data points were calculated from the Bodtmann and Ruthroff (1976)
Miami data. Miami had the highest rain rates of the 20 stations in their
database. The methods used to calculate the data points were the same as
those used to reanalyze the Tafteiman and Larson (1989) data.

Two data points wera calculated from the Jones and Wendland (1 984) Urbana,
llinois data. LWC was calculated from rain rates using the Jones (1956)
equation in Table 4.5. Probability was calculated by dividing the axis labelled
"narcent frequency above threshold rate” by 100.

Two data points were calculated from the Briggs {1972) Freetown data. The
100 mm hr-! data point, and an interpolated data point at 75 mm hr-1, were
converted to LWGC using the Willis (1984) M-R equation from Table 4.5.
Exceedance probability was already given, so no conversion was necessary.

As mentioned earlier, the methods 10 convert the data of Tattelman and Larson
(1989), Bodtmann and Ruthroff (1976), Jones and Wendland (1984), and Briggs
{1972) to a common format for this study were straightforward. Converting the
Roys and Kessler (1966) data, however, was more complicated.' The Roys and
Kessler (1966) conditional probability data can be fit with an exponential
function. Figure 4.5, from the Handbook of Geophysics and the Space
Environment (Fig. 16.27, Jursa, 1985) illustrates the curve fit of the Roys and
Kessler (1966) data. It shows the conditional probabiiity, given the occurrence
of an Oklahoma thunderstorm, of the maximum LWC within the thunderstorm
exceeding a given value of LWC. For example, the curve in Fig. 4.5 indicates
that the probability of the maximum LWC within an Okiahoma thunderstorm,
P¢(LWC), exceeding 5 g m3 is ~68 %.



The probability of a given LWC valus, P(LWC), occurring at a given point at any
given instant can be computed using the following equation:

P(LWC) = n x P{LWC) x T(LWC) / 525960 (4.1)

where n is the mean number of thunderstorm cells that pass over the point in a
year, P-(LWC) is the conditional probability, given a thunderstorm, of a given
maximum LWC vaiue occurring within the cefl, and T(LWC) is the time it takes
{in minutes) for the portion of the cell that equals or exceeds the given LWC
value to pass over the peint. The number in the denominator, 525960, is the
number of minutes in a year. P¢(LWC) is given in the Handbook of Gegohvsics
and the Space Environment (Jursa, 1985) as P¢(LWC) = exp(-LWC?2/64). The
unknowns are n and T(LWC). Note that Eq. (4.1) is a specific version of the
more general Eq. (3.4).

Figure 4.6 shows a simplified thunderstorm cell model. The concentric circles
raprasent contours of LWC increasing towards the center of the cell. This model
generalizes the LWC distribution within a cell. The larger the LWC value, the
smaller the cross-sectional area it occupies. With other factors being equal,
T{LWC) is proportional to De(LWC), the effective diameter of the cross-sectional
area of which a given LWC value is equalled or exceeded. If these "other
factors” {most notably, cell speed) are independent of LWC, then:

T{LWC) = Cy x Dg(LWC)
where C4 is the proportionality constant.
So, Eq. (4.1) can be rewritten as:

P(LWC) = Cz x Po(LWC) x Dg(LWC) (4.2)
where C2 =n x Cy / 525360. Do(LWC) can be estimated independently, so if it

can be shown that Ca, thereby implying C4, is indeed constant and its value can
be determined, then Eq. (4.2) can be evaluated.
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Using the Tattelman and Larsen (1989) Oklahoma City data, P(LWC) can be
caleulated directly by the methods discussed praviously, with rain rates
converted to LWC using the Jones (1956) equation from Table 4.5. This
method gives P(LWC) for 0 S LWC 6.7 g m-3. Equation 4.2 ¢an then be
rearranged to solve for Ca:

= P(LWC) / [Po(LWC) x D{LWC)] (4.3)

So Gz can be determined directly for LWC values up to 6.7 g m™3 once De(LWC)
is known. As discussed above, if C2 remains constant for all LWC values, then
Eq. (4.2) can be used to calculate P(LWC) aven for LWC > 6.7 g m-3, Consider,
howsver, that Egs. 4.1 and 4.2 are based on physical arguments that assume
thunderstorm rain. In the LWC range from 0 to 6.7 g m™3, the lower values of
LWC also occur in stratiform rain. So it might be expected that Ca, as calculated
from Eq. (4.3), would not be constant for lower values of LWC, but would "leval
off" to a constant value as LWC increases, since stratiform rain rarely produces
large values of LWC.,

Figure 4.7 shows the diameter of the ragion in which a given LWC valus is
equalled or exceeded, De(LWC), as a function of LWC. As expected, Dg(LWC)
decraases as LWC increases. It should be stressed that the curve applies to
convective rain only. The mathods to derive the curve in Fig. 4.7 are
straightforward. The details are given in Appendix A.

~ The constant, Cp, in Eq. (4. 3) can now be solved for, since P(LWC) is given from
Tattelman and Larson (for LWC values to 8.7 g m™3), P¢(LWC) is given in the
Handboak of Geophysics and the Space Lnvironment (Jursa, 1985) as

Po(LWC) = exp(-LWC?2 / 64), and as shown in Appendix A, Dg(LWC) = 4.3
LWC0:26 faxp{in LWC)3]0-16, Figure 4.8 shows Cz as a function of LWC. Note
that by about LWC = 4.5 g m3, Cz levals off to a constant value of ~8. 5 x 108,

As discussed praviously, this behavior is expected since Eqgs. 4.1 - 4.3 wers
darived with agsumptions based on a convactive rain model, whereas stratiform
rain accounts for much of the lowar range of LWC values. The value of C2 for
45 < LWC < 6.7 g m3 (i. 8., Cz = 9.5 x 106) can now be used in Eq. (4.2) for
LWC > 4.5gm3.
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With Ca, Pc(LWC), and Dg(LWC) known, Eq. (4.2) was used to calculate two fow
probability points, P(20 g m-3) and P(25 g m-3)

4.3 Results

Figure 4.9 shows the rain curve with the various data points, as discussed in the
last section. At probability levels of 10-7, 108, and 10-9, the corresponding LWC
values are 15.3, 18.9, and 22.4 ¢ m-3. The curve was determined by selecting
only the highest LWC values in a cluster of data points and curve fitting the
seloected points. The values were chosen in this manner in order to define a
curve that would apply in the worst case location. For example, data points from
a location in the Sahara desert could easily have been plotted on Fig. 4.9, but it
is clear that it would be unreprasentative for these points to influence the curve
fit, since they clearly do not represent a worst case location. Points chosen for
the curve fit were: the three Tatteiman and Larson (1889) Tallahassee points,
the two Hayé and Kessler {1966) Oklahoma points, the three Bodtmann and
Ruthroff (1976) Miami points, the two Briggs (1972) Freatown, Sierra Leone
points, and the Jones and Wendland (1884) Urbana, lllinois point at 14.2 g m-3,
The Tattelman and Larson (1989) Miami points were not used, because the
Tallahassee points at the same probability level were higher. The Tatteiman
and Larson (1989) Oklahoma data points also were not used, nor was the
Jonas and Wendland (1984) Urbana, HWinois data point at 6.7 g m3.

The data imply that subtropical locations like Florida have the highest
probability of LWC values below 10 g m~3, while mid-latitude continental interior
locations like Urbana and/or Oklahoma have the highest probability of LWC
values above 10 g m3. Physical arguments can be constructed to support this
implication. Florida is located at latitudes below 31° N. where it gets relatively
strong surface heating throughout the year. In addition, the state is surrounded
by warm ocean water thus insuring a nearly constant supply of moisture laden
air. Strong surface heating and an abundant moisture supply are the ideal
racipe for convective precipitation, so it is not surprising that Florida
experiences convective rainiall year-round. In the midwestern United States,
like Oklahoma, thare is strong surface heating in the spring and summer. Often
the low-lavel winds are from the south to southeast at this time of the year,
bringing warm moisture-laden air from the Gulf of Mexico. Unlike Florida,
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however, a mig-level inversion often sets up under these conditions, particularly
in the spring and earty summer. The inversion inhibits convection until either
the low-fevel temperatures are high enough to allow thermais (rising "bubbles”
of warm air) to penetrate the inversion level or until low-level air is forced above
the inversion level by a front. When the convaction finally is released it can be
more vigorous than Florida convection, thereby producing high LWC values,
Oklahoma has the potential for very severe conveaction more often than Florida,
but since convaction is inhibited by the season and inversions, Florida has
moderate convection more often than Oklahoma.

A reasonable check of the rain curve in Fig. 4.9 is to compare it with the MIL-
STD-210C (Department of Defense, 1987) worst case 0.01%, 0.1%, and 0.5%
values, Figure 4.10 shows the rain curve with the three MIL-STD-210C paints
plotted. These points lie above the curve, but it should be kept in mind that the
MIL-STD-210C data, taken from Tattelman and Grantham (1983a,b), are the
probabilities-during the worst month, whereas the curve in Fig. 4.9 is based on
annual probabilities. Considering this difference, then, the pottion of the
probability curve near the MIL-STD-210C points seems reasonable, although it
can not ba concluded that the MIL-STD-210C points validate the curve because
of the differences in temporal scale.

Besides the data used to establish the rain probability curve in Fig. 4.9, a
number of extreme LWC data points have been reported. The largest in situ
rain LWC value is 44 g m3 from an Oklahoma thunderstorm as reported by
Roys and Kessler (1966). The world's record 1-minute and 42-minute rainfall of
1.23 inches at Unionville, Maryland on 4 July 1956 and 12 inches at Hott,
Missouri on 22 June 1947 (Riordan and Bourget, 1985) translate to LWC values
of 60.3 and 15.8 g m-3, respectively (Willis, 1984; Department of Defense,
1887). Tabie 4.6 shows some extreme rain ‘LWC data and associated data
sources.

An important aspect of the weather threat analysis is the vertical distribution of
rain LWC in the atmosphere. Table 4.7 shows the assumed profile for LWC
used in this study. It implies that LWC is constant from the surface to 6 km MSL
and drops off to ¢ g m™3 at 20 km MSL (Tattelman and Willis, 1985; Department
of Dafense, 1987). Figure 4.11 shows the vertical distribution of normalized
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LWC as determined using the values given in Table 4.7. This distribution i
described as all liquid beiow ~15,000 ft MSL, mostly liquid between ~15,000 -
20,000 ft MSL, and nearly all ice above ~23,000 ft MSL (Department of
Defense, 1987). However, recall that this distinction is not made here;i.e., the
condensate is assumed to be liquid all the way to 20,000 ft MSL,

Another important aspect of the weather threat analysis is the raindrop size
distribution. Marshall and Palmer (1948) reported an exponential distribution of
the form:

N(D) = Ng e-AD (for 0 < D < Drnax) (4.9)

where D is the raindrop diameter, N(D) is the number of drops having diameters
between D and D + dD, A is the slope parameter, N, is the intercept, and Dmay
is the maximum drop diameter (usually taken to be ~0.6 - 0.65 mm, since drops
larger than that tend to break up when falling). A refinement on Eq. (4.9)isa
gamma distribution:

N(D) = Ng D% @-AD (0 « D < Dmay) (4.10)
which reduces to Eq. (4.9) when o = 0. Equation (4.11) below gives LWC:

D
1 o 3
LWC:-S—pw ] N(D)D" @D (4.11)
)]

where p,, is the density of rain water. Tattelman and Willis (1985) use Eq. (4.10)
10 describe the drop size distribution with values for Ng, o, and A dependent on
rainrate. Figure 4.12a shows the Tattelman and Willis (1985) drop size
distribution for the 42-minute world record rainrate of 432 mm hr-1 (15.8 g m-3),
Approximately 72% of the rain drops are between 0.5 and 2.0 mm. The size
category with the most raindrops is 1.0 < D < 1.5 mm, while the mean drop size
is 1.4 mm in diameter. Figure 4.12b shows the percent contribution to the total
water content from each 0.5 mm size interval. Approximately 75% of the total
water content is from drops with diameters between 1.5 and 3.9 mm. The size
category contributing the most to the total water contentis 2.0 < D < 2.4 mm,
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while the median volums diameter, Dy {i. ., the drop size that separates the
distribution such that all drops smalier than Dy contribute the sams liquid water

content as all drops larger than than Dp) is 2.6 mm.
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5.0 Hail - ARC

For the purpose of this study, hail is defined as frozen precipitation of a particte
size Q.5 cm diameter or greater, This definition excludes smaller sized frozen
precipitation, viz, graupel, sieat, snow pellats, etc. This section documents the
pottion of the weather analysis based on the data supplied to the Boeing
company by the Alberta Research Council (ARC). While ARC supplied the data,
the actual analysis was carriad out by the Boseing Company, In Section 5.1, the
ARC data is discussed. In Section 5.2, the methodology used by Boelng to
develop a HWC curve, based on the ARC data, is explained. In Section 5.3, the
ARC curve is presented and discussed.

5.1 ARC Data

The Alberta Research Council, located in Edmonton, Alberta, Canada, has
bean collaciing weather data for many years. They are a world leader in hail
research. As part of their extensive convective storm data base, they have §-
band (10-cm wavelength, or 3 GHz) dual-polarization weather radar data from
1974 - 1985. Their S-band radar was operated any time significant weather
was within the radar's range. The data were taken in volume scans, consisting
of a series of plan-position indicator (PPI) scans (e. g., Battan, 1973) at
increasing elevation angle. Each volume scan required either 1.5 or 3 minutes
to complete depending on the antenna program in usse.

ARC signed a contract with the Boeing Company in eary 1989 to provide
Boeing with radar data processed to Boeing's specifications (Alberta Research
Council, 1990). Data from the month of July, the peak month of Albarta's hail
saason, from 1983, 1984, and 1985, the years with the best and most complete
sets of S-band data, were processed. The PPl scans were converted to a
constant-altitude plan-position indicator (CAPPI) format (c. 1., East and Dore,
1957; Marshall, 1957; Fig. 5.1) at 2, 4, and 6 km above ground level (AGL);
this corresponds 10 2.7, 4.7, and 6.7 km above mean sea level (MSL), sinca the
radar is located approximately 0.7 km MSL. Only data within the range intervai
of 31 1o 81 km were used, thereby minimizing ground clutter close to the radar.
The ARC data domain is illustrated in Fig. 5.2. Volume scans were axtracted for
processing from every 30 minutes of data. In addition, when large radar
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reflectivity values were noted, then scans that fell in between the 30-minute
sampling interval were interrogated in an attempt to find {he extreme refiectivity
value at each CAPP! altitude for each of the three years. As discussed in
Section 5.3, these data were kept separate from the 30-minute data and were
not used to derive the final P(HWC) curve.

Storm cells, defined as areas of contiguous echo above 30 dBZ, were identified
in each CAPPI scan. The polarization capabilities of the radar allowed ARC to
difterentiate between regions of rain, hail only, or mixed (rain and hail) using
algotithms developed by Dr. Anthony Holt at the University of Essex in the
United Kingdom. Within each region of a given category, the maximum
reflectivity was recorded. The area of each hail and mixed cell was also
recorded and the equivaient diameter was computed ("equivalent diameter” tn
this case refers to the diameter of a circular region of the same area).

Table 5.1 gives a summary of the total hail data points. There are 414
maximum hail reflectivity data points (30-minute data) from the three July
months of 1983-85. Additionally, there are 2868 hailshaft area (equivalent
diameter) data points. There are more hailshaft area points than maximum hail
reflectivity points becayse the hailshaft area data includes the mixed (rain and
hail) regions. The data points were used to construct cumulative distribution
plots of both squivalent diameter and maximum reflectivity.

5.2 Methods of Analysis

The hail curve, given by P(HWC), is a product of the prior probability of a hail
storm occurring at a given point and the conditional probability of a given HWG
value occurring within that hailstorm:

P{HWC) = Pp(HWC) x Pc(HWC) {5.1)
Equation (5.1) applies specifically to hail, while Eq. (3.3) is a more general
expression of the joint probability of a given water content from a convective

storm. Comparing Egs. (3.3) and (5.1), P(HWC) corresponds to PstormnM),
the prior probability of a hailstorm occurring at & given point is Po(HWC) in Eq.
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(5.1} corresponding to P(storm) in Eq. (3.3), and the conditional probability of
HWC, given a hailstorm, is Po(HWC) in Eq. (5.1) and P(M|storm) in Eq. (3.3).

The first step in the analysis was to convert the 414 hail reflectivity data points
into HWC data points. There are a number of Z-M conversions for hail. The
Ulbrich and Atlas (1282) conversion equation was used in this analysis
because it gave relatively high HWC values in the range of reflectivity values ot
interast {cf. sec. 8.0 for additional discussion).

Because hail reflectivity is strongly influenced by the liguid water coating
thickness, t, on the hailstones, the reflectivity values were corrected to account
for this effect {c. f., Appendix B). The Ulbrich and Atlas (1982) equation:

Z=9.22x 105 M1-23 (5.2)

assumes t = 0.01 cm. Because water coating thickness ¢an not be measured
directly, it was necessarty to estimate t for the Alberta CAPP1 altitudes. The
reflectivity values were corrected and then converted to HWC using Eq. (5.2).

Liquid water melts and collects on a hailstone if the ambient air temperature is
greater than 0°C, but it can also collect on the hailstonas at temperatures less
than 0°C if the stones are in a wet growth regime (¢. f., Macklin and Bailey,
1968; Foote and Knight, 1977). Figure 5.3 shows that the growth regime (wet
or dry) is determined by ambient temperature and cloud liquid water content.
The mean freezing level in Alberta hailstorms in July is 3.5 km MSL (ARC,
personal communication). So the 2.7 km MSL CAPPI level was below the
mean hailstorm freezing level and the 4.7 and 6.7 km MSL levels were above
the freezing level. It was assumed that hailstones at the 4.7 and 6.7 km MSL
levels were growing in a wet-growth regime and that the water-coating
thickness was t = 0.01 cm under those conditions. Therefore, the Ulbrich and
Atlas (1982) equation could be applied directly to the reflectivity values at the
4.7 and 6.7 km MSL leveis. For the 2.7 km MSL level, it was assumed that the
stones had a water-coating thickness of t = 0.01 cm at the freezing level and that
melting occurred as the stones fell below the freezing level to the 2.7 km MSL
level,
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The melting model described by Rasmussen and Heymsfield (1987a,b) was
used to estimate the amount of melting that occurred as hailstones dropped
from the freezing level, at 3.5 km MSL, to the CAPPI level at 2.7 km MSL. A
hailstone size of 1.5 ¢m diameter was chosen for the model run, as
representative of the madian volume diameter, Dy. (The madian volume
diameter is the hailstone diameter that evenly splits the size distribution, such
that all stones smaller than D, contribute the same HWC as all stones larger
than Dy; see Section 5.3). Figure 5.4 shows the atmospheric profiles used in
the melting analysis. The model results estimated a water-coating thickness of t
= 0.021 cm at 2.7 km MSL. This increase above the initial 0.01 cm was
primarily a result of melting with a2 smali contribution from the collection of cloud
water.

The reflectivity values at 2.7 km MSL from the ARC data were correctedto "t =
0.01 cm equivalent reflactivity” values. In other words, the reflectivity values in
the ARC data, assumed to be from hailstones coated with 0.021 em of liquid
water, were corracted to what they would be if the water coating was 0.01 cm.
Since the 2.7 km MS!_ data was corrected for a t value assumed to be that at the
freezing level, the 2.7 km MSL corrected data can be interpreted as actually
representing data at the freezing level, 3.5 km MSL. Details of the-correction
applied to the 2.7 km MSL ARC data are contained in Appendix B.

Equation (5.2) was used to convert the t = 0.01 cm equivalent reflectivity data to
HWC data. Figure 5.5 shows the cumulative distribution of HWC values from
the ARC data at 2.7, 4.7, and 6.7 km MSL. The 2.7 km MSL CAPP1 level has the
largest HWC values and therefore the data at this level were used to estimate
Pe(HWC) in Eq. (5.1). The data points at 2.7 krn MSL that were ultimately used
to derive P(HWC) are shown in Fig. 5.5.

The cther term on the right hand side of Eq. (5.2), Pp(HWC), was calculated by
estimating the mean annual minutes of hail at a worst case location for hail and
then dividing this number by the number of minutes in a year. Equation (5.3)
below shows how Pp(HWC) was estimated:

Pp(HWC) = n x T x (HWC) / 525960 (5.3)
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where n is the number of hail storms at a point representing the worst case
location, T is the mean point hailfall duration, kK(HWC) is a correction factor
defined below, and 5253860 is the number of minutes in a year.

Figure 5.6 shows the number of point haildays throughout the continental
United States (Changnon, 1977). Figure 5.6 can be interpreted as a map
showing the number of days each year that hail would fall on a given point.
Southeastern Wyoming and the Washington coast show the highest point
haildays in the United States at 9 and 10 respectively. Figure 5.7 indicates,
however, that the hail on the Washington coast is "light” (i.e. tikely consisting of
graupel, for the most pan, rather than hail as defined herein), whereas the hail
that occurs in southeastern Wyeming is severs. For this reason a value of 9
haildays per year was used as the peak vaiue in the U. S. for the purposes of
this study. There is a precedent for using the peak value of the U. S. as a worst
case value globally (c. 1., Gringorten, 1871). Gokhale {1975) shows maps
similar to the U. 8. hailday map for Africa, Argentina, and India that support a
value of § as worst case. Similarly, Omoto (1 974) shows a hailday map for
Japan where a value of 5 haildays annually is the maximumn. Sulakvelidze
(1967) repotts a point hailday maximum of 8-10 days for the Soviet Union. To
reiterate, the value of 9 haildays per year in southeastem Wyoming was
considered the worst case frequency for the purposes of this study.
Furthermore, since hail cccurs so infrequently (only § days out of 365), it was
assumed that only one hailfall per hailday occurs at a given point. In other
words, n, from Eq. (5.3), was assigned a value of 9.

Mean hailfall duration at a point can be estimated by dividing the mean hailshaft
diameter by the mean hailshaft speed, and applying a correction factor, c. A
coerrection factor is necessary for two reasons. The first reason is that the
distance through the hailshaft that passas over the point is not necessarily
equai to the diameter because the canter of the hailshaft doesn’t always pass
over the point. The second reason that a correction factor is necessary when
calculating the mean duration of hail at a point from the mean hailshaft diameter
and speed is that the product of the means is not necessarily the mean of the
product,i. e. :

a-bzab
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So the equation to calculate the mean point hail duration, T, is:
T=cDwS {5.4)

whare ¢ is the correction factor, Dy, is the mean hailshaft diameter, and 8 is the
mean hailshaft speed. The correction factor, ¢, was calculated using data
presented by Changnon {1970) from lllinois. He reported T, Dy, and S, each
measurad independently, from which ¢ was calculated. He gave avalue of T =
3.6 min for daytime storms, 5 = 30 mi hr1, and he reported a mean maximum
hailstreak widith of 1.1 mi which was used in this study as a vaiue for Dp. Using
these values and rearranging Eq. (5.4}, a value of 1.64 was calculated for ¢. It
was then assumed that the correction factor is applicable world wida. The
median hailshaft diameter of the ARC data is 3.15 km. A value of 15 m 51 was
used for S, based on a mean South Dakota hailstreak speed reported by
Changnon (1870). Using Eq. (5.4), then, with ¢ = 1.64, Dh=3150m, and S = 15
m -1, avalue of T = 344 s (about 6 min) was calculated. This value for Tis
supported by measured values of T at various locations as shown in Table 5.2.

The correction factor in Eq. (5.3), k(HWCQ), is necessary becauss it was
recegnized that the higher HWC values within a hailshaft occupy a smaller
cross-sectional area and therefore the duration of larger HWC values at a point
wili be considerably smaller than the overall hail duration. A simple correction
was applied based on an assumed across-shaft HWC distribution. It was
assumed that for hailstorms with a peak HWC value = 4 g m-3, HWC increases
inward from the edges of the shaft such that there is a region within the hailshaft
(that has a cross-sectional area with diameter cne-third the diameter of the
overall shaft) where the peak HWC vaiue occurs uniformly. For hailstorms with
peak HWC < 2 g m'3 it was assumed that the peak value is uniformly distributed
across the entire shaft. For hailstorms with peak HWC betwaen 2 and 4 g m3,
the diameter of the inner region where it is assumed that the peak HWC value is
unifermly distributed, is linearly interpolated between the value for hailstorms
with peak HWC <2 and = 4.

In other words, the diameter of the inner region where the peak HWC value is
assumed to occur, Dp, is given by:
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-{Dh for HWCp <2
1
Dp:J 30, (5 -HWC,) for 2.<HWC, <4
1
30, for HWC, 2 4

where HWCy, is the peak HWC value within the hailshaft. Figure 5.8 shows
across-shaft HWC distributions from both model-generated and naturai
hailstorms Superimposed with the assumad distribution described above.

By substituting Dp for Dp in Eq. (5.4) it becomes ciear that K(HWC} is defined by:

1 for HWC< 2
KHWC) = {3 (5~ HWO) for 2<HWC<4 (5.5)
3 for HWC2 4

Notice that the preduct D 'k(HWC) is a function describing the effective
diameter of the cross-sectional area of which a given HWC value is equalled or
exceeded. Dp-k(HWC) is to hajl cells what De(LWC) is to rain cells. Figure 5.9

With n, T, and k(HWC) defined, Eq. (5.3) can be used to solve for Pp(HWC):
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(1x 10-4 for HWC< 2

P,HWC)=1333x10°(5-HWC)  for 2<HWC<4 (5.6)

(3.33x107° for HWC2 4
5.3 Results

With Pp(HWC) and Pc(HWC) known, then Eq. (5.1} was used to solve for
P(HWC). The thrae P¢(HWC) points, indicated in Fig. 5.5, were multiplied by
Pp(HWC), then curve fitted. The resulting curve, which is defined by P(HWC) =
1.39 x 10-5-exp(-HWC/1.73), is shown in Fig. 5.10. At probability levels of 107,
10-8, and 10-9, the HWC values are 8.5, 12.5, and 16.5 g m3, respectively. The
highest measured value from the ARC 30-minute data was 9.3 g m™3, which has
a corresponding probability of occurrence of 6.4 x 10-8. All values to the left of
(9.3, 6.4 x 10-8) were extrapolated.

Figure 5.11 shows a comparison of the rain and ARC-derived hail curves. As
might be expected, P(LWC) exceeds P(HWC) at all probability leveis along the
abscissa. The two curves tend to converge to the left, which also might be
expected since atmospheric conditions favorable for producing extreme rainfall
often are also conducive to hail storm formation.

It should be re-emphasized that the curve in Fig. 5.10 represents the probability
of hail occurring gt 3 point at a worst case location for hail. P(HWC) does ngt
give the probability of an airplane encountering haii of various intensity. The
airplane threat analysis is discussed in Section 9.0.

As discussed previously, the data used to construct the hail curve in Fig. 5.10
were obtained by extracting a maximum reflectivity value for each hail region at
evenly spaced intervals of 30 minutes. In addition to the 30-minute data, ARC
examined the data at smaller time intervals when a particularly large hail
reflectivity value was discovered in the 30-minute data. In other words, if a large
refiedtivity value was discovered in one of the 30-minute scans, then ARC would
examine each scan immediately before and after the scan with the large
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reflectivity value. (Recall that each scan took about 3 minutes to complete, so
for every scan examined in 30 minute intervals, there are approximately 9 scans
that were not examined. These 9 scans, however, were examined when a large
reflectivity was discovered in the routine 30 minute data extraction.)

Table 5.3 shows the maximum HWC, caiculated from reflectivity using Eq. {5.2),
for each CAPP! level of each month ot July of the three years of ARC data. The
single highest HWC value from the entire data base is 10.9 g m=3 from 1985,
Parenthetically, the South Dakota School of Mines and Technology T-28
armored research airplane (Johnson and Smith, 1980) recorded an HWC value
of 12 g m"3 for this same storm during a research project being conducted in
Alberta in 1985 {Musil and Smith, 1988).

The T-28 airplane has penetrated thunderstorms in a number of research
projects. An HWC value of 14 g m3 in an Alabama thunderstorm was reported
by Musil and Smith (1989), but ice particles were rather small and may have
been predominantly graupel (Dennis Musil, personal communication). Smith et
al. (1976) reported a precipitation water concentration of 12 g m-3 in a Colorado
thunderstorm during the United States National Hail Research Experiment, but
there was no mention of whether the precipitation was in the form of hail, rain, or
a hail/rain mixture. The T-28 data is valuable because it is collected within
clouds, but for safety reasons the airplane does not intentionally fly into regions
where a ground-based radar indicates reflectivity values above 55 dBZ.
Therefore, it's possibie that even higher HWC values could have been
measured if the airplane could have safely flown into those regions where
reflectivity exceeds 55 dBZ.

An important aspect of the weather threat analysié is the hailstone size
distribution. As discussed in Appendix B, the size distribution is usually
considered to be exponential as given by Eq. (B.1):

N(D) = No e-AD for (Dmin < D < Dmax)
where Ny and A are defined in Section 4.3 and Appendix B. The minimum

hailstone diameter, Dmin, is specified as 5 mm, while the maximum hailstone
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diameter, Dmay, is oﬂ_en considered infinite for calculation purposes. Equation
(5.7) below gives HWC:

Dmax

HWC=1p | N(D)D’ dD

D _.
min

(5.7)

where PH is the density of the hailstones. Equations (5.8) and (5.9) below, from
Ulbrich and Atlas (1982), can be rearranged and combined with Eq. (B.11), also
from Ulbrich and Atlas (1982), to give equations for Ng and A as a function of
HWC.

No = 95.6 D40.39 | (5.8)
HWC =x PH No/A4 (5.9)

So, for a given HWC, Egs. (B1) and (5.7) can be used to estimate the
contribution of the total number of hailstones and HWC from selected hailstone
size intervals (similar to Fig. 4.12, but for hail). Figure 5.12a shows the
hailstone size distribution as calculated from Eq. (B1) with No and A calculated
by assuming an HWC of 13 g m-3 and assuming Dmin = 5 mm and Dpmax = oo.
Approximately 89% of the hailstones are between 0.5 and 1.5 cm. The size
category with the most hailstones is 0.5 < D < 1.0 cm, while the mean stone size
is 0.95 cm in diameter. Figure 5.12b shows the percent contribution to the total
HWC from each 1 mm size interval as calculated from Eq. (5.7) with HWC = 13
g M3, Dmin = 5 mm, Dmax = =, and py = 9 x 105 g m-3. Approximately 58% of
the total HWC is from stones with diameters between 1.0 and 2.0 cm. The size
category contributing the most to the total HWC is 1.0 < D < 1.5 cm, while the
median volume diameter, Dy, is 1.6 cm.
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6.0 Hail - GNEFA

This section documents the portion of the weather analysis based on data
supplied to CFM International {through the Société National d'Etude et de
Construction de Moteurs d'Aviation (SNECMA)] by the Groupement National
d'Etudes des Fléaux Atmosphériques (GNEFA). While GNEFA suppiied the
data, the actual analysis was carried out by CFMI. In Section 6.1, GNEFA data
are discussed. In Section 6.2, the methodology used by CFMI to develop a
HWC curve, based on GNEFA data, is explained. In Section 6.3, the GNEFA-
based curve is presented and discussed.

6.1 GNEFA Data

The Groupement National d'Etudes des Fléaux Atmosphériques, located in
Aubiere, France employs some of the world's leading experts on hail and
hailstorms. CFMI, through SNECMA, signed a contract with GNEFA in early
1988 to provide a report on the physical characteristics of hailstorms (Husson et
al,, 1989).

Included in the data provided to CFMI by GNEFA were S-band weather radar
data collected in the Napf region of Switzeriand (near Zurich) as part of the
Grossversuch IV program (Federer of al. 1978; Waldvogel et al. 1978). The
radar operated in a PPl mode at a constant elevation angle of 5.5°, with each
PPI scan requiring about one minute to complete. Only data within a range of
30 km from the radar were used.

The radar data consists of a set of 253 Zmax values, where Zmax is defined as
the maximum reflectivity value of a "potential hail-producing” cell (Fig. 6.1). A
cell is defined as a potential hail producer if a PPI radar echo contour exceeds
45 dBZ and a hail hazard criterion, measured in range-height indicator (RHI)
mode by another radar, is met. Ali cells which had produced hail at the ground
were considered hail producers, but not all cells considered hail producers
discharged hail measured at ground level (Waldvogel and Grimm, 1979). The
253 cells providing Zmax values make up the complete Grossversuch IV radar-
identified cell data of the years 1977-1382.
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6.2 Methods of Analysis

Much of the same methodology used to develop the ARC hail curve, as
described in Section 5.2, was also used to develop the GNEFA hail curve.
Equation (5.1) was used with the term Pp(HWC) replaced by Pp, i. e., the prior
probability used was a constant, independent of HWC. Equation (5.2) was used
to convert reflectivity to HWC, but only after the reflectivity values were corrected
for the effects of hailstone meiting below the freezing level.

The most important difference between the Boeing and CFMI methodologies is
that a correction factor was applied to the GNEFA reflectivity data. The GNEFA
data shown in Fig. 6.1 differs from the ARC data in that ARC values represent
maximum reflectivity within a hail cell at the time it happened to be scanned. A
GNEFA value, on the other hand, represents the single highest reflectivity value
within a hail cell that occurred sometime during the life of the cell {or at least
throughout the portion of the cell's life when it was within the range of the radar).
This is an important distinction because if £q. (5.1) is used with Pc(HWC)
calculated from the uncorrected GNEFA data, then P(HWC) will not give the
probability of a given HWC value occurring at a point at any random instant.
The reason that it will nct is that GNEFA reflectivity values do not represent the
conditional probability of maximum reflectivity within a hail cell at any random
instant, because only the single highest value in a cell was recorded regardless
of when it occurred.

Therefore, CFMI assumed that the storm is made of one or several cells for
which the HWC distribution is Gaussian at a given time. This is confirmed by
examples shown in Fig. 6.2 and 6.3 where a radar followed the evolution of
HWC above a fixed point. CFMI elected to use a + 2o volumetric Gaussian
distribution to correct the GNEFA values. The HWC values, converted from the
GNEFA reflectivity values using Eq. (5.1), were multiplied by a constant
correction factor, ¢ = 0.5, to get an "average"” HWC (Gashignard and Gires,
1989b).

The term P;(HWC), defined in Section 5.2, was determined after correcting
GNEFA reflectivity values for the effects of water coating on hailstones from
melting that had occurred below the freezing level. The correction technique
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was identical to that used on the ARC data, except that the value of t used for
the- GNEFA data differed from that used for the ARC data. GNEFA-supplied
radar data was collected with a radar scanning scheme designed to maximize
the chances of seeing hailstorms at a level 1 km below the freezing level
(Musson et al.,, 1990). It was assumed for the purpose of correcting for water
coating, that the GNEFA data was taken 1 km below the freezing level. The
melting model and initial conditions used to correct the ARC data were applied
to the GNEFA data, but the modelied hailstone was allowed to fall to 1 km below
the freezing level instead of only 0.8 km as was the case for the ARC correction.
The resulting water-coating thickness was t = 0.024 cm. The GNEFA reflectivity
values were corrected for this effect as described in Appendix 2 except that
dBZi.0.021 {the ARC value) was replaced by dBZ.0.024 everywhere. The
corracted reflectivity values were then converted to HWC using Eq. (5.2). At this
stage the HWC values were multiplied by the constant, ¢ = 0.5, referred to
above.

To calculate prior probability, Pp, the foliowing equation was used:

Pp=nx T /525960 _ (6.1)
where n and T are defined in Section 5.2. Notice that Eq. (6.1) differs from Eq.
{5.3) only in that the factor, k(HWC), was not considered. The Boeing-derived
value of six minutes for the point duration, T, was used in Eq. (6.1). The number
of storms passing over a point, n, was determined from GNEFA-supplied data.
From 300 measurement points in Switzerland, the highest number of hail
occurrences at a single point was 18 over a 7 year period (Gashignard and
Gires, 1989a). This yields:

n=18/7=257
So using Eq. (6.1) with n = 2.57 and T = 6, Pp is equal to 2.93 x 105,
6.3 Results

With Pp and P(HWC) known, Eq. {(5.1) could then be used to solve for P(HWC).
Four values of HWC were used to calculate four P(HWC) points. These four
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points were then curve fitted. The resulting curve, defined by P(HWC) = 6.75 x
10-6-exp(-HWC/2.05), is shown in Fig. 6.4. At probability levels of 10-7, 10-8,
and 109 the HWC values are 8.6, 13.4, and 18.1 g m'3, respectively. The
largest HWC value of the four fitted points is 10.2 g m-3, which has a
corresponding probability of occurrence of 4.7 x 10-8. So all values to the left of
(10.2, 4.7 x 10-8) were extrapolated.
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7.0 Comparison of Boeing and CFMI Hail Results

Figure 7.1 shows both the Boeing-derived and CFMI-derived hail curves, The
two curves cross each other at about P(8 g m3) = 1.4 x 10-7. The CFMI curve
has larger HWC values than the Bosing curve at probabilities less than 1.4 x
10-7, whereas the Boeing curve has higher HWC values for probabilities greater
than 1.4 x 107, In general, though, there is good agreement betwsen the two
curves. At a probability level of 109, for example, the Boeing HWC is 16.5 g m-3
and the CFMI HWC is 18.1 g m'3, a difference of only 1.6 g m3,

A significant aspect of the weather threat study concerns the vertical distribution
ot hail in the atmosphere. In particular, as explained in Section 9.0, it is
important to identify the level in the atmosphere at which the hail curves in Fig.
7.1 apply. A majority of above-ground-level hail data in the available literature
has been collected by weather radar: therefore, altitude distributions have been
derived from reflectivity profiles of hailstorms.

Tabie 7.1 lists a number of different studies in which information on the altitude
of maximum reflectivity for hailstorms is given. In each of these references,
values given are mean quantities for a number of haiistorms. The altitude of
maximum reflectivity ranges from 0.2 to 2.5 km above the freezing level. The
data shown in Table 7.1 are consistent with results given by Atlas (19686) in
which he describes a "balance level” where precipitation is suspended above
the freezing level. In contrast, however, 1o the results summatrized in Table 7.1,
are the reflectivity profiles given by Schmid and Waldvogel (1986). Figure 7.2
shows their derived profiles of radar reflectivity. They were obtained with a
more general, but complicated, method than the methods used to determine the
values given in Tabie 7.1. Schmid and Waldvogel (1986) argue that their
profiles better represent hailstorms throughout their life history. They suggest
that earlier reflectivity profiles, such as Donaldson's, are representative for
growing and mature hail cslls, which possibly miss large, low-altitude reflectivity
values in decaying hail cells. The level of maximum reflectivity in Fig. 7.2
appears to be 1 km below the freezing level. Increased radar reflectivity due to
melting, however, accounts for the peak at 1 km. In other words, hail water
_content at the freezing level is greater than at 1 km below, even though radar
reflectivity is smaller at the freezing level than at 1 km below.
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For this study, the freezing level is considered the altitude of maximum HWC.
As discussed in Section 5.2, hail that occurs in the central United States is
representative of the most severe and most frequent worldwide. Figure 7.3
shows average freezing level heights in the United States in June, the peak
month for hailstorm frequency. Superimposed on the freezing level map is the
annual hailday frequency map. The region of the most severe hail (Fig. 5.7)
extends southward to the Colorado-New Mexico border. A freezing level height
of 15,000 feet appears to be the upper limit within this region of most severe
hail. Boeing, therefore, chose 15,000 feet as the level at which maximum HWC
occurs. Figure 7.4 shows average freezing level heights over Europe in June.
Because the most severe hail in Europe occurs in France and Switzerland,
CFMI chose 12,000 feet as the level at which maximum HWC occurs.

ARC data were used to determine the variation of HWC with altitude above the
freezing level. As indicated in Fig. 5.5, the probability of a given HWC value
decreases with increasing altitude above the freezing level. Stated
alternatively, the HWC value at a given probability level decreases with
increasing altitude. The rate at which HWC decreases with aititude depends on
the probability level of interest. As discussed in Section 9.0, the 108 probability
level on the aimplane threat curve (Fig. 9.4) has been sslected as the reference
value by which to set the hail standard. The ARC HWC value at 108 probability
on the airplane curve is 8.7 g m-3.

To calculate the change in HWC with altitude, ARC cumulative hail probability
curves {Fig. 5.5) were examined at the probability level corresponding to 8.7 g
m-3 on the 2 km AGL curve, i. e., 99.8%. Data shown in Fig. 5.5 were curve
fitted and then the 6 km AGL data was extrapolated to 99.8% cumulative
probability. As discussed in Section 5.2, the correction for the extra water-
coating on hailstones at 2.7 km MSL essentially renders the 2.7 km MSL data
equivalent to that at the freezing level, 3.5 km MSL. Therefore, the 2.7 km MSL
HWC data was assumed to apply at 3.5 km MSL for the purposes of calculating
HWC variation with altitude. In summary, variation of HWC with increasing
altitude above the freezing ievel was calculated from the HWC values at 99.8%
cumulative hail probability at 3.5, 4.7, and 6.7 km MSL. This provided three
data points,' which were subsequently curve-fitted, as indicated in Fig. 7.5 by the
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portion of the curve to the right of H - Ho = 0, where Hy is height above the
freezing level. B

To calculate the variation of HWC with altitude below the freezing level, the
Rasmussen and Heymsfield (1987a) meiting model was used. The modsled
hailstone was aliowed to fall below the freezing level until the critical amount of
liquid water, before the onset of water shedding, had been reached. Figure 7.5
shows the variation of normalized HWC as a function of altitude from the
freezing level. The portion of the curve to the left of H - Ho = 0 was derived from
the Rasmussen and Heymsfield (1987a) melting model as described above.

Figure 7.6 shows a vertical profile, relative to the freezing level, of the 108
probability HWC from both the Boeing-derived and CFMI-derived airplane
threat hail curves (Fig. 9.4). As discussed above, the level at which the
maximum HWC is expected to occur is the freezing level. For the Boeing curve,
15,000 feet is considered the freezing level, and for the CFMI curve, 12,000 feet
is considered the freezing level. It should be kept in mind that the curves shown
in Fig. 7.8 strictly refer to HWC. For example, total water content, including
melted hail, below the freezing level can actually exceed that at the freezing
level, but only the portion of the water content that is still ice is considered HWC
in this analysis.
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8.0 HWC ERROR ANALYSIS

8.1 Formulation

8.1.1 The Basic Error Equation

The threat has been defined as (Sec. 3.0, Eq. (3.1))

Pj=Pp-Pe (8.1)
where Pj, Pp, and P are the relevant joint, prior and conditional probabilities
discussed in Section 3.0. The differential of Eq.(8.1) (in finite increment form) is
the basic error equation,

The expansion of the prior and conditional probability efrors in terms of errors in
the contributing parameters are presented below.

8.1.2 The Prior Probability Error

The prior probability is given by (cf. Sec. 5.2)

n-Dh
S

Pp = -k (8.3)

with all parameters (n = haildays, Dnp = mean hailshaft diameter, S = mean
storm translation speed, and Kk = correction factor discussed in Sec. 5.2)
appropriately dimensioned. Then the relative error in prior probability is the
logarithmic differential of (8.3),

AS | Ak

S b SE (8.4)
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in our threat definition, n has been defined as the number of haildays in the
geographic region where hailstorms are most frequent. We can speak of a
climatological range in n, and show thereby a climatotogical range in threat. If
our particular choice n = 9 is in "error,” then that arror must be considered a
subjective error in judgement. The only intrinsic, objective error in n is that
which results from "sampling errors” committed during the amassing of the
climatological data to determine the average n. This error is inversely
proportional to the square root of the sample size -- which, in the case of
climatological data for the n-estimate, is huge. Obijectively then, once the
choice of n has been made, for all practical purposes An/n = 0 regardless of the
magnitude of n>0 (be it for Cheyenne, Edmonton, Chicago, Lucerne,
Switzeriand, or where ever),

The impact of sample size on the sampling error can be further used to argue a
small AS/S in comparison with ADp/Dp, because the sample size for the S-

estimate is large compared with that for Dp. Neglecting AS/S then, the net
result is the approximation for the prior probability error

ADy Ak
oy = Pp("ﬁ';’ + T) - (85)

The cumulative distribution of equivalent hailshaft diameters as determined
from the ARC data is shown in Fig. 8.1. The data for diameters less than about
1 km are suspect, because 1 km is about the resolution cell size of the ARC
radar at the nominal radar range at which the cell size data were acquired. For
sizes above 1 km there is, by Student's t-test at the 95 percent confidence level
(Hahn and Shapiro, 1967), no significant difference between the geometric
mean of the measured distribution and that of a iog normal distribution with
geometric mean 3.2 km and geometric standard deviation 3.0 km. The
implication is that ADy/Dy, at the one sigma level is about 0.11. Also, the "error"
in k derives primarily from the range in hailstorm translational speeds, say 25
percent. /n toto the incremental error in prior probability is therefore estimated
as
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APp = Pp(0.11 + 0.25) (8.6)
8.1.3 The Conditional Probability Error

The conditional exceedance probability is the complement of the cumulative
distribution of HWC, ®(HWC); i.e.,

Pe=1- OHWCQC) (8.7)
The P error increment is thus

AP¢ = -AD(HWC) (8.8)
or, taking the differential of the right-hand side,

APc=-9(HWC)AHWC) (8.9)

where 6(HWC) is the probability density of the HWOC distribution; A(HWC) is now
the error in the HWC estimate.

At this point recall that both the ARC and GNEFA HWC data are values
calculated from radar data according to an assumed, functional relationship
between HWC and the radar reflectivity factor, Z, expressed in decibels dBZ =
10log(Z); i.e., in general,

HWC = g(dBZ) (8.10)

The relationship now, between the probability density of the original or
measurad variate, dBZ, and the transformed or calculated variate, HWC, is

| d@B2)

where the derivative on the right-hand side is the Jacobian of the
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transformation. Note from this equation that the cumulatwe dlstnbutlons of the
two variates are equal,

O(HWC) = F(dBZ) (8.12)

when ®(HWC) is evaluated at the HWC given by the dBZ in the F(dBZ)
distribution, and vice versa.

Now substitute Eq. (8.11) into Eq. (8. 9) with the derivative treated as a ratio of
finite increments;

AP¢ = -f{{dBZ)A(dBZ) (8.13)

Equation (8.13) thus expresses the error in P¢ in terms of the error in the directly

measured reflectivity factor. This can be represented as the sum of a bias error,
eg(dBZ), and a stochastic error, 5(dBZ), so that

A(dBZ) = e 5(dBZ) + 5(dBZ) (8.14)
The discussion of each of these errors follows.

8.1.3.1 Bilas Error -- The bias error is argued as follows. The radar return
from a single hailstone is determined by its size, shape, and composition (solid
ice plus water shell). The "backscatter cross section" is the measure of the
effectiveness of the return, and is given exactly by the equations of Mie
scattering theory (Kerker, 1969). The volume backscatter is determined by
summing the individuai Mie cross sections over the spectrum of hailstones in
the radar resolution cell, i.e., the hailstorm volume illuminated by the radar
pulse. This summation over unit volume, which defines the reflectivity, n,, is

expressed as:
Dt‘l'ﬂ X

n,= [ o(DIN(D)dD (8.15)
0.5
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where o(D) is the hailstone backscatter cross section (usually cm2) as a function

of hailstone diameter, and N(D) is the hailstone number density (usually

number per m3 per cm size interval); the integration is from the minimum to the
maximum hailstone diameter, and the units of n, are cm2/m3.

The reflectivity factor in units mmé/m3 is related to n, by

Z-—-—106 A n 8.16
. Rsiklz T (' )

where A is the radar radiation wavelength in cm, and |kj2 = 0.93 is the radio
refractivity for water (Battan, 19598). This definition of Z is in deference to its
similarity to the Rayleigh scattering formula, which indicates o(D) as
proportional to the sixth power of the scattering particie diameter.

The numerical evaluation of Eq. (8.16) using Eq. (8.15) is an unwieldy
calculation that requires complete knowledge of the hailstone size distribution.
Consequently, it is usually avoided in practice through use of an empirical
relationship derived from experimental data, that expresses Z in terms of bulk
parameters.of the hailshaft volume, e.g., HWC (generic Eq. (8.10)).

The Ulbrich and Atlas equation (Eq. (5.10)) is one example of such an empirical
relationship. It is the result of a linear least square regression of log Z onto log
(HWC), as calculated from Z versus HWC data pairs determined experimentally
by Federer and Waldvogel (1975) during the course of a single hailstorm near
Lucerne, Switzeriand. Solved for HWC, it provides a good basis for estimating
HWC from radar data over the range of Z,HWC-values in the data set from
which it was derived.

Nevartheless, a better representation of the relationship between Z and HWC --
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especially for the high HWC's of interest here, when Mie scattering effects
become increasingly complicated -- starts with Eq. (8.16) expressed as

4 Dmax
Z=1082% 5 { O'(D)NOB_ADdD (8.17)
=lkl° 0.5
where
N(D) = No exp(-AD) (8.18)

is the hailstone number density given as an exponential distribution. Empirical
equations for the parameters of this distribution in terms of HWC are (Ulbrich
and Atlas, 1982)

N, = 92.3(HWC) "% a.)‘
(8.19)
025
A= 1.30(”,;”") b.)J -

©

Use of these equafions in Eq. {8.17) provides the alternate relationship between
Z and HWC better suited to cases of high HWC.

The dashed curve in Fig. 8.2 is dBZ versus HWC as calculated from Eq. (5.10)
expressed in decibels, viz.,

dBZ = 59.647 + 12.3log(HWC) (8.20)
The solid curve is from Eq. {8.17), with values for o(D) as given by Battan, et al.
(1970) for hailstones with 0.02 water shell thickness (cf. Sec. 5.2). The plotted

points are from a least square, second order, semi-log curve fit to the solid line,

dBZ = 59.95164 + 14.62608log(HWC) - 1.250366l0g2(HWC) (8.21)
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The diffarence between the twe curves along the ordinates, i.e., the difference
between Egs. (8.20 and 8.21), is the bias error in Eq. (8.14); i.e.,

€g(dBZ) = -0.30264 - 2.32608lcg(HWC) - 1.250366l0g2(HWC)  (8.22)

For dBZ > 59 this is a negative bias, which reflects the inherent conservatism of
the Ulbrich and Atlas equation for purposes here. That is, for given dBZ above
59, the HWC inferred from (8.20) is high relative to that from (8.21).

The bias error in P is

(AP¢)g = [-0.30264 - 2.32608log(HWC)
- 1.250366l0g2(HWC)] f(dB2) (8.23)

8.1.3.2 Stochastic Error - The stochastic reflectivity error now, is also
made up of two components, viz., a measurement error and a “transformation”
error,

8(dBZ) = §(dBZ)meas + 3(dBZ)yrans ' (8.24)

both of which may be considered zero mean. The measuremant error is
determined by the accuracy of the radar used for the reflectivity measurements.
The stated accuracies for the ARC and GNEFA radars are, "to within two dBZ,"
and, "to one dBZ," respectively. Assume such accuracy is at the 3.0 sigma level.
Therefore, on average at the one 1.0 sigma level, take A(dBZ)meas = 1.5/3.0 =
0.5 dBZ. The stochastic error in P¢ due to that in the dBZ measurement is thus:

(6P ¢c)meas = 0.5 (dBZ) (8.25)

The transformation error is that which results from uncertainties in the Z or dBZ
versus HWC relationship, ascribable for the most part to storm-to-storm
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variations in the make-up of the hailstone size distribution. Therefore, consider
the differential of Eq. (8.17),

D D

max max
8Z=8N, | o(D)e™*PdD-8A | o(D)DN_e~APdD
0.5 0.5
~AD
+aomax(o(omax)Noe "“*) (8.26)

where 8No and 8A are incremental errors in the parameters of the hailstone size
distribution, and 8Dmay is the error in the specification of the maximum hailstone
size. Cheng and English (1983) derived the following equation for Ng in terms
of A

fog No = A + B-log A (8.27)

This again is the result of a linear least square regression between
experimentally determined log(No) and log(A) data pairs. The differential of Eq.
(8.27) expresses the relative error in No in terms of that in A, i.e.,

8Nt:\ SA
~, =Bh (8.28)

[+]

Note that this relation depends only on the slope, and not on the intercept of the
No,A regression equation. Although the intercept does appear to differ on
average in the regression equations derived for European as opposed to North
American hailstorms, the slope shows no significant variation about a mean
value B=3.9 (Cheng and English, 1983). Therefore, Eq. (8.28) with B=3.9 may
be considered valid worldwide. Then treating the D under the integral of the
second term on the right-hand side of Eq. (8.25) as a constant at the median
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hailstone volume diameter Dy, the first two terms on the right-hand side
combine and the equation can be rewritten as '

52 — A
—Z—=0.2303- 5(dBZ)= (3.9 ~ ADy )¢

~AD max
G(Dmax)Noa
+ . 5D, (8.29)

The second term on the right-hand side is small compared to the first and may
be neglected. Thus, using the data of Ulbrich and Atlas (1982) to approximate
AA/A = 0.4 at the one sigma lavel, and using their asymptotic value ADg = 3.672
as appropriate in cases of high HWC, the stochastic error in P¢ resulting from
the transformation error can be estimated from

(OPchrans = 0.4 {{dBZ) (8.30)
8.2 Evaluation
8.21 The Probability Density

What remains to complete the error analysis is an expression for the probability
density of the experimental dBZ values. Shown in Fig. 8.3 are the cumuiative
distributions of dBZ as determined from both the ARC and GNEFA experiments.
The figure emphasizes that these data are not directly comparable, because of
the inherently different natures of the two experiments (cf. Sec. 6.2). That is,
experimental procedures were such that data from the ARC experiment
represent the usual random sample drawn from some "initial" population; those
from the GNEFA experiments are the gxtreme valyes drawn from subsets of
data from that initial population.

The two cumulative distributions therefore compare only the extreme dBZ-value.
Little information about the initial distribution is available from that of the
extreme values. What can be said, however, is that in the asymptotic approach
to the extreme, the extreme value distribution is displaced upward relative to
the random sample distribution (higher dBZ for given cumulative probability) by
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an amount proportional the natural logarithm of the sample size (253 for the
GNEFA data); and retains the shape of the initial population or sample
distribution to greater or lesser degree, depending on the actual way in which
the asymptotic approach to the extreme value is accomplished (cf. Gumbel,
1958, Chapter 5, for a complete discussion). This is precisely the behavior
depicted in Fig. 8.3.

The ARC sample distribution is thus taken as the representation of the initiai or
population distribution. Accordingly, this distribution is replotted in Fig. 8.4,
superimposed on a curve of the cumulative beta distribution,

0, x<0

x -
(y+n) Jt7‘1(1 _t)ﬂ 1dt,

F(X:Y.TI)= *I:mo 0<x<1 (831)

1, x>1

with distribution parameters 1 and vy, and transformed variate t, given by

_ (dBZ-4054)

n = 4.6872 - B254-4054)

and where I" denotes the compiete gamma function. The distribution
parameters were estimated from the sample mean and standard deviation of
the ARC data as described by Hahn and Shapiro (1967). The beta distribution
was selected to represent the initial distribution because the shape parameters
n and y allow for a variety of distribution shapes; and because it is bounded at
the upper as well as the lower end. Therefore it is a more realistic basis for
extrapolating probabilities beyond the observed data than wouid be a
distribution unbounded to the right {(e.g., a log normal distribution), in that it
effectively "aims" the extrapolation to some specified "maximum possible” HWC
(there is a physical upper limit to the HWC Mother Nature can produce).

This "aiming” is accomplished through the definition of the reduced variate, t;

i.e., the denominator in this definition is the difference between the presumed
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maximum dBZ value (82.54 dBZ), and the minimum vaiue observed (40.54
dBZ). From Eq. (8.21), a dBZ of 82 implies an HWC of about 60 g/m3. Thisis
about the LWC associated with the world record one-minute rainfall rate as
observed at Unionville, MD (cf. Sec. 5.3). Specifying this for maximum HWC
thus acknowledges some remote possibility for the occurrence of all this
condensate in the frozen rather than the liquid state.

The modified Koimogorotf-Smirnov (K-S} maximum deviation test (Crutcher,
1975) is appropriate for testing whether a set of observations are from some
completely specified distribution. The test statistic is calculated from

K = | Fo(dBZ) - Fn(dB2) |max (8.32)

where the absolute value is of the maximum difference between the postulated
and the sample distributions, Fo(dBZ) and Fn(dBZ), respectively. The subscript
n is used to indicate that the sample statistic is a function of sample size. Tables
of K for a range of sample sizes are available for determining via the null
hypothesis, whether Fn(dBZ) lies entirely within the band Fo(dBZ) +/- K at a
priori probability 1 - &, where o is a specified confidence level.

To apply the test here, the K-table for the gamma distribution with scale
parameter equal to 4 was used because there is no such table available for the
beta distribution per se (Crutcher, 1975). However, the shape of the gamma
distribution in this case is close to that of the beta distribution given by Eq.(8.31).
Therefore, it was felt that this approach would minimize the risk of not rejecting
models when they should be when using the non-parametric K-S test on
parameterized data (Crutcher, 1975). With this rationale, application of the test
indicates there is no significant difference between the observed and assumed
distributions at the 95 percent confidence level.
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In light of the above then, the beta distribution is considered a valid
representation of F(dBZ); the associated probability density function is

1 T(y+n) Y- n-1
f(x;y,M) =4 (8254-4054) r(y)l‘(n)t (=1 ’40'545)(582'54(8.33)

0, eisewhers

8.2.2 The Joint Probability Error

The individual stochastic error components discussed above are uncorreiated.
Therefore, their root mean square value is the square root of the sum of the
squares of the individual error components as given in Egs. (8.6), {8.25), and
(8.30). Plus and minus three times this value, added to the bias error as stated
by Eq. (8.23), gives about the three sigma joint probability error band,

-.30264 — 2.3260810g(HWC) + 1.250366/0g2(HWC)

AP =P #(dBZ) (8.34)

1
T . 4011 +0.282 +0.52 +0.4%)
+ [1— F(dBZ)]

The originally presented HWC joint probability curve, plus the error band
developed from Eq. (8.34) is shown in Fig. 8.5. The offset of the error band is
due to the bias error; the width of the band is determined by the stochastic
errors. Note again the conservatism of the original curve; conservative in the
sense that the original curve is at about the + 3-sigma level (39.9 percentile) of
the error band relative to the adjusted curve (plotted solid points).
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9.0 Alrplane Threat Analysis
9.1 Introduction

Previous sections discussed rain and hail concentrations occurring at a point for
an instant of time. The airplane threat analysis evaluates the conditional
probability of an airplane spending a finite period of time during an extreme rain
or hail encounter. This conditional probability wiill be called the duration
probability Pr. The duration probability accounts for the transient nature of
airplane encountars with extreme concentrations of rain or hail. The duration
probability is also necessary to establish a correlation between rain and hail
threat levels and engine test requirements.

The horizontal extent of extreme rain concentrations is large relative to hail.
Because of this size difference, the duration probability of rain is assumed to be
1.0. The following analysis evaluates the duration probability of hail
encounters.

9.2 Assumptions
The duration probability analysis is based on the following éssumptions:

1) Hailshafts are circuiar, that is, there is no preferred direction or orientation
reiative to airplane path.

2) The airplane enters the hailshaft at its perimeter.

3) The airplane passes through the hailshatft in level flight.

4) Hailshafts are stationary relative to airplane motion.

5) The HWC distribution through the hailshaft is uniform.

6) The airplane passes through the hailshaft along a straight line.

7) The duration probability is independent of HWC.

The above assumptions simplify the analysis and provide a conservative
estimate of the duration probability.
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9.3 Definitions

Figure 9.1 shows the geometry imposed by the above assumptions. The
diameter of the hailshaft is Dh. The angle of the airplane path relative to the
hailshaft is 8. The distance across the haitshaft at angle @ is L. Flight path
length, that is, the distance traveled over the duration period, is A.

Figure 9.2 shows the relative frequency distribution of equivalent hailshaft
diameters derived from data provided by ARC and GNEFA, The relative
frequency distribution is the number of hailshaft measurements in each
diameter interval divided by the total number of hailshaft measurements. The
ARC frequency distribution was derived from dual-polarization radar
measurements as discussed in Section 5.0. The GNEFA frequency distribution
was obtained from hailpad measurements.

The following analysis uses the GNEFA hailshaft diameter frequency
distribution. The GNEFA data was chosan because it better characterized the
hailshafts in the diameter range of interest, 10,000 feet and above.

9.4 Formulation

The first step in calculating the duration probability is to determine the airpiane
flight path length A. Flight path length is the product of true airspeed and
duration time. The airspeed and duration time used in the following example
calculation are representative values for large commercial airplanes. A typical
airspeed for a large commercial airplane penstrating inclement weather is 280
Knots Indicated Airspeed (KIAS). True airspeed can be calculated from
indicated airspeed, altitude and ambient temperature. The altitude and ambient
temperature for this calculation were chosen as 15,000 feet above mean sea
level (MSL) and 0°C. These conditions correspond to the altitude and ambient
temperature of the maximum HWC in a North American haiishaft. Under these
conditions, 280 KIAS corresponds to a true airspeed of 603 ft/sec. Flight crews
who have flown large commercial airplanes through extreme hail conditions
have reported that the encounter lasted about 30 seconds. The flight path
length for a 30 second duration at 603 ft/sec is 18,090 feet.
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The second step is to relate distance across the hailshaft to hailshaft diameter
Dn and flight path angle 6. {Refer to Fig. 9.1.) The distance across the hailshaft
at angle 6 can be written:

L = Dp*sing (9.1)

The third step is to evaluate the duration probability in terms of the above
geometrical considerations. The probability that L is greater than A at a given
hailshaft diameter can be written P{L>},Dn=8}. This expression can be rewritten
as the conditional probability that L>A, with the condition that Dn=£, muitiplied
by the probability that Dp=E&.

P{L>A,Dh=E} = P{L>X | Dh=£}"P{Dn=E} (9.2)

Equation (9.2) can be further modified by substituting Eq. (9.1) for L and
rearranging the terms to give:

P{L>A,Dn=t} = P{8>arcsin(A/Dp)[Dp=t}*P{Dn=t} (9.3)

The term 6>arcsin(A/Dy) in Eq. (9.3) can be interpreted as the angle in which L
is greater than the flight path length A. In other words, if the flight path angle is 8

or greater, a hailshaft will encompass the airplane flight path. For a given flight
path length and hailshaft diameter, the ratio of angies in which L exceeds 1 is
(n/2 - 8)/(n/2). Although the geometry was developed for angles from zero to
n/2, this ratio also applies to angles from zero to .

The probability that the line segment L exceeds the flight path length A, for a
given hailshaft diameter, can be written:

P{6>arcsin(A/Dn}|Dp=E} = (n/2-arcsin(ME))/(n/2) (9.4)
Substituting Eq. (9.4) into (9.3) gives:

P{L>A,Dp=£} = [(r/2-arcsin(VE))/(r/2)]*P{Dp=E} (9.5)
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The term P{Dn=§} can be expressed as the frequency distribution of hailshaft
diameters from Fig. 9.2. h

P{Dn=E} = fp(§) (9.6)

The final step is to consider the duration probability over the relevant range of
hailshaft diameters and flight path lengths. The duration probability for all
hailshaft diameters greater than the flight path length is determined by
substituting Eq. (9.6) into (9.5) and integrating from A to infinity.

Py=P{L>A}= [T(w/2 - arcsin (V&) (w2)]* (&) o (9.7)

9.5 Results

Figure 9.3 shows the results of numerically integrating Eq. (8.7) for flight path
lengths up to 36,000 feet. Given a flight path length, A = 18090 #, the duration
probability is 0.10. In other words, given the condition that an airplane is
traveling 603 ft/sec and has encountered a hailshatt, there is a 0.10 probability
that the airplane will spend 30 seconds or more in the hailshatt.

Under the assumption that duration probability is independent of HWC, the
threat to an airplane can be written as the product of P; (from Fig. 7.1) and P
(from Fig. 9.3).

P = PP (9.8)

The curves shown in Fig. 7.1 can be factored to account for a given P. The Py
for the example condition (15,000 ft, 280 KIAS and 0°C Tamp) is 0.10. The
airplane threat curves are obtained by multiplying the abscissa in Fig. 7.1 by
0.10. Airplane threat curves for the example condition are shown in Fig. 9.4.
Equations given in Sections 5.0 and 6.0 can be modified to calcufate the HWC
for other values of Py:

BOEING:  HWC = -1.73%In[(P}/(P{"1.39*10-5)] (8.9)
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CFMt: HWC = -2.05*In[(P)/(Py"6.75"10-6)] (9.10)

Where P is the over-all threat probability, and Py is the duration probability. The
following example summarizes the calculation of the HWC at an over-all threat
probability of 10-8 for an aircraft traveling 180 KIAS:

1) True airspeed at 180 KIAS, 15,000 it and 0°C is 378 ft/sec.

2) Flight path length for a 30-second duration is 11,340 ft.

3) Duration probability from Fig. 9.3 is 0.26.

4) At an over-ail probability of 10-8, the HWC calculated from Eq. (8.9) is 10.2
g/m3,

9.6 Conclusions

The airplane threat anaiysis discussed in this section provides a means of
estimating the conditionai probability that the airplane will remain in rain or hail
for a given period of time. This conditional probability has been called duration
probability Py. For extreme rain, Py was chosen as 1.0. For extreme hail, Py
can be determined from the curve shown in Fig. 9.3.
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10.0 SDSMT Storm Simulations

The Institute of Atmospheric Sciences (IAS) at the South Dakota School of
Mines and Technology (SDSMT), located in Rapid City, South Dakota, is an
internationally recognized leader in the field of hailstorm research. Over the last
several years IAS has developed and refined a number of modeis that
numerically simulate convective clouds, including hail-producing clouds. fn
February, 1989, Mr. William Tank of Boeing visited IAS, at which time he was
briefed on the modelling work being conducted at IAS and shown sample
model output. Shortly thereafter a contract was negotiated between IAS and
Boeing calling for 1AS to simulate specific convective cloud cases associated
with the 24 May 1988 and 26 July 1988 engine flameout events near New
Orleans, Louisiana and Philadelphia, Pennsylvania respectively (Farley et al,,
1989). Subsequent contracts were negotiated to simulate the cloud cases
associated with the 29 September 1989 engine flameout over the Adriatic Sea
(Farley et al., 1990a), and the 15-16 August 1988 hail encounter near Phoenix,
Arizona (Farley et al., 1990b).

All of these cases were simulated using a two-dimensional, time-dependent,
cloud model. Atmospheric wind, potential temperature, water vapor, cloud
liquid, cloud ice, rain, snow, and graupel/hail (in the form of ice peilets, frozen
rain, graupel, and small hail} are the main dependent variables. The model that
was used for the Boeing simulations employed bulk water parameterization
techniques for the microphysics. Refer to Farley et al. (1989) for a full
description of the model. Boeing supplied the rawinsonde sounding data and
other appropriate meteorological data necessary for model initialization in each
case.

Several model runs were carried out for each of the four simulations using
various assumptions concerning autoconversion threshold, mesoscale
convergence, homogeneous freezing temperature, and surface temperature
(Farley et al., 1989, 19904, b). In addition, the atmospheric soundings from
different times and nearby locations were combined in various ways in an
attempt to best represent the conditions at the time of the incidents. The input
parameters were varied in this way to test for model sensitivity, allowing 1AS to
determine the input parameters that need to be examined carefully. For each
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simulation, IAS indicated the model run(s) that they felt best represented the
~incident storm. '

10.1 New Orleans

Table 10.1 summarizes the results of the various model runs conducted by IAS
for the New Orleans flameout incident. The case highlighted by boid type,
model run BOE1 A02, is the run that IAS feels best represents storms that might
have developed at the time of the incident. The maximum HWC that had
occurred during the BOE1 A02 run was 4.66 g m-3, It is unknown whether or not
this was the HWC that the airpiane actually encountered. It is simply the
maximum value produced in a simuiated storm using the most representative
initial conditions for the time at which the incident occurred, as subjectively
determined by the experts at IAS. The very high HWC values of some of the
runs are the result of model-sensitivity testing with initial conditions that are not
necessarily indicative of the actual pre-storm environment. The simulations for
the New Orleans case are discussed in detail by Farley et al, (1989).

10.2 Philadelphia

Table 10.2 shows the resuits of the IAS model runs for the Philadelphia
flameout incident. The bold-type highlighted mode! run, BOE2 B01, is the
simulation that IAS has determined as the run most representative of storms that
might have developed at the time of the incident. The maximum HWC that had
occurred during this run was 3.1 g m-3. As discussed in Section 10.1, this value
does not necessarily indicate the concentration of HWC that the airplane
encountered. A comparison of Tables 10.1 and 10.2 seems to indicate,
howaver, that the New Orleans simulations produced higher HWC values than
the Philadeiphia simulations, on average. The Philadefphia simulations are
discussed further by Fariey et al, (1989).

10.3 Adriatic
Several model runs were carried out by IAS for the flameout incident that
occurred over the Adriatic Sea. Figure 10.1 shows the results of the three

simulations judged by IAS to be the most representative of storms that might
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have developed in the vicinity of the incident (IAS makes no mention of which of
the three runs they consider as the most representative). Figure 10.1 shows
that the HWC maxima of runs BBIF01, BBIF02, and BBIF03 are ~5.2 g m'3, ~10
g m-3, and ~9.5 g m3, respectively. The model simulations of the Adriatic
incident are discussed in detail by Farley ef al. (1880a).

10.4 Phoenix

Figure 10.2 shows the results of three model simulations of the Phoenix hail
encounter incident. The results of mode! run BOE4A2 (Fig. 10.2b) are
considered by IAS as most representative of storms that may have developed in
the vicinity of Phoenix at the time of the incident. The maximum HWC of run
BOE4A2 was ~5.1 g m'3. The Phoenix simulations are discussed further by
Farey et al. (1990b).
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11.0 Conclusions

In this study an attempt was made to assign probability levels to various LWC
(rain) and HWC (hail) vaiues. Figures 4.9 and 7.1, the rain and hail curves
respectively, show the main results of the study. These curves were developed
such that they could be considered to apply over a point at the worst case
world-wide locations for rain and hail (the CFMI hail curve was developed such
that it could be considered to apply at a worst case location in Europe).

These curves are the starting point for determining the threat to an airplane.
The PC 338-1 committee recommended evaluating the airplane threat at 10-8
probability per flight. Figure 9.4 shows the probability of an airplane
encountering a range of HWC values for 30-second duration assuming an
indicated airspeed of 280 knots at 0°C. The CFMI-derived HWC value
corresponding to 10-8 probability is 9.1 g m-3. This value is considered to
apply at 12,000 feet MSL. The Boeing-derived HWC value corresponding to
10-8 probability is 8.7 g m-3. This value is considered to apply at 15,000 feet
MSL. Taking air density into consideration, 8.7 g m3 at 15,000 feet MSL
corresponds to a water-to-air ratio of 1.2%. It was assumed that the rain curve
in Fig. 4.9 could be directly applied to an airplane. This is equivalent to
assuming that the conditional probability, given that an airplane encounters
rain, of the encounter lasting for at least 30 seconds is 100% (i.e., Py =1). The
LWC value at 10-8 probability is 19 g m-3, This value is considered to apply at
19,700 feet. The corresponding water-to-air ratio is 2.9%.

Figure 11.1 is a synthesis of the most pertinent plots fram this document.
Figures 11.1 &.) and b.) show the worst-case-location curves of probability
versus LWC and HWC respectively. Figures 11.1 ¢.) and d.) show the vertical
distribution of rain and hail water contents. Figures 11.1 e.) and f.) show
raindrop and hailstone size distributions. Figure 11.1 g.) shows rain and hail
cell diameter versus water content. Finally, Fig. 11.1 h.) shows the Boeing- and
CFMI-derived curves for airplane parameters of 280 KIAS, 0°C, and 30-second
duration.

The Institute of Atmospheric Sciencés at the South Dakota School of Mines and
Technology simuiated four storms associated with airplane hail encounters,
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three of which resulted in engine powerioss. The HWC values they considered
as most representative of the actual storms that may have formed on the days
for which the incidents occurred ranged from 3.1 to 10 g m-3.
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Appendix A: Raincell Diameter as a Function of LWC

Equation A.1 below, derived from radar reflectivity data (Konrad, 1978),
provides a framework for establishing D(LWC).

1/2
Zp(dB2Z) - Z(dBZ) = b A (A1)

In Eq. A.1, Zy(dBZ) is the core radar reflectivity (i. e., peak reflectivity) at a given

altitude, Z(dB2) is some contour vaiue (smaller than Zp) about Zp(dBZ), bis a

constant, and A¢ is the area enclosed by the Z.(dBZ) contour. The "constant”, b,
has units of dBZ/km and is dependant on Zp(dBZ) as indicated in Fig. A.1.

The average area of a region where a given reflectivity leve! is equalled or
exceeded can be determined for a range of reflectivities if the core reflectivity
frequency distribution is known, Once the reflectivity areas are known, it is a
trivial exercise to convert them to LWC areas. The Donaldson (1961) frequency
distribution of core reflectivity of New England rain-producing thunderstorms
was used, along with the Roys and Kessler (1966) frequency distribution of
Oklahoma thunderstorms. The Donaidson (1961) data wers converted to LWC
using a Z-M equation derived by eliminating R, by substitution, from the Jones
(1956) Z-R and M-R equations.

This method gives the average area in which a given LWC value is equailed or
exceeded, A(LWC); from which D(LWC) is easily calculated. In addition to
obtaining D(LWC) data points using the method outlined above, Briggs (1972)
gave direct values of rain rate vs. average cell diameter for Heathrow,
Singapore, and Freetown. Data from the latter two locations were used,

Figure A.2 shows a plot of the various points calculated from the Donaldson
(1961), Roys and Kessler {1966), and Briggs (1972) data. The data points have
been fit with a curve defined by:

D(LWC) = 4.3 LWC-0-26 [exp(In LWC)2]-0.16 (A.2)

Equation A.2 is used to evaiuate D(LWC) in Egs. 4.7 and 4.8.
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Appendix B: Hajl Reflectivity as a Function of Water-coating
Thickness

wavelength. Figure B.1 shows the backscatter cross section, oy, of water-
coated ice spheres as a function of water-coating thickness for ice spheres of
various radii for a 10-cm wavelength radar. [Radar reflectivity, 2, is proportional
to op; ¢. f., Battan, 1973, Eq. (B.2) below.] Forice spheres with radii legs than
~0.5 cm, the liquid water coating, t, has litte effect on Op fort < ~10-4 cm, but for ¢
> ~104cm, an increase in t results in an increase in Op. Smaller ice spheres,
with radius less than ~0.5 ¢m, are within the Rayleigh scattering range for g 10-
¢m radar (c. f., Battan, 1973). Ice spheres with radii greater than ~0.5 cm are
Mie scatterers and the behavior of Op with increasing t (fort> ~10-4 cm) is very
erratic and highly dependent on the ice sphere radius.

A scheme, like that proposed in Section 5.2, to correct the t = 0.021 cm
reflectivity values to t = 0.01 Cm equivalent values, should take into account the
effects of the Mie scatterers on the refiectivity, since typically some large
hailstones are present. Hailstone size distributions are widely reported as
exponential of the following form:

N(D) = N, e-AD (B.1)
where N(D), usually given in units of m-3 ¢m-1 or m-3 mm-1, is the number of

stones per cubic meter in a given stone diameter interval. Ny and A are
Constants determined from measurements for a specific location. Equation {B.1)

Z= cLbN(D) - 0, (D)dD (B.2)
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where c is a constant for a given radar and precipitation type, and the limits of
integration are typically a = 0 or 0.5 cm! and b = Dmax? or oo,

Using the tables of oy, given by Battan et al. {1970), Ulbrich and Atlas (1 982)
derived equations for the radar reflectivity of hail as a function of No and the
median volume diameter, Dq, fort = 0, 0.01, 0.05, and 0.10 cm and for three
different radar wavelengths, A = 3.21, 5.5, and 10 em (Tabie B.1). Figure B.2
shows radar reflectivity versus water-coating thickness for five different
assumed hall distributions (specified by No and Dy), calculated using Table B.1
for a 10 cm radar. Reflectivity increases with increasing water-coating
thickness, in the range 0 <t <0.10 cm, for the five distributions chosen. In fact, it
can be shown that Zi.o.10 > Ziuo.05 > Zie0.01 > Ztag for all hail distributions defined
by No and Dg with Ny > 0 and 0.73 > Do > 1.95 cm. To calculate Zi0.021 fora
given No and Do one can caiculate Z1a0r Z120.01, Ztag.05, and Zi0.10 from the
equation in Tabie B.1 and then fit those four points with a third order curve and
use the curve-fit equation to calculate Ziw0.021. Figure B.3 shows, in graphical
form how this is done.

In Section 5.2, however, the problem is not how to calculate Zi.q.02¢ for a given
No and Do, instead the probiem is how to calculate Zy.q.01 if Ziup,021 is known,
but No and D, are unknown. This is accomplished by solving a system of five
equations with five unknowns. By definition:

dBZ=10logZ

Substituting the equation for Z from Table B.1:
dBZ = 10 log [aNo Dg" exp(-eDo)]

=10 log No + 10 log [aNo Dg" exp(-£Do)] (B.3)

1 Traditionally, ice particles less than 0.5 cm diameter are net considered hail,
2Some authors (i. ., Ulbrich and Atlas, 1982) consider the size distribution to be a truncated
exponential with no stones larger than some maximum diameter, Dyyax.
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Do can be estimated as explained below, thereby reducing the 20d term on the
right hand side of Eq. (B.3) to a constant for a given water-coating thickness.
This results in four equations:

dBZi.o = 10 log Ng + C4 (B.4)
dBZiu0.01 = 10 log No + C2 (B.5)
dBZi.0.05 = 10 log Ng + C3 (B.6)
dBZi.0.10 = 10 log No + C4 (B.7)

where Cq, Cp, C3, and C4 are calculated from the values of o, m, and e in Table
B.1 for the given value of t, and from the estimated value of Do. The fifth
equation comes from the equation for a third order curve it from four points:

dBZt..t.' = Cs5 dBZi.o + Cg dBZu0.01 + C7dBZig 05 + Cg dBZi.0 19 (B.8)

where, for example,
Cs = (t1- 0.01)(t1 - 0.05)ty - 0.10) / (0 - 0.01)(0 - 0.05)(0 - 0.10) (B.9)
Using t1 = 0.021 in Eq. (B.8) gives the fifth equation:

UBZiu0.021 = C5 dBZia0 + Cg dBZtag.01 + C7 dBZiag 05 + Cg dBZim0.10
(B.10)

where dBZi.0.021 is the uncorrected ARC value and from Eq. (B.9) it is obvious
that Cs, Cg, C7, and Cg are easily calculated. So, Egs. (B.4) - (B.7) and (B.10)
are a system of five equations with five unknowns, with the unknowns being

+ dBZio, dBZiu0.01, dBZte0.05, dBZiu0.10, and No. Notice that one of the unknowns,
dBZi.0.01, is the t = 0.01 ¢m equivalent reflectivity of interest.

The solution outlined above, however, was predicated on being able to

estimate Dg. Ulbrich and Atlas (1982) derived an empirical relationship
between HWC and Dg using data from Federer and Waldvogel (1975):
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HWC = 1.4 Da2° o (B.11)

Initially HWC is estimated from Z.q.021 using Eq. {5.2), and then D, is estimated
using Eq. (B.11). The Do vaiue caiculated in this manner, though, is in theory
an overestimation since HWC was calculated using Zi.0.021 and not the t = 0.01
cm equivalent reflectivity, Zi.o.01. It is used, however, the first time the system of
five equations is solved to get an estimate of dBZ;.0.91. Then a second estimate
of Do is calculated from the first dBZ;.0.01 estimate and the process is repeated
in this matter, eventually converging on a value of dBZ;g o1.
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Fig. 4.1. Annual average number of occurrences of 1-min rain rates for six

duration times at Miami, Fl. Rain rates are those equalled or exceeded during
each minute of the specified duration. (From Tatteiman and Larson, 1989)
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Fig. 4.2. Number of minutes per year given rain rate is exceeded for five
locations including Miami. (From Bodtmann and Ruthrof, 1876)
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Fig. 4.6. Simplified cross-section of a thunderstorm cell.
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Fig. 4.7. Diameter of the region in which a given LWC value is
equalled or exceeded as a function of LWC.
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Fig. 4.9. The probability of a given LWC value being equalled or exceeded at a
point at any random instant in a worst case location for each probability level.
Data points, as described in the text, are indicated.
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worst case, worst month data points.
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Fig. 4.12. a.) The contribution to the total number
of raindrops from each 0.5 mm diameter interval,
b.) the contribution to the total LWC from each 0.5
mm diameter interval.
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Fig. 5.1. Lines of constant altitude (dashed) corrected for the earth's curvature and normal
refraction plotted against range. Diagram iliustrates how a CAPPI is obtained.. (From
Marshall, 1957).
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Fig. 5.2. The ARC data domain. The light stippled regions are the CAPP! levels at 2, 4,
and & km above ground level.
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collection efficiencies, depending mainly on cloud droplet radius. (F}'om
Macklin and Bailey, 1968)
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Fig. 5.9. As in Fig. 4.7 except with the diameter of the region in which
a given HWC value is equalled or exceeded as a function of HWC,
D-k(HWC), included.
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Fig. 5.10. The Boeing-derived hail curve with the three data points used to
define the curve fit.
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Fig. 5.12. a.)The contribution to the total number
of hailstones from each 0.5 cm diameter interval,
b.) the contribution to the total HWC from each
0.5 cm diameter interval.
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Fig. 6.4. The CFMl-derived hail curve with the four data points used to define

the curve fit.
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Fig. 7.1. Comparison of the Boeing-derived and CFMI-derived hail curves,
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Fig. 7.2. Radar refiectivity profiles obtained by methods discussed
by Schmid and Waldvogel (1886). On the ordinate, H is height,
and HO is the height of the freezing level. (From Schmid and

- Waldvogel, 1986.)

94



:g°G 614 Ul SE [rey yim sAep Jo Jequinu ebesene fenuue au) si pesodwnedng
‘SojRIS palun 8yl ut 188} uj Jybiey |eae| Buizeesy sunr uesw jo syeidos) g2 “Bid

95



-adoinz ui 1994 ui bey [aas| Buizeel) sunp ueaw Jo syiodos| ‘¢z ‘B4

96



1.0

@ A

s 0.8

2 \
O 0.6 {
=

o

T 04

N

g 02

]

< 0.0

-15  -10 -5 0 5 10 15
H-Hq (feet x 1000)

Fig. 7.5. Normalized HWC as a function of height, H, above
the freezing leve! height, H,.

87



S - 01

S

) ‘sanjea Aliqeqold ¢.04 8AIND Jealy) sueldiie eyl eJe
0 = °H-H e sonjeA ey} "paauep-Buleog S1 6AIND 18MO| 8U) BlIUM ‘PBALIBD-IINJD St BAIND
Jeddn sy) "°H ‘Wybiey |9aej Buizeay} ey vroge ‘H WyBiay jJo uoouny e se OMH 92 ‘Bi4

(0001 x 199)) °H-H

0

ml

OL-

Gi-

}f

S

AN

N

ot

cl

145

9l

8l

4

(c-w B) OMH

98



‘uolinguisip jewiou 6o eAeINWND ey) 1 euy
Wbrens eyt “(e1ep OHy) sielswerp yeysyey jsieanbe jo uounguisIp eAeinwng °|-g ‘614

(ueosed) Aupqeqosy eARenwnNg -

sés Ves & [ ) " o4 [ ] L[4 " of or [ T L] o o [ ] fo to bg0s (1 1]

i T 7 ] . 140
s Hil A 14} T it Fi
e PHHIEI ST I HIHE E HEFIE T

M M m et i e £ i HHHH HH : e HES 20
RN ENEEi} FHIHE T IEE= (T HIESE

= 1 : T3= ! T
1 EEEE Fiii i : 1= It 51123 i

=51 ¥ 1 3 i ! HH HEESEEIBY IECiEsEL A

N = : ] ] HHH i i3 EE &= H

= : i S ] 490

L3 H 4

‘ ] fi= it | 80

& — - 1] ] = L E RN P

' T I 1Y 3 (ot v ppi |
g 8 = H _— 13 13 HI i i HitrH 117 T.%.w rog P s facee
- - T —33 31 s ¥ 1] 1] = ] REEY K o o0 basalie
=S8 st 3313 H it i H i Ja—ihiHE =l

¢ 11 H H e | —‘ [ oy m i e M "mu " & deuh B e N
-z _I._.- ER = N | 54 ) H p kS
S HHE ) L TR i1 e

« EHHp T =H] Tt , i FH i

. BEE BINRL] HFTH i i i i 1 SHITHEHT = 3ic v
EssimEiRaiii G S=ER HHH I T P E TR £ 1

‘P 23 HiE=: H i 12 EESES FH 1 -]

. 34 x W W B HH = H = = 5 =

L SESL H; 111 Hi =4 9

" 1 Mm ] ““ 3] 1 3 ] H 11! : 3= I““ W E] B0 TRP 1 1 peranaan m

R g 141 o i : i i : =101
. i} o H o ; s
S = e BN _ -1 M ul 11811 [ ; .“L_ } v v D
P e -1+ H 3151 (11131 £ 1] ]
F—1-4 t$ - =By , e HH B 1i:d £ -

L 2 E s 3 i 1 H N e H —{0¢
“HiE ] FH | Heil :

= EE i BINE 5 R H FoF= §izag =
= ST HHNEREEH T : i Exdili 31 T

&= BEES FFH i 5 HE Hiimmm 1) 4

N 3 = =1 =7 5 H.H; tHI.w CE= M ¥ N ER » MF

= - =g I T g

‘EE f HH = hlT s B

= H : . Pt Enis L o

e 1321 HHRIHHH T tHISESE Do =y X £ .
¥

1114 9:4 =1 tf-t - o
$0® 19 g» o t f 4 § L] " o o o o o os 0% 1) “» - LT S.O _.

(W) Jerewerq yeyspey uejeainby

99



o1

- -

i aar v MusORGUS BIYY PBIRIDANY] 6y) WOy pue (eur paysep)

uonenba (2861) sepy pue HUILGIN eyl woy DMK snsiea zgp jo uospedwoy ‘g'g by

(g-w 6) weuo) 18jeMm IBH
0c oL 9 2 t 90 +0 20 10

RIS

1

T
1

LHE
ik

- ~ - 5 wm -
- - - - L ~— - - h @ - - re
HiFii ! 3 me
11t { ! I 1]
£g T 131r
-+ 4+ 44 4 M
T L - ysaw
$ H++++ [T H H [) ++++F++ 41
H Hisisand e
T i 117
{ HIT 1T 1 I 0%
- T T
-1+ 44
T HH Hiditdise +1 fhtiridsssngawm
= =23 = . H - - -4
(1T T 1] T
it HHS iH ! T 1 11 GG
i i N Hi ! T
g i angE S Sidadu e
agd i 1] 31
L 4 ] -4 5 1 H 11
H 1Tt B
gius ijigsunans : +i
1T LIPSO SN G iy 9
s 113141
Hifsitsnsprnud Gy
- o ! selawd s
1 444 %44 = = = .-
THifEds 119808 T
as Hririfsdinngde
{ itasupsdd
3 il T i 1 -
sgsaas i i3] 9
1 HHHIT ! I+ 1
SYSERNERN H- b3+ 3 44 = . .
i i1
111 3 H1TH H - 1 1 -1
HH T H I HEHEHTIHTE
T i i+ I 1
[ 111 H +H HH ++41 ++4- ON
it HHHHEHTH iilases } 111
H YT
HEH { g i 1
SRS 1T
St anw 4 1] []
fiiredegs ! THIER T
- pr * =
Motz sawn H H 11151
tilircabndas : ! SZ
phisfsasamngd ’ - H IHrighitgia NG S Runel
1} SNE S
LA -1 i +-4+4 [ it 4 4.
IR i . H SEREEN U &
11+ +-+4 - H H 4444 1 4 1 -]
H -4+ 4 +4 434 ] !“ H 1‘uL 1+ +-—
HHiIHF lileesdegumy
H +4+ 4+ 4+ H tiilignd m -1 ++ 4 4
£ - HHHHAT=1 08
HH ! fusndNarwl
- i -
i SETE N Y m 1
H 144 144 H -1 14 41 ]
- HH 1 1 -+
R +H 68
i 11
B 53-8 8 K M -+4 3+ 4+ 4
= - N HT1 1
F ] - T
- - - - -3 “ ] -
] 06

Zap

100



"elep (sysuelse) YIND pue (sjujod) OHY syl wosy suoRnquisip Zgp eaenwng e'g ‘biy

(iueated) ANjiqeqoid eAlEIIWING

444 Vs “- » » o4 M w K w ® o L} s T 8 fw te 19 gee wo

3
?
T
i
l
)
o
i
-1
-

." - [ i 1] L " 1 | i
; i Rt it il
1 [1] { i
] ] il e 1] i 3] 3
T ¥4 B n HH H =
T 1rTry | 3311 I Enpatinakisalitibnateaftlaae ! .y I Hi3ee
] i H -
[ 1 1] H - | I
- . aly T JI111H [T 1 1] 1] p [
333 1 i T y T Fillissbmmgn 1177
T sitiham bl
i H IHY B

—_l
T

ary
-
-

!
o
H

|

101

Z29p

mayy i e ] H » [] 1eqe i L 1] T3 - 4
- H L 44 1 4 r; g
¥ IFH 11 ¢
1] 1 ﬁ.l-r 1 —Tl ] 1 s 1
133- H —} 33 H L A § T L [ P i
. z [ B Ot g ignm s
] | | _ e R j it = SR : 128
7] T ' ¥ r 3 111 _ IFppman .
—~ -1 4 — | — B H s -~ B =T - & — -
] i 8RN VAAND HitIRe R f = = Jigays 35 =8
i 8 I 1 4 i iagk ] iy b ool
-
3 10 1 41 L1 ] ] gty It H 1y L1 1
YHL ojell - —+ g 1 n: 3 1] H 1t H 11 -3 4 ~
SHE L il HH I ERT ]
[1 e ] N ses ] p 133 1 k] 4 -
[] 1] —_— — E -4 43 - -
JiR - W H 3= Ir [1°5:
g 0 4 4 8 | iy s i
- CEHHY Hi i B HZELS =
il it i i o
3 "
= 4 o ] ’ 8 i ! 1]
—5—4 . - - - [ T‘l - - “” ——4 —
ry af (11 [ [ [ 1 [1 31~
it i
]
! 1 " [
| i it
wn;. S meEgNiaN HE 1 i
] 3]
=g NI FIHL ] } TR B i By i) p0mpma

fo8 o 9 fe ] L] L 4 = ” « & B » L3 L] o ] "w - 48 40 -



. “Honnqus
ejdwes ejep QWY ey} o} paly (sull paysep) uonnquisip eleq aAReINWND ey | ...v.nw. ._m__w

{iueased) ANqeqoid saneNINg

- 448 944
“ -] o L o ” % »w o oz L] L [ 1 % te 1msoe ne

] 4 1717
—H H1 : H i i T 0F
H 4 H -4 - ] T
“| 7] 4 3 - -3 = -4 & 4 H l_.- HH
JI3T i ENgsily ' ] HHTH
111t 13 i HIHH tHH T H H
¥ pymgs ’ Hi R .V - f : sv
111 3 i T 1 H [] p 1]
[—1] o 131 ] ire iH i
= ! 1TtL J [ 1] ' ' T H
=H HH 4 HE - o
=+ HEH . HHEH HH HHH E 11 £r4
=114 1 - + 1 ] s *- 1 SEN " | I.E:H om
- +HH i i H] HHHT 1 i -1 HEHT T w 1=
11 T HH Lm HY v ' iea feitpgand i 1 o=
51 L4 (1] 11rL 1t [ ] b ]
- +HHH e iriekes ¢} f i
1 ! -+ +4 -4
= i ] niiis o o

===
il
u
[
i
1]
L
L
1
=5
=
&5
.
[

Pt
‘|‘|
HN
Tt
Tir
! |
i L
.

b

:

:
h—
- il
=+
:
.
Tt
T
Fipn
I
vy
1

;
r—y
Ll
L
ra
s
o
L

1] 1= - ¥ = 0
3T 3 H Y HHHIHEH HHT HIFHH EELS
—HiEE HEE H 1 its ing [ 11 1
- 1 1 HE rii TR HH 1711 4] ]
~1 : FH ' HHHH J H H HH ] ] 1500 gut
= = r _r me + 7 . 1,r [ 3 1111 H 1 “" [T 1

_ = : : E R ] o9

n
L
i

Vhe
p
s I
B
r—
L
Yl i
il
IANa
Y
1 *
Lill!
SRR
N
BB
’
1
bl
1
1 e
i
———
"
"
|
IREAR
Phite
i
e
—
T
btk
ol
"
vy
11

1-1 04

- 3 ] -+ 444 M -4 & s
B ] T
~3 1 114 { 1H HH S =
- f g ‘H -4 5 ] s ] ] 1] ! H = H J...]‘
Ul " teisagu i TE0 W o b

I8
*
Ll
1
}
"
=t
.
s
- ————
H
—
-
Tt
:
"
b
=
—
Ll
-
¥
+
L
s
Ty
!
111

. ; i i ] 54
. H ) H HH LT T
—EHIE F R T
E=dlBiEe -1 H T e TH - i 1

LI 0g

we 500 10 0 L
5o ] L] 13 L] o " o &« o oL L] (] -] L 1] “ LE 1)
e

Zap
102



30

25|

L B aie o 4

20

15:

HWC (gm-3)

10 =

o

“—-—--—.nhm—__

--‘I—-T:-:.q--.

e

107 107

Joint Exceedance Probabitity (fractional)

Fig. 8.5. The HWC threat curve
band (dashed lines).

103_

10

{solid line) and the associated 3-sigma error

103



FIGURE 9.1:
AIRCRAFT FLIGHT PATH THROUGH A HAIL SHAFT

AIRCRAFT ENTERS HAIL SHAFT AT
PERIMETER AND PENETRATES THE
HAIL SHAFT IN LEVEL FLIGHT

N

HAIL SHAFT

FIG. 9.1a: SIDE VIEW OF HA|L SHAFT

Figure 9.1a shows the aircraft entering a hail shaft. The hail shaft is represented :
by a cylinder of constant HWC. The airplane enters the side of the shaft and
crosses the shaft at an angle relative to the tangent.

A = flight path length
= (Vyrue) * (Duration)

8 = Flight path angle
= Hail shaft diameter
L = Length of the line segment

X
|
|
|
|
:
I across hail shaft at angle 6

-ﬂ\

[ Aircratft position |

Figure 9.1b shows a top view of Fig. 9.1a. The aircraft passes through the hail
shaft at angle “0*. “L” is the length of line segment across hail shaft at the angte
8. The hail shaft diameter is “D". :
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Fig. A.1. Average slope, b, for each core reflectivity interval,

(From Konrad, 1978)
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~1 ® Roys & Kessler (1966)
X Briggs (1972) - Singapore
+ Briggs (1972) - Freetown

, ® Donaldson (1961)
curve fit:
InD =1.47 - 0.26(In LWC) - 0.16(In LWC)A2
'3 1 I 1 i ]
=1 0 1 2 3 4

In LWC

Fig. A.2, Diameter (in units of k) of region in which a given LWGC {in units of g m-3)
18 equalled or exceeded as a function of LWC. Data sources and curve fit equation
are given.
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different hail distributions,
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cm is calculated using values in Table B.1, then reflectivity at
t=0.021 ¢m is taken from the curve-fit to the 4 points.
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-- Table 4.1 ---

Locations of the 42 stations for which Tattelman and Larson (1989) gave rain

Location

Abardean, 5D
Albuguergue, NM
Allantown, PA
Asheville, NC
Bakersfield, CA
Billings, MT

Boise, ID

Boston, MA

Cape Hatteras, NC
Charieston, SC
Cheyanne, WY
Chicago, IL
Denver, CO

Ely, NV

Grand Junction, CO
Houston, TX
Huntsville, AL
Internat’l Falls, MN
Kay West, FL
Lexington, KY
Miami, FL

rate climatology data.

Location

Newark, NJ

New Crieans, LA
Naw York, NY
Qkiahoma City, OK
Omaha, NE
Philadeiphia, PA
Phoenix, AZ
Pittsburg, PA
Raleigh, NC
Rapid City, SD
San Angelo, TX
St. Louis, MO
San Sabastian, PR
Santa Maria, CA
Sseattle, WA
Shraveport, LA
Spokane, WA
Tallahassee, FL
Topeka, KS
Urbana, IL
Yuma, AZ
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- Table 4.2 -

Locations of the 20 stations for which Bodtmann and Ruthroff (1876) gave rain

Location

Atlanta, GA
Bismarck, ND
Buffalo, NY
Burbank, CA
Columbig, MO
Columbus, OH
Dallas, TX
Denver, CO

El Paso, TX
Helena, MT

rate climatology data.

Location

Hudson, NH
Lynchburg, VA
Memphis, TN
Miami, FL
Milwaukee, WI
Newark, NJ

New Orieans, LA
Portland, OR

Salt Lake City, UT
San Diego, CA
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— Table 4.4 ---

Probability of occurrence of instantaneous rainfall at or excesding specified
intensities (From Briggs, 1972).

Rainfall intensity (mm/hr)
25 50 100
probability
Heathrow  1.26x10% 194x105 1,14x 108

Singapore 1.83x103 6B5x104 1.48x10+
Freetown 331 x103 1.26x103 3.19x 104
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—~- Table 4.5 ---

Various equations used to convert rain rate, R, in mm hr-1,
to liquid water content, M, in g m-3,

Location where data

Source Climate region M-R Equation were collectad
mid-latitude, .
Jones, 1956 continantal M =0.052 R 0.97 inois
Mueller & Sims, 1966 subtropicai M =0.0528 R 0.95 Miami
Willis, 1984 tropical M = 0.062 R 0.913 Hurricanes Anita

and Frederic
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~= Table 4.7 =~

LWC profile used in the weather threat study.
{After Tattelman and Wiilis, 1985)

Altitude Ratic of LWC to
(kmm MSL) maximum LWC
0 1.00
2 1.00
4 1.00
6 1.00
8 0.76
10 0.54
12 0.38
14 1 0.25
16 0.13
18 0.10
20 0.00
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—- Table 5.1 —

Size of the ARC data base. The numbaers below indicate the number
of data points from each year.

Year Maximum hal Haiishatt equivalent
reflactivity diameter

1983 178 1255

1984 117 750

1985 119 89"3

Total 414 2868
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-+ Table 5.2 .--

Duration (min) of hailfall at a point according to different authors.

(from Sulakvelidze, 1967)

Author Location Minimum Maximum Mean
Prahagka Austria 2.6 50 8-10
Gigineishyili Eastern Georgia 5-10 - -
Beckwith Mountain regions, USA 0.6 45 5
Defur Belgium 5 20 -
Tverskol Rostov Region 5 20 10
Pastukh, Sokhrina European part of the USSR 2 20-30 15
Chapovskaya Northern Caucasus 3 30 5-10
Jéneva France ! 90 5-10
Weickmann UsSA - a5 5-10
Hean 5=7
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-- Table 5.3 —

The ARC extrame HWC data. HWC
values are the highest that ARC found in

the month of July from 1983-85.

CAPPI
Jifff) ELEVATION cHVrrfm
(km AGL) g
2 8.9
1983 4 8.6
6 6.2
2 5.0
1984 4 2.9
6 26
2 10.9
1985 4 5.1
6 36
2 10.9
1983-85 4 8.6
6 6.2
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- Table 10.1 ...

Maximum HWC values and elevation for the New
Qrieang simulations,

Case lD HWGC (g m-3) Altitude (km)
B1NOF1 9.74 4.8
BINOF2 5.95 3.8
B1NOQF3 6.57 4.6
BOE1 A02 4.66 5.0
BNOF0S (Call 1) ~ 7.08 4.6
(Cell 2) 8.02 6.4
BNOFES. (Csil 1) 6.33 3.6
(Call 2) 7.43 5.0
BNOFE3 (Cell 1) 5.88 4.8
(Cell 2) 8.15 28
BNOFE2 (Cell 1) 5.66 4.8
(Cell 2) 8.50 2.8
BNOFCS (Cell 1) 7.33 5.4
(Cell 2) 14.02 5.6
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-- Table 10.2 ---

Maximum HWC values and elevation for the Philadelphia

simulations.
Case 1D HWC (g m) Alttude (km)
B2DLF1 9.33 4.8
B2DLF2 5.68 4.6
B2DLF3 7.62 4.6
B2DiF4 7.66 ' 4.2
BOE2 BO1 3.10 3.8
BDLFO1 (Cell 1) 5.11 5.0
(Cell 2) 4.68 34
BDLFQ2 (Cell 1) 570 5.0
(Celi 2) 6.67 4.8
BDLFE2 (Cell 1) 5,32 4.8
(Cell 2) 7.03 4.8
BDLFE3 (Cell 1) 4.72 4.6
(Cell 2) 6.14 3.8
BDLFE4 (Cell 1) 4,11 5.6
(Cesll 2) 4.58 4.0
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-~ Table B.1 -

Values of constants for calculating radar reflactivity as a function of N and Dq

for various water-coating thicknesses, t, and radar wavelengths, A. {(From
Ulbrich and Atlas, 1982.)

Z = aNyDy e~ =

m

A {cm) 7 {cm) a m ¢
0 467 x 100 597 0.629
3.3 0.01 .09 x 100 5.88 0.967
- 0.05 1.6 x 107 €.50 .43
0.10 263 x 108 7.05 2.67
0 4.05 x 100 7.40 1.70
5.50 0.01 1.69 % 10¢ 6.10 0.629
' 0.0% 521 %10 8.19 2.40
0.10 T 1.49 X 10* B.68 299
0 2.89 x 10 7.57 0.844
10.0 0.0! 5.95 X 10° 6.95 1.07
: 0.05 271 X 10 6.39 0.234
0.10 2.16 x 10° 7.94 0.93}

* 2 (mm* m™?), Ny (m™ em™'), Dy (cm).
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