AD-A129 309  PRELIMINARY COST BENEFIT ASSESSMENT OF SYSTEMS FOR
DETECTION OF HAZARDOUS..(U) SONICRAFT INC ALEXANDRIA VA
J T WILLIS ET AL. JUL 81 FAA-APO-81-8-VOL-2

UNCLASSIFIED DTFAQ1-80-Y-30550 F/G 4/2




fle
m

ke 2
so 32

vl £
i

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A




- -

P B !
N !
' . . i
] v N

N
- Preliminary Cost Benefit
po s Assessment of Systems
1A for Detection of
. Q Hazardous Weather
VIR e o At Volume II: Appendices

(@

< Office of Aviation Policy and Plans
Washington, D.C. 20590

FAA-APO-81-8 July 1981 Document is available to the U.S.
public through the National
: John T. Willis Technical Information Service,
) Edmund Bromiey, Jr. Springfield, Virginia 22161
John W. Connolly -

DTIC

ELECTE
JUN1 4 1983°

E
88 06 13 069

. AR . T e e j

8
2
g




The caontents of this report do not

necessarily reflect the official views or
policy of the Department of Transportation.
This document is disseminated under the
sponsorship of the Department of Transportation
in the interest of information exchange. The
United States Government assumes no liability

for its contents or use therecf.




Technical Report Documentation Page

1.

Regort No 2. Government Accession No. 3. Recipient’s Catalog No.

FAA-APO~81~8 AD- Ala9 309

|

|

4.

Title ond Subtitie 5. Report Date

PRELIMINARY COST BENEFIT ASSESSMENT OF SYSTEMS FOR July 1981

DETECTION OF HAZARDOUS WEATHER 8. Perlorming Organizanion Code
Volume II: Appendices

8. Performing Organization Report No.

7.

John T. Willis, Edmund Bromley, Jr., John W. Connolly

Autho-'s’

9.

Performing Orgonizotion Nome ond Address 10. Work Umit No. (TRAIS)

Sonicraft, Inc.

4600 Duke St. 11. Contrect or Grant No.

Alexandria, VA 22304 DTFAQ1-80-Y-30550

. Type of Report and Period Covered

-
w

12. Sponsoring Agency Name ond Address

Office of Aviation Policy and Plans
Federal Aviation Administration

800 Independence Avenue, SW 14 Sponsoring Agency Code
. 20590 APO-230

15. Supplementary Notes

16. Abstract

Radar information on the location, intensity, and movement of hazardous
weather activity, is required by the Departments of Transportation,
Defense, and Cammerce. The three agencies have combined to develop a
common, new radar system called NEXRAD, for NEXt generation RADar.

The current system lacks capability to detect wind related weather
phenomena, and the new system is expected to use Doppler techniques,
solid state technology, and improved processing. This report makes a
preliminary assessment of costs and benefits of the NEXRAD program,
concluding that the program is cost beneficial, but that not enough is
known about the new system's capability to discriminate among alternative
numbers and sophistication of radars in the system.

Data on losses are reported for nine separate weather hazards: floods,
tornadoes, thunderstorms, hurricanes, windstorms, severe winter storms,
turbulence, icing, and hail. Estimates are made of those losses avoidable
with the new system,

. Key Words 18. D:stribution Stetement

Doppler, Radar Costs, Benefits Document is available to the U. S. public
Weather, Economic, Aviation, Military | through the National Technical Information

Service, Springfield, Virginia 22161

19.

Security Classif. (of this repert) 20. Security Classil. (of this pege) 2. No. of Peges | 22, Price

Unclassified Unclassified 124

Form DOT F 1700.7 (8-72) Reproduction of completed poge outherized




11-1

I1-2

APPENDICES

List of Figures

-Easic Weather Radar Network
Local Warning Radars

Age of Existing Network Radars
(WSR-57 only)

Age of Local Warning Radars
(WSR-74 only)

Each Expert's Estimate of Performance
Improvement (Percent) By Radar
Type & Phenomena

Accession For
e
NTIS GRAaI g

DTIC TAB

Unannounced O
Justification
By

Distzipg;ion(

Availability Codes

Avail and/or
Dist Special

A

P, SR by ANIE RSOGO . 5. 5 % DA

o eea b e e -




APPENDICES

List of Tables

Page '
A-1 C;;patison of Weather Radars A-6 . f
E-1 Teﬁtative Radar Configurations for

NEXRAD Costing E-2 '
E-2 Common Assumptions E-3
E-3 Pertinent Radar Parameters E-4
E-4 Scaﬁ Strategy for Radar 1 E-6
E-5 Scan Strategy for Radar II E-8
E-6 Scan Strateagy for Radar III E-10
E-7 Scan Strategy for Radar 1V E-12
E-8 Scan Strategy for Radar V E-13
F-1 Net Present Value - Scenario 1 F-5
F-2 Net Present Value - Scenario 2 F-6
F-3 Net Present Value - Scenario 3 F-7
F-4 Net Present Value - Scenario 4 F-8
F-5 M2t Present Value - Scenario 5 F-9
F-6 et Present Value - Scenario 6 £-19
ii




e o ety 5 e

S8 e e i 24

APPENDIX A ,j

TODAYS WEATHER RADAR SYSTEM

' l. GENERAL

' The existing weather radar system used for severe storm detection

is divided into two categories:

© A basic weather radar network, consisting of 51 WSR-57 i
radars and 5 WSR-74S radars, operated by the National
Weather Service (NWS). 1In addition, 2 FPS-77 radars,
operated by Air Weather Service (AWS) and 22 Air
Traffic Control radars, operated by the FAA, whose
primary purpose is to detect aircraft for Air Traffic
Control purposes. The weather detection capability of
these radars, although limited, is used in the national
system.

Figure II-1 (repeated here) shows the location of the
basic network radars.

© Local warning radars are operated by NWS, AWS, and the
Navy, as an addition to the basic network in areas

of high severe storm incidence.

. Figure II-2 (repcated here) shows the location of the
; local warning radars.

; 2. CHARACTERISTICS OF WEATHER RADARS

Table A-1 lists the characteristics of the basic and local warning
radars in use. Figure A-1 and A-2 depict the age of the WSR-57

radars and the WSR-74 local warning radars.
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3. WEATHER RADAR COSTS

Accurate records on capital costs for weather radars are
not available. An average cost was developed for each type
of weather radar now used by the NWS. This table illu-
strates the method used to determine these average costs:

cY WSR - 57
Year Total # Units Aver. Cost

Acquired Cost Acquired Per Unit
1959 $1,710,053 14 $122,147
1960 1,442,712 11 131,156
1961 121,819 1 121,819
1966 288,918 2 144,459
1967 435,725 3 145,242
1969 1,240,750 8 155,094
1970 316,042 2 158,021
1977 120,000 1 120,000
TOTAL $5,676,019 42 $133,143

Note that this assumes a constant value of the dollar.

Since there are 58 WSR-57's in the inventory, the capital
cost computed on that average is $7,722,294,
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AGE

OF LOCAL WARNING RADARS

(WSR-74 Only)

1
1
74 75 76 7 7 7 80
Total = 61
Unknown = 1
FIGURE A-2
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APPENDIX B

Weather Radar --
Concepts and Some Experimental Results

Extracted from Bulletin of American Meteorological Society,
October, 1984, Vol. 61, No. 10, pages 1170-1171.

From: F. Ian Harris and Richard E. Carbone, Part l: Workshop
Impetus and Objectives, National Center for Atmospheric

Research, Boulder, Colo.

Fundamental Concepts

Meteorological radars typically observe the atmosphere by
transmitting short pulses of electromagnetic energy at wavelengths
from 1 to 16 cm. Some of the transmitted energy is scattered by
hydrometeors in storms or by insects, refractive index
fluctuations, or radar reflective chaff in the optically clear
atmosphere. For conventional radars intensity is measured, while
for Doppler radars the phase and amplitude of the complex signal
are detected. The rate at which the signal phase changes is
directly proportional to the mean rate at which the scatterers are
moving toward or away from the radar, i.e., proportional to the
mean radial velocity component, Vr, of the scatterers. Each
measurement of amplitude and phasé represents a compoiite signal
returned by all scatters within a measurement volume at a
discrete range (Atlas, 1964). Typically, a radar with a 1° begm
looking at a rain shoger at a range of 3@ km "sees" roughly 10
particles in its ~10° m3 volume. Therefore, one must consider
detection of the returned signal as a single realization of the
intensity-weighted velocity averaged over all of the scatterers
within the volume (Srivastava and Carbone, 1969) One realization
of such volume-distributed targets has a relatively large
uncertainty associated with it. It is necessary, therefore, to
compute an average of the characteristics over roughly 10 radar
pulses in order to obtain an estimate with acceptable uncertainty
(Bohne and Srivastava, 1976; Lhermitte and Gilet, 1976). For an
expanded treatment of radar principles as applied to meteorology,
see Battan (1973).

The mean radial velocity that is obtained is related to the
rectangular components of the mean velocity of the particles by

V,.=u sin81i cos 8 + v cosﬂi cos 6; + W sin €, (1)
where‘? and @, are azimuth angle (measured clockwise from north)
and elevation angle, respectively, and u, v and W are the
eastward, northward and upward components of the mean particle
velocity, respectively. The subscript "i" refers to the ith radar
of an N radar multiple Doppler system. If N >3 and all radars
simultaneously perform "perfect point measurements with no
statistical uncertainty, then Eq. (1) can be inverted to yield
solutions for u, v, ard W. For N>3 the system is mathematically

-




overdetermined and for N<3 it is underdetermined. 1In reality, the
radars rarely observe the same volume at the same time, nor do
they measure without statistical uncertainty. Therefore, we are
able to obtain only estimates of u, v, and W, and the correctness
of these estimates is dependent upon the degree to which the
assumption of similitude is valid -- i.e, the degree to which all
radars sample 4~dimensional space equivalently.

A further complication arises from the manner in which the data
are collected. Each radar has its own spherical coordinate system
that cannot coincide with that for any other radar. in order to
obtain estimates of u, v, and W, it is customary, at some point in
the processing, to interpolate data to a common coordinate system.
This interpolation necessarily places some spatial and temporal
filter on the data that confounds (and perhaps improves) the
assumption of similitude.

As noted, u, v, and W are estimates of the mean scatterer
velocities. For horizontal velocities it is reasonable to assume
that scatters move with the mean winds. However, in the case of
hydrometeors, the vertical velocity (W) is the sum of air
velocity, w, and the terminal fall speed, V,. It is, therefore,
necessary to make certain assumptions about the relaticnship
between W and w to obtain the vertical component of air motion.
These assumptions may involve the relationship of V_ to the radar
reflectivity factor as well as to kinematic boundary conditions.

Note

Defined by the cross-sectional area of the transmitted beam
times the half length of the transmitted pulse. Typically the
pulse length is 309 m and tge measurement volume depth is 150 m.
A typical beam width is 1.8, which is 560 m at 3@ km range. In
the case of a scanning antenna the measurement volume expands in
the direction of scan by an aprreciable fraction of a beam width.
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Taken from: National Research Council, 1977, Severe Storms:
Prediction, Detection, and Warning, National Academy of
Sciences, Washington, D.C., pages 46-47 (with some editing).

Non-Doppler Weather Radar

Prior to the development of Doppler-equipped weather radars,
non-Doppler weather radars were demonstrated to be the most
valuable single tool for the monitoring of severe storms. The
ability to map, in three dimensions, regions of precipitation out
to some 2¢@ km from the radar site, provides the observer with
excellent information on the location and evolution of storms and
quantitative estimates of rainfall that causes flash floods.
Weather radar data find immediate use in systems for air traffic
control, pilot briefing, and public warning.

S oA oy 53 e 14 L

Modern methods for processing and displaying radar data, including
digitized echo strengths presented in color, can provide visually '
dramatic indications of precipitation areas. These new techniques

can be used for the automatic synthesis of radar information with

data from self-reporting rain guages. Calibration of the radar

data with rain-guage measurements is important because the radar

echo strength is a function of several radar parameters, as well

as the raindrop number density and size distribution. As such new
capabilities are introduced into routine operation, the accuracy o
and timeliness of warnings will increase and radar use will extend g
to general hydrologic purposes.

Several techniques have been used successfully in attempts to !
distinguish between hail and rain. With a single 1@-cm radar, an }
echo strength implying a radar reflectivity factor greater than ‘
about log & value of 5 at a 3-km height has been found to be a

suitable criterion for identification of regions of hail. ("2" is
an empirical relationship that has been established between radar !
reflectivity of 'beam-filling' water droplets and the rainfall ‘
rate.)

There has been limited success in the use of operational
non-Doppler weather radars for the identification of a unique
tornado signature. Here, the appearance of a particular type of
curved echo pattern, known as a "hook echo", is currently the best
operational radar indicator of the probable existence of a
tornado. However, less than half of all tornadoes are associated
with recognizable hook echo patterns, and tornadoes do not always
occur even when a clear hook echo is observed. Attempts to
identify regions of non-tornadic severe winds and turbulence from
the echo patterns have been much less successful. .

Quantitative measurements of radar reflectivity using modern,
economical data-processing systems have demonstrated an
encouraging capability for estimating total rainfall, and thus for
identifying the flash-flocod potential of both hurricanes and




severe local storms. While there are limitations to the accuracy %
with which such measurements can be made, there is little doubt
that present methods can be improved sufficiently to detect
potentially hazardous flash-~flood conditions.

Thus, we may summarize the operational role of non-Doppler weather
radar by jindicating that the echo strength, which is directly
related to the precipitation size and density, can be used to
distinguish hail from rain and, to obtain quantitative information
on the distribution and intensity of rainfall and to provide an
indication of storm severity. The latter are especially valuable
for purposes of flash-flood warning. It should be pointed out
that the echo strength, although not directly related to the
turbulence, can be used to outline potential turbulent and '
hazardous areas of storms, albeit at the expense of as much as a
20 mile safety buffer zone.

B-4
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Extracted from Bulletin of American Meteorological Society,
October 1984, Vol. 61, No. 10, page 1166.

From: J. Wilson, R. Carbone, H. Baynton & R. Serafin, Operational
Application of Meteorological Doppler Radar.

Conclusions and Recommendations

The JDOP experiment, which demonstrated the utility of a single
Doppler radar to provide tornado warnings, was largely responsible
for initiating efforts to establish a national network of Doppler
radars. Our experience with Doppler radar in a wide variety of
weather situations has shown that there are many additional
operational applications of a single Doppler radar, thus
amplifying the justification for a national network.

For widespread precipitation the vertical profile of the
horizontal wind can easily be measured and monitored. Frontal
boundaries that are associated with wind shifts can be located and
their future position forecast. In addition to issuing tornado
warnings agsociated with mesocyclones, Doppler radar can be used
to identify regions along strong shear lines where gust front-type
tornadoes may form. A frequent application should be locating
gust fronts and downbursts and estimating wind speeds associated
with them. Winds in the boundary layer, even during clear
weather, can frequently be monitored during the warm season. An
untested but promising application is the measurement of wind
shears on a spatial scale critical to aircraft response. These
measurements could be made with Doppler radars located at airports
and directed along the approach and departure flight paths.
Although hurricanes have yet to be observed by Doppler radar, it
is clear that continuous monitoring of the wind field and
estimation of maximum wind speed would be enormously valuable as
these storms approach land.

The utility of the Doppler displays obviously depends on the
experience of the observer; however, as can be seen from the
examples in the paper, interpretation is not difficult. It is
reasonable to expect that observers can be adequately trained with
a modest effort. Observers must be aware of the limitations of
the radar and must have a rtasic understanding of the
meteorological conditions that will be observed. Range and
velocity folding can greatly complicate interpretation,
particularly for large convective storms. Thus, it is almost
essential that operational Doppler radars employ some means to
unfold velocities and remove range ambiguities. Some very
promising solutions to this problem have been proposed by Doviak
et al. (1978) utilizing staggered or non-uniform pulse repetition
periods. It is reasonable to expect that automatic means for
interpreting and identifying important features in the Doppler
velocities will begin to emerge as more experience is gained.
Initially, however, humans will need to play a major role in the
interpretation phase.
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Users should be aware that maximum wind speeds will be i
underestimated when they occur only at radar azimuths where there
is a significant wind component normal to the radar. Most
frequently this will affect maximum wind estimates in highly
localized shear and convergence zones. Furthermore, these regions '
may on occasion escape detection when the shear is primarily in

the wind component normal to the radar. The detection of

mesocyclones associated with severe storms will not be affected

because of the circular motion of the flow. We believe that these

limitations will occur relatively infrequently and do not

significantly detract from the overall operational utility of

Doppler radar.
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APPENDIX C
Selected Case Studies
Waterloo, Iowa Airport Hit by 10@mph Winds; Property
Joss Over $3 Million, July 9, 1980

Severe Storm Threat Cancels Army Band Concert, July 22,
1980

Tornado Strikes Altus AFB, Oklahoma, May 26, 1977

Hurricane Agnes Warning Support to Eglin ABF, Florida,
June 18-19, 1972

Thunderstorm Wind Gusts Damage Aircraft at Patrick AFB,
Florida on 30 June 1980

Thunderstorm Winds Damage Helicopters, Fort Hood, Texas,
June 18, 1976

Hurricane Agnes Warning Support at Tyndall AFB, Florida,
June 18-19, 1972

Tornado False Alarm, Fort Benning, Georgia

Thunderstorm/Lightning Advisories at Langley AFB,
Virginia

Severe Weather Warning Support at Vance AFB, Oklahoma
Weather Warning Service to Andrews AFB, Maryland

Thunderstorm Watch Support to 20th Surveillance Squadron
(ADC) Eglin AFB, Florida

Launch Pad Lightning Warning System, Cape Kennedy
Value of Severe Weather Service at Laughlin AFB, Texas
Tornado Activity, Bergstrom AFB, Texas

Future Disaster: Miami

Destructive Winds - Hood Canal, Washington, February 12,
1979

Tornado Warning at Algona, Iowa, June 28, 1979,
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Waterloo, lowa Airport Hit by 190 mph Winds
Property Loss Over $3 Million

Oon July 9..1980 at 2:00 a.m., a severe thunderstorm with
accompanying winds clocked at over 106 mph struck the Waterloo,
Iowa airport and vicinity causing property losses in excess of $3
million.

The storm struck without warning although the National Weather
Service radar was operating and had been tracking the storm
previously until the storm entered the ground clutter and the
intensification went undetected.

The straight-line winds from the storm, a microburst in Dr. Ted ;
Fujita's analysis, damaged 65 homes and mobile homes, 65 private i
aircraft, 17 businesses and most of the 12 helicopters of the Army
Aviation Group based at the airport. The aircraft and helicopters
that were damaged were tied down.

In this case, with a minimum number of people on duty at 2:80

a.m., a response to protect the property even if a warning had ;
been issued would probably not have been effective in preventing i
the loss.

If the storm had struck at 2:0@ p.m. when personnel were on hand
to respond to the warning, it is postulated that:

1. With 3¢ minutes advanced notice of the storm, the
helicopters would have been surrounded by trucks and other
vehicles to minimize the 1loss.

2. With one to one and one half hour notice, all helicopters

would have been hangared and in this instance, the damage (over $1
million) prevented.

Source: Sonicraft File
Correspondene: Iowa Office of Disaster Services
Ms. Cheri Thomas
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Severe Storm Threat Cancels Army Band Concert

On Tuesday, July 22, 1980, the Army Band concert scheduled for
B:08 p.m. gut-of-doors at the Jefferson Memorial, Washington, D.C.
was cancelled. This cancellation was announced over public radio
(i.e., WMAL) at 4:45 p.m. The cancellation decision seemed to be
open to question as a series of thunderstorms had just moved out
of the Washington, D.C. area -- skies were clearing -- at about
4:30 p.m. )

However, the cancellation decision was based on the detection
(around 4:09 p.m) of a line of severe thunderstorms about 100
miles west of Washington by the Andrews Air Force Base Weather
Radar. The Army band commander decided on the cancellation due to
expected severe weather at 6:30 p.m. and during the concert.

The benefits accrued from this decision were those costs to the
band for transport, assembly and set-up and costs to the 2,000 to
3,008 concert attendees.

It was a good and correct call as it rained and thundered with
associated severe weather from about 6:30 p.m. to midnight.

Source: Sonicraft File: 7/24/80
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Tornado Stikes Altus AFB, Oklahoma
May 20, 1977

“An example of tornado advisory capability was provided when a
tornado struck Altus (LTS) on 20 May 1977. A list of events is as
follows:

1. 1254 CST - LTS Weather Warning for hail and gusts to 45
kts.

2. 13504 CST - Marble-size hail reported at 240°/21 nmi from ' ,
LTS.

3. 1356 CST - Doppler detected first shear.

4. 1480 CST - Marble-size hail reported at 200°/18 nmi from
LTS.

5. 1406 CST - Doppler confirmed mesocyclone and called LTS :
(information not understood and therefore not i
used).

6. 1410 CST - Pea~size hail reported at 2400/5 nmi from LTS.

7. 1420 CST - Tornado reported at 1900/9 nmi from LTS.

8. 1421 CST - LTS Weather Warning for a tornado in the
vicinity.

9. 1423 CST - 3/8 inch hail at LTS.

19. 1430 CST - Tornado 1/2 mile south of base moving NE,
station evacuated.

11. 1432 CST - Tornado over runway.
12. 1445 CST - Tornado dissipated north of the base.

The Doppler 26-minute lead time, as opposed to 9 minutes by the
LTS forecaster, shows the increase in warning lead time and
detection capability possible from Doppler. The LTS radar did not
detect a hook echo and the AWS warning was based on Civil Defense
reports. Damage to the base was extensive with losses in excess
of one million dollars.” (Staff of JDOP; 1979) .

c-4

L SR WA A, AT . .



Hurricane Agnes Warning Support to Eglin Air Force Base

1. Situation: Eglin AFB is located in the northwest panhandle of
Florida, a.region with a high threat from tropical storms during
the period June to November. Maximum, but costly precautionary
actions are necessary to protect aircraft, personnel, and
Government property which are extremely vulnerable to effects of
high winds and flooding from hurricane forces. During the period
18-19 June 1972, Hurricane Agnes approached the Florida panhandle
from the Gulf of Mexico and was forecast to pass within 75 miles
of Eglin. Maximum winds observed at Eglin were 41 knots. No
damage or injuries were observed.

2. Support Provided: Forecast assistance in deciding not to
evacuate aircraft and undertake major precautionary actions.

3. Decisions Improved:

a. Weighing the costs of major storm preparation/evacuvation
versus the probability of damage from winds and flooding.

b. Taking of only minimum precautionary actions.

Value Analysis

1. Cost of minimal precautionary actions: $5,000.
2. Estimated benefits:

a. Savings in cost of evacuating ADTC aircraft: $160,000.

b. Savings in cost of facilities preparation through
Hurricane Condition 1: $130,000. :

c. Saving in lost manhours since no sheltering of personnel
took place: $280,090.

3. Summary: Weather service provided the Commander at Eglin saved
the Government an estimated $1/2 million in avoided evacuation and
preparation costs. Had the Commander not been provided with
tailored weather support, he would have been forced to take all
possible precautions when confronted with a storm following the
path of Agnes.

Source: Headquarters, Air Weather Service
MAC
Scott AFB, Ill.
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Thunderstorm Wind Gusts - Damage to Aircraft at
Patrick AFB, Florida on 3¢ June 1980

The 30 June mishap which saw two OV-10s damaged by wind gusts to
84 knots associated with thunderstorms resulted in the following
cost to the government:

Aircraft #67-14610 Parts: $ 12,600.00
Manhour Costs: 3,200.00
Aircraft #67~14606 Destroyed 480,000 .00
Total: $495,800.00

We were not able to provide the lead time notification to our
customers for these strong winds. Doppler radar with its wind
display may have provided clues to the severe potential of this
storm vice typical convective activity, and allowed the lead time
regquired to protect the aircraft and reduce the damage received.

The particular storm cell that caused this damage was not the
tallest or most reflective of cells depicted upon the Patrick AFB
FL FPS-77 radar. A storm with tops of 59,0800 MSL produced no
winds as it moved over Cape Canaveral AFS north of Patrick AFB.
! The storm over Patrick AFB was showing tops of 35,000 MSL just
before it moved over the base. It later showed maximum tops of
53,000 MSL. The point is, a Doppler radar may have distinguished
severe weather producing potential of storm cells in the vicinity
of Patrick AFB on 30 June 198¢. (Source Ltr 15 September 1984,
Parker, R.C. Maj., Met Section, Patrick AFB).
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Thunderstorm Winds Damage Helicopters, Fort Hood, Texas

1. Army helicopters are very vulnerable to strong or gusty winds
during takeoff and landing. Because of this, the flying units
here take precautions to limit flying whenever hazardous winds
occur. In addition, storng winds can damage parked aircraft,
whether or not they are tied down. We could not obtain data on
wind damage to helicopters in flight, but we offer several cases
where winds from thunderstorms caused damage to helicopters which
were tied down but not hangared.

a. On 18 June 1976, a gust of 45 knots destroyed or damaged
28 aircraft at Hood Army Airfield. We were following the
thunderstorm cell which spawned the gust on radar, and it did not
appear severe. It is possible that the cell produced a small
tornado, although none was sighted. This is the type of storm
that a doppler radar would best be able to identify. Repair costs
from this incident were about $24¢,009; photos taken by III Corps
Aviation Safety are enclosed. These photos also illustrate that
most damage occurred to aircraft parked on open ground. If our
warning had correctly forecast the intensity of the storm, more
aircraft may have been hangared or moved to more secure tie down
areas on the runway. With a Doppler radar, we potentially could
have done this.

b. On 16 October 1979, a gust of 48 knots blew over an OH-58,
causing about $19,000 damage. Our radar showed this thunderstorm
cell to be of only moderate intensty. Perhaps we could have
"seen” the potential for damaging winds with a Doppler radar.

c. On 7 April 1980, a gust of 46 knots damaged 10 aircraft.
Nine of the ten were OH-58s. Although we had issued a warning for
wind gusts in the 35-49 range 8¢ minutes prior the damaging gust,
repair costs amounted to $155,0008. As with the preceeding
examples, the damaged aircraft were secured on open ground. We

might have been able to issue a more defninitive warning with
NEXRAD.

2. A more advanced radar would enable us to pick out the most
hazardous thunderstorm cell(s). Several "near misses" that we are
aware of are a tornado at Burnett (32 miles southwest) on 10 March
1973, a large hail storm at Temple (35 miles east) on 5 February
1974, and a tornado at Mabry ANG Base (60 miles south) associated
with hurricane Allen on 18 August 198@

Extracted from: Det. 14, 5th Weather Sgdn., AWS, letter 29 October
8d.
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Hurricane Agnes Warning Support at
Tyndall AFB, Florida, 18-19 June 1972

Background‘

1. Situation: Tyndall AFB is located in the northwest panhandle
of Florida, a region with a high threat from tropical storms
during June to November. Without proper warning support aircraft,
personel, and Government property are extremely vulnerable to the
effects of high winds and flooding from hurricane forces. During
the period 18-19 June 1972, Hurricane Agnes approached the Florida
Panhandle from the Gulf of Mexico and was forecast by NHC to pass
directly over Tyndall AFB with 10@ kXt max winds. Hurricane Agnes
rapidly lost energy and became disorganized as it came within 140
miles of land on the morning of 19 June. Maximum estimated winds
observed were 46 knots. Damage to the base and equipment was
estimated at $2,560. One injury, a severed finger, was incurred
by high winds slamming a car door.

2. Support Provided: Weather briefings on National Hurricane
center (NHC) advisories and local tailored forecasts based on NHC
advisories, local weather radar, and direct contact with WC139
storm reconnaissance aircraft.

3. Decisions Improved:

a. Declaration of base hurricane conditions (HURCON) and
resultant evacuation/preparation actions:

1. Evacuation of some, but not all, aircraft.

2. Evacuation and sheltering of families living in
unprotected Government quarters.

3. Sandbagging and securing of buildings and equipment.
4. Movement of AME (telemetry) trailers.
b. Timely recall of personnel.

c. Not employing excessive, costly precautions necessary for
storms with greater than 75 knots.

Value Analysis:

1. Cost of weather support: Only indirect costs were expended.
Hurricane warning advice and decision-assistance are only one of
many services produced by the Base Weather Station.

2. Estimated cost of precautionary actions:
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Hurricane Agnes Warning Support at
Tyndall AFB, Florida, 18-19 June 1972

Background_

1. Situation: Tyndall AFB is located in the northwest panhandle
of Florida, a region with a high threat from tropical storms
during June to November. Without proper warning support aircraft,
personel, and Government property are extremely vulnerable to the
effects of high winds and flooding from hurricane forces. During
the period 18-19 June 1972, Hurricane Agnes approached the Florida
Panhandle from the Gulf of Mexico and was forecast by NHC to pass
directly over Tyndall AFB with 100 kt max winds. Hurricane Agnes
rapidly lost energy and became disorganized as it came within 100
miles of land on the morning of 19 June. Maximum estimated winds
observed were 46 knots. Damage to the base and equipment was
estimated at $2,599. One injury, a severed finger, was incurred
by high winds slamming a car door.

2. Support Provided: Weather briefings on National Hurricane
center (NHC) advisories and local tailored forecasts based on NHC
advisories, local weather radar, and direct contact with WC13@
storm reconnaissance aircraft.

3. Decisions Improved:

a. Declaration of base hurricane conditions (HURCON) and
resultant evacuation/preparation actions:

1. Evacuation of some, but not all, aircraft.

2. Evacuation and sheltering of families living in
unprotected Government quarters.

3. Sandbagging and securing of buildings and equipment.
4. Movement of AME (telemetry) trailers.

b. Timely recall of personnel.

c. Not employing excessive, costly precautions necessary for
storms with greater than 75 knots.

Value Analysis:

l. Cost of weather support: Only indirect costs were expended.
Hurricane warning advice and decision-assistance are only one of
many services produced by the Base Weather Station.

2. Estimated cost of precautionary actions:




a. Evacuation of aircraft: $53,800
b. Loss of 132.4 training hours: $7,750

c. Cost of 6,638 hours of civilian administrative leave:
$34,530

d. Loss of military manpower: $88,23@
e. Movement of AME trailers to higher elevation: $1,670¢

f. 1246 manhours expended in preparation, repair and cleanup
activities: $9,000.

Total Costs: $195, 000

3. Estimated Benefits:

a. Removal of AME (telemetry) trailers from beach area (where
storm surge would have destroyed them): $510,000

b. Savings in not evacuating all aircraft (forecast based on
local winds 75 kts or less): $53,800

c. Recoup of training hours because of only partial
evacuation: $7,75¢0

d. Timely recall of personnel resulting in savings in
civilian time/pay of one-half day: $34,500

e. Estimated savings resulting from tie down of equipment,
securing areas in/around buildings, and taping of numerous
windows: $2,500

Total tangible benefits: $608,500

4. Summary: Using NHC advisories and local weather radar
observations, the Tyndall Base Weather Station (Dct 9, 12 WSq)
considered a forecast of 75-knot peak wind gusts sufficient for an
early season hurricane moving at 10 knots northward into the
cooler waters of the northern Gulf of Mexico. Tailored weather
service provided the Commander at Tyndall resulted in net savings
of over $400,0600 through timely, but not excessive, storm
preparations.

Source: Air Weather Service Value Analysis
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Tornade False Alarm

An excellent example of the shortcomings of the AN/FPS-77 occurred
at this unit in the Spring of 1979. Preceding a frontal passage,
a very active squall line formed west of the station. Several
severe echoes were observed and a number of funnel cloud/tornadoes
were reported in association with this system. Unit forecasters
were faced with the usual dilemma of whether or not to issue a
tornade warning based on radar representation that didn't clearly
indicate such an occurrence as probable at the station. Issuance
of a tornado warning for the Ft. Benning installation causes a
severe disruption in all activities. Scheool classes are
suspended, training is halted, and all activities are disrupted.
False alarms, cbviously, do not meet with high faver. While the
radar scope representation indicated severe thunderstorms would
hit Ft. Benning, there was little indication of tornado activity.
However, the issuance of a warning by the local NWS office,
coupled with the sighting of a funnel clcoud 15nm to the northwest
decided the questicon, and a warning for tornadoes was issued. The
warning did net verify. The leoss te the post in terms of training
and disruption of services was considerable. A radar capability
that would more clearly define severe parameters would not only
provide a better warning capability for actual occurrences but
reduce cestly false alarms such as we experienced.

Source: Det 10, 5WS, AWS letter dtd 9 September 80
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Thunderstorms/Lightning Advisories,
Langley AFB, Virginia

1. We have. the following comments on the NEXRAD. The NEXRAD:

a. Must distinguish echoes within three nautical miles of a
station. The ITFW would like us to issue met watch advisories
when lightning is within three nautical miles of the Langley AFB
tower. When an advisory is issued, all refueling and munitions
loading activities cease. To support this requirement, we issue
advisories for lightning within five nautical miles. We use five
miles because the AFCC weather maintainance personnel have blanked
out any echoes within five nautical miles on the 30 nm PPI scope.
With ground clutter, it is very difficult to locate echoes within
five nautical miles on the AR and RHI scopes.

b. Must pickup echoes with low tops at distances greater than
190nm from the station. The following example illustrates the
problem. A line was moving at 50 plus knots. Due to the low
tops, we did not pick up the echoes on the radar until the line
was within 190nm of the station. We estimated the speed using
less than one hour continuity. With our slower than actual
estimate of line movement speed, we had a weather warning with a
=12 minute timing error.

c. Must quickly determine echo movement. Example: An area of
isolated thunderstorms built around the station. Other priorities
(warnings, met watch, etc..) didn't allow time to establish good
continuity from radar observations. After the thundershower began
at the station, we were unable to give a good estimate of the
ending time because the speed of the system was unknown. Another
example. Nocturnal thunderstorms formed near sunrise. Due to
their proximity, we needed to issue a warning ASAP. Our guess at
the speed was too fast and the thunderstorms dissipated before
reaching the station. The next morning thunderstorms formed
again. We delayed putting out the warning until movement could be
established. The result - insufficient lead time.

Extracted from: Det. 7, 3 AWS letter 16 Sept 80
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Severe Weather Warning Support at Vance AFB, Oklahoma

Background

1. Situation: Vance AFB is a UPT base located in a region with a
high threat from severe thunderstorms and tornadoes. Pilot
training operations are particularly sensitive to severe weather
and T-38 aircraft assigned to the base are especially vulnerable
to severe damage from hail.

2. Support Provided: Advance warning of the occurrence of high
winds and/or hail on the base.

3. Decisions Improved:
a. Recall and recovery of base aircraft.
b. Installing hail covers or hangaring T-38 aircraft.

c. Securing loose objects on base, particularly on the flight
line.

d. Personnel taking shelter when tornadoes are in the
vicinity.

Value Analysis

1. Cost of Weather Support:

a. Direct: Investment cost of FPS-77 radar is $40,000.

b. Indirect: Severe weather warnings are only one service
produced at no extra cost by the base weather detachment and
AFGWC. The typical ATC weather detachment has a total recurring
cost of about $250,000. Severe weather warnings for North America
are handled by 13 persons at AFGWC.

2. Estimated Benefits:
a. Typical case:
(1) Improvement in productivity:
(a) Increase of 5% or more in the availability of
T-38 aircraft due to reduction in damage rate. This corresponds
to a program cost of $2 million per year.
(2) Reduction in costs:

(a) Reduction in damage, mainly to aircraft, of
$150,000 or more per year.

c-12
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(b) Elimination of several aircraft incidents each
year by allowing more time for the orderly recovery of up to 100
aircraft normally flying in the area. No statistics are available
to estimate the accident rate without adequate weather warning.

_. (c) Elimination of several personal injuries.

b. Extreme case: ,

(a) Essential elimination of the probability of extreme
damage. Without sufficient warning of the arrival of storms, such
as have occurred in the area in the past two years, the storms
would have destroyed aircraft valued at $49 million.

(b) Substantial reduction in probability of tornado
fatalities. No statistics are available to compare fatality rates
with and without warnings such as are provided at Vance.

Source: Air Weather Service Value Analysis




Weather Warning Service to Andrews AFB

Background

1. Situation: Andrews AFB, Maryland, like many other military
installations in the northern two-thirds of the U.S., is subject
to occasinal snow fall during the winter months. The lst
Composite Wing at Andrews has a snow removal plan which provides
for a task force of fifty personnel to assemble at a central point
two hours before the snow is forecast to begin. The minimum cost
for assembly of this force is estimated at $500 per hour by the
local civil engineer. As of 15 March 1973, only a few light snow
showers had fallen at Andrews. Thus, for the first time on
record, this late in the season, snow removal efforts were not
required by the base.

2. Support Provided: The Andrews base weather station (BWS)
provides routine forecasts and severe weather forecasts (to
include snow alerts) for Andrews AFB.

3. Decisions Improved: Assuming the BWS did not exist, Andrews
would have had to rely on forecasts issued by the National Weather
Service. During the 72-73 winter season the NWS issued five snow
forecasts for the Washington DC area. Without a local forecast
service to refine these general forecasts the lst Composite wing
would have had to respond to each, thus spending $508 per hour
needlessly until the warning was cancelled. Because the BWS 4id
in fact refine the area forecasts, the snow removal teams did not
have to assemble and were placed on telephone standby on only two
occasions.

c-14
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Value Analysis:

1. Cost of weather support: Negligible. The provision of local

forecasts and point warnings is a routine function of the BWS. No

manpower or resources are authorized solely to perform this
function.

2. Savings realized: $15,000. It is estimated that without the
BWS refinement, reliance on the NWS general area forecasts would
have caused snow removal teams to assemble on five separate
occasions for a minimum of six hours each.

6 hrs X 5 occasions X $500 per hour = $15,000.

Conclusions: Although the sum saved in this instance is small,
the purpose of including it in the Value Analysis Program is to
give an illustration of how one relatively minor support function
provided by a base weather station can save the Air Force a
substantial sum of money. Assuming the same general figure
applies on the average to other Air Force installations with snow
removal problems, the potential savings is on the order of $3/4
million (50 Air Force bases are subject to significant snowfall).

Source: Air Weather Service Weather Value Analysis
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Thunderstorm Watch Support to 2@6th Surveillance
Squadron (ADC), Eglin AFB Florida

Background;u

1. Situation: The 20th Surveillance Squadron (20SS) operates the
FPS-85 phased array radar and its associated systems which are
part of ADC's Space Detection and Tracking System (SPADATS). This
multi-million dollar facility is located twenty miles
east-northeast of Eglin's main base and receives its electrical
power supply from a commercial supplier. The supplier employs a
network of transmission lines over a 5,000 square mile area in
southern Alabama and Georgia. These lines are susceptible to
lightning strikes which cause power fluctuations at the 28SS.
These fluctuations in turn may cause data losses or damage and
excessive downtime in the SPADATS circuitry. Provision was made
for back-up power in the form of gas turbine-powered generators,
which are also owned by the power company. The generators are
turned on whenever requested by the 28SS. This action isolates
the SPADATS from the main power line.

In February 1971, an uninterruptable power system (UPS) was
installed which protects portions of the SPADATS (i.e., computers
and communications center) from power surges. However, when the
UPS is inoperable (over eight months in 1972) and there is a
threat of lightning, the 28SS must activate the back-up power to
protect communications and computer gear.

2. Support Provided: Detachment 10, 6 WWg, issues special met
watch advisories which warn of possible lightning occurrences
throughout the 5,000 square mile area. Special emphasis was
placed on this tailored support following a working agreement
between the 20SS and Det 10, 6 WWg personnel in February 1971.
Special maps and radar grid overlays are used to identify the
areas in which the collection net and power lines are located.

3. Decision Analysis: The tailored support provided by Det 10, 6
WWg directly assists the operator in determining if backup power
will be needed. This decision assistance has significantly
reduced the amount of back-up power needed by the 20SS. The
impact of this assistance can be demonstrated in the table below

which outlines the cost of backup power to the 20SS over the last
four years.

(1) FY 70 - $357,765.00
(2) FY 71 - 297,450.00
(3) PY 72 - 11,812.00
(4) FY 73 - 59,287.50

Value Analysis
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1. Cost of weather support: an average of 30 manhours per month
are expended by Det 10 personnel to provide weather warning
service to the 20SS. Using cost figures obtained from AFM 173-10
and the Dep 18, 6 WWg UDL, the average cost per manhour of Det 10
support was estimated at $6.28.

Total cost is 30 hours X 12 months X $6.28 = $2,260.28
month hour

2. Estimated benefits: The cost reduction of $6¢,315 in backup
power operating costs between 1970 and 1971 has been attributed to
the decision assistance provided by Det 14, 6 WWg. The annual
recurring value of this support since 1971 is estimated by the
206th SS to be in this same range.
3. Net savings:

a. Cost of weather service: §$2,260.28.

b. Reduction in operator costs, FY 70-71: §6@,315

c. Net annual savings incurred by operator due to weather
support: $58,054.72.

Source: Air Weather Service Value Analysis
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Launch Pad Lightning Warning System

BACKGROUND:

l. Situation:

a. The Air Force Eastern Test Range (AFETR) is both
vulnerable and sensitive to the occurrence of lightning. The
potential operational hazards from lightning strikes at the Air
Force Eastern Test Range (AFETR) are considerably greater than
that experienced at most Air Force installations. This results
from the large numbers of separate complexes and vertical extent
of vehicles and gantries. The possibility of damage or injury
during fueling and other operations is a continuing threat.

b. Detachment 11/6WW formerly provided advisories of possible
lightning discharge but limited to only the information gained
from tracking thunderstorms by radar. This method did not allow
for a precise prediction of the location of lightning activity.
Under this concept, an advisory was issued for the entire Cape
area any time a radar-tracked storm approached within five miles
of the Cape in order to ensure personnel and equipment safety.
Upon issuance of the advisory, all lightning sensitive operations
were stopped and personnel in exposed positions throughout the
Cape area were evacuated to safer locations. Such procedures cost
various project offices in terms of idle man-hours. For examplee
in 1970 the DELTA program estimated a loss of at least $10,000
from work halts as a result of the threat of lightning.

Similarly, TITAN III and the Navy estimated losses due to work
stoppage of $15,004 and $10,000 during the same period.

2. Support Provided: 1In order to decrease work stoppage
resulting from overprotection due to false alarms at Cape Kennedy,
Detachment 11 developed a lightning warning system incorporating
two A.D. Little flash counters, eight field mill sensors, and a
data acquisition system. The system alerts the duty forecaster
whenever lightning charges occur within a radius of 48 miles anad
allows him to monitor the electrostatic field potential and
lightning phenomena from eight key operational locations
throughout the Cape. The sensor data are collected by the data
acquisition system and the analog signals from the field mills are
also recorded on Esterline Angus chart recorders. This, coupled
with radar information, enables the forecaster to pinpoint the
location and intensity of existing and potential electrical storms
and allows him to tailor and issue lightning advisories for
individual launch pads.

3. Decisions Improved:
a. AFETR program managers are able to safely continue normal

operations even though thunderstorms are occuring in the area.
Shutdowns are required only when the complex in question is
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threatened. This has substantially reduced the operational
downtime previously experienced as a result of potential lightning
hazards.

b. Detachment 11 now possesses the intelligence to recommend

a launch delay when a particular launch complex is under the
influence of lightning producing clouds.

VALUE ANALYSIS:
1. Cost of Launch Pad Lightning Warning System:

a. Initial investment:

(1) Detachment 11 staffmet support in planning,
developing and acquiring the system.

358 man-hours X $41,650/staffmet/yr=§ 8,629

1728 man-hours available/yr ]
(2) Equipment costs $ 20,000
Investment costs $ 28,629

b. Recurring Costs:

(1) Detachment 11 forecaster support in monitoring the
equipment and issuing additional advisories (includes 280
man-hours/yr) at $8.21 per hour--$8.21 X 280 = $ 2,298/yr

(2) Maintenance Cost
(AFETR/BAA contract) $ 6,000/yr

Total Recurring Costs §$ 8,298.80
c. Total annual cost of system:

(1) Yearly initial investment costs amortized over
estimated eight year life of the system: $ 5,115.04

(2) Annual operating & Maintenance Costs $ 13,413.84
2. Estimated Benefits:

a. Direct: 1In order to determine benefits, the lightning
advisory output for the Cape during June through October 1974 was
used. This period represents the peak thunderstorm season.
During this period, some portion of the Cape was subject to
lightning activity ~-- a total of 555 hours. With the LPLWS,
advisories were only in effect for any particular launch complex
an average of 113 hours. In the past, advisories would have been
issued for the Cape and Navy Port for the entire 555 hours. Thus,
work stoppages are potentially reduced by (1006% - 113 X 100% =)
79.6%. 555
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b. In order to establish the meaning of reduced work
stoppage, data for the June-October 1978 time period were
examined. These were the only comprehensive data available. For
example, the DELTA, TITAN I1II and Navy programs recorded a
composite loss of $35K due to work stoppage based upon electrical
storm advigsories. Based upon paragraph "a" above, 79.6% of this
overprotection could have been avoided had the LPLWS been in use.
Thus, .796 X $35K = $27,860 potential savings for the 1978 period.
Using the total $13,413 and adjusting this to FY 1971 dollars
($13,413/1.398 = $9.594), the FY 1971 benefits are computed.

c. Benefit/cost ratio (FY 1971):
$27,868 = 3:1

Source: Air Weather Service Value Analyses

B
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Value of Severe Weather Service at Laughlin AFB, Texas

BACKGROUND

1. Situation: Laughlin AFT, Texas, is an Air Training Command
(ATC) base engaged in the undergraduate pilot training (UPT)
program. This mission is performed by the 47th Flying Training
Wing (FTW), the host base unit. The principal severe weather
problems impacting the mission at Laughlin AFB are lightning, hail
(over 1/2"), winds over 35 knots, and tornadoes. The 47th FTW
uses both T-37 and T-38 aircraft to accomplish the training
mission. The T-38 is particularly susceptible to the damaging
effects of hail.

2. Support Provided:

a. During normal duty hours, severe weather warnings for
Laughlin AFB are provided by the base weather station forecaster.

b. During hours when a forecaster is not on duty in the base
weather station, severe weather warnings for Laughlin AFB are
provided by the Air Force Global Weather Control {AFGWC), Offutt
AFB, and relayed through the ATC Command Post, Randolph AFB.

¢. Larger scale area advisories of severe weather are
provided at all times by the AFGWC.

3. Decisions Improved:
a. Recalling and recovering of aircraft.

b. Securing aircraft through hangaring, tie-down, and
covering of appropriate aircraft surfaces.

c. Scheduling of computer operations. i

d. Scheduling of refueling operations.

VALUE ANALYSIS:

1. Cost of Weather Support:

a. Annual costs of weather detachment $299, 000
b. Cost of operational actions dictated by ‘
forecasts which did not verify 62,800 |
$352,800 |
|
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2. Estimated Benefits:
a. Direct:

(1) Costs incurred if warnings were

disregarded (i.e., no preventative
action taken by host command). $259,100

(2) 1Increased base productivity derived
through the actions of the BWS
forecaster to downgrade warnings
issued by the AFGWS for Laughlin AFB. $420,000

b. Indirect: Possible loss of 40% of the T-38
fleet due to severe weather damage.

Pro-rated annual cost §$920,000
3. Net annual savings:
a. Direct: $679,100 - $352,800 = $326, 300
b. Direct and Indirect:
$679,100 + 920,000 - $352,800 = $1,246,300

4. Conclusions: The base weather station at Laughlin AFB
contributes significantly to the effectiveness of the pilot
training program conducted by the 47th FTW. This enhanced
effectiveness 1s primarily derived through advanced notification
of severe weather events which contributes both monetary savings
and increases the efficiency of the overall pilot training
program.

Source: Air Weather Service Value Analysis
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CS-15
Tornado Activity, Bergstrom Air Force Base, Texas

1. While there are, without doubt, numerous instances where a
Doppler Radar may have proven beneficial and/or provided more
accurate warnings to our customers, a specific example would be
hard to syhstantiate. There are several cases in our experience
where a Doppler system would have probably indicated the presence
of severe weather when our FPS-77 didn't. A brief description
follows:

a. A spiral band associated with Hurricane Allen spawned
numerous small tornadoes and did considerable damage in the Austin
area. The Bergstrom AFT FPS-~77 radar, although functioning
according to specification, did not adequately portray this
tornadic activity. This apparently was mostly due to the PPI
characteristics of the FPS-77 as the nearby NWS WSR-74
(non-coherent 5 cm radar) clearly depicted (as small hook echoes)
this event.

b. 1In many instances, false alarm weather warnings for gusty
winds have been issued based on measured reflectivity,
reflectivity gradient, and/or radar detected cloud tops. A
Doppler system would have probably reduced the number of these
false alarms.

2. 1In our experience, the FPS-77 is adequate at identifying
hail-producing thunderstorms from those that do not produce hail
and also quite good at detecting very severe echoes and organized
convection systems. The principal operational utility of the
proposed Doppler system is its well-documennted capability to
detect strong winds.

Extracted from 25th Weather Squadron, AWS letter, 22 October 1980
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Future Disaster: Miami

From: Hurricane Hazard in the United States: A Research
Assessment; by Waltraud A.R. Brinkman; Rann Document Center,
National Science Foundation

The threat posed by hurricanes at many points along the South
Atlantic and Gulf coasts is dramatized by an account of vulnerable
population and property in dynamic interaction in Maimi, Forida.
The following is a current judgement of the probable results of a
hurricane of a given strength striking a sector of the Florida
shore where the parameters of occupance and adjustment are known.
It concentrates on threats to life and does not estimate total
property losses.

The meteorological catalyst is a large, slow-moving, wet hurricane
making landfall south of Miami. Specifically, it is a hurricane
with a central pressure of 925 mbs and radius of maximum winds of
15 miles. This is equivalent to Donna (1960), Carla (1961), and
Betsy (1965), and much less severe than the Keys storm of 1935,
which drowned 730 people in that relatively low density population
area. It passes just south of Key Biscayne and moves onshore at
15 mph at the new residential community of Saga Bay (see Figure
vIi-1).

Under these conditions, the National Hurricane Center in Coral
Gables issues a warning for residents of Key Biscayne, Virginia
Key, and south Miami to evacuate. Such a warning is normally made
with at least 12 hours of daylight remaining before the predicted
landfall of the hurricane.

Key Biscayne and Virginia Key are about five miles off the coast
of south Miami. Virginia Key is occupied by a sea aquarium, the
oceanographic laboratories of the University of Miami, and
research facilities of the National Oceanic and Atmospheric
Administration. Key Biscayne, a large residential community of
mostly wealthy residents, is attractive for residential location
due to the close proximity of the water and its distance from the
more congested mainland. The elevations of these areas above mean
sea level range from two or three feet to about ten feet, with an
average of approximately five feet. Rickenbacker Causeway, a
two-mile bridge across Biscayne Bay bisected by a drawbridge,
connects Key Biscayne and Virginia Key with the mainland. At
best, it requires at least nine to ten hours to evacuate the
approximately 10,000 inhabitants.

A number of possible events could preclude successful evacuation
of the entire population. First, not all of the 12 hours of
warning are available for evacuation. As much as six hours prior
to a slow-moving hurricane's landfall, storm surge may cause tides
to begin rising, thereby flooding some low points on roadways used
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for evacuation, and bringing automobile traffic to a halt. Even
before the storm surge hits its peak at the coast, traffic is
snarled by a combination of congestion, weather, flat tires, and
automobile accidents. Residents of Key Biscayne and Virginia Key
must act swiftly to evacuate once the warning is received in order
to avert a major disaster; those not promptly heeding the warning
are trapped by the time the magnitude of the hurricane becomes
visibly apparent. Since a large proportion of Florida's
population has never witnessed a severe hurricane, a warning
response rate of less than 50% -can be expected.

The drawbridge represents another weak link in the escape route.
With the onset of a major storm, marine traffic through the
drawbridge increases as vessels seek the shelter of the Miami
River and other havens northward. Commercial marine traffic is
normally heavy, and several times in past years, barges (which are
now pushed rather than pulled by tugboats) have jack~knifed while
passing through the raised bridge and jammed its mechanisms.
Rising winds and heavy seas contribute to the probability of such
an event. Even without such an accident, drawbridges periodically
fail and lock in the up position.

Severing the causeway for any reason means large fatalities from
storm surge in the trapped population. Alternative escape routes
are severly limited by time and geography. No large boat landings
exist on either Key Biscayne or Virginia Key, so only small craft
can be utililzed for an evacuation by sea. Only a handful of
people can be transported at a time, and organizing and carrying
out such an operation consumes much precious time. Moreover, the
danger to those in boats increases rapidly as the hurricane
approaches. '

Evacuation by air is precluded by the lack of an airport and the
danger of utilizing helicopters in high winds. Vertical
evacuation into high-rise condominiums is an 1increasing
possibility with new construction, but is limited by space and the
willingness of owners to allow public access to their private :
property. (The problem is analogous to that for private atomic i
bomb shelters during the 1950's.) The five~ to ten-foot land
elevations afford minimal shelter from the wind-driven storm surge
waves of 10-15 feet along the right side of the hurricane.

Mainlanders also experience severe difficulties in their attempts

to evacuate. A storm surge six hours in advance of the
hurricane's center catches many residents still preparing to
leave. Heavy rainfall and high winds also hamper evacuation
attempts.

Saga Bay is an excellent example of how the hurricane disaster
potential is exacerbated by coastal development. The area is
located south of Miami in the area below 0ld Cutler Road and above
Black Point; it is anticipated to house a population of

approximately 100,000 to 150,000 initially. Feasibility of the
P development was enhanced by construction of the West Dade
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Expressway, which is connected to Saga Bay by the Old Cutler Road.
Elevation of the Saga Bay area varies from sea level to five feet
above mean sea level.

In order to meet Federal housing regulations, houses are elevated
five feet above mean sea level on fill dug from nearby man-made
lakes. The Saga bay developers, however, also tore out the
mangroves “¥long the coast, which are unsightly and ill-smelling.
These mangroves formerly provided one of the few effective
barriers to storm surge, and the smooth, cleared beaches that are
being built invite the unrestrained sweep of storm surge across
the entire area. Storm surge accompanying a hurricane of
magnitude postulated cannot be deterred by the slight elevation of
the houses.

The evacuation route for Sage Bay residents is along 0ld Cutler
Road to the expressway and then north. While 014 Cutler Road
generally has an elevation of five to ten feet above sea level,
and might not initially be affected by storm surge, heavy rainfall
swells Black Creek beyond its banks and cuts the shortest route to
the expressway.

Travel north on 014 Cutler Road carries evacuees to the already
overburdened and inadequate Dixie Highway, and into the congestion
of evacuees from Key Biscayne, Virginia Key, and Coral Gables at
the intersection of the Rickenbacker Causeway, Dixie Highway, and
Interstate Highway 95. Regardless of the direction of travel on
0l1d Cutler Road, evacuees from Saga Bay encounter serious
congestion and slow-moving traffic as the capacity of the road is
exceeded and the weather deteriorates. Time runs out for many as
they find themselves trapped in their automobiles when the
hurricane hits.

Reaching the West Dade Expressway does not mean safety, however,
and further obstacles must be overcome. The expressway connects
with the Florida Turnpike, which is located west of most
residential development in the Miami area. It too becomes severly
overburdened as Miami residents evacuate. The Palmetto and the
North-South (I-95) Expressways have major tie-ups, as do all
northbound streets, and travel is induced westward to the turnpike
extension.

The severity of traffic jams in Miami is made worse by the
interaction with two evacuation operations, those for boats, and
those for people by automobile. Slip lease agreements between
boat owners and the marinas normally stipulate that owners will
evacuate their boats when a hurricane warning is received. At the
time of evacuation, these boats are instructed to proceed to the
mouth of the Miami River to be escorted up the river in flotillas.
Other than the expressways, all of the major north-south arteries
in Miami cross the Miami River and, therefore, have drawbridges.
The use of flotillas is designed to minimize the raising of
bridges, but major automobile tie-ups occur; once the flow of
traffic is interrupted it takes considerable time to return to
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normal.

In addition, the evacuation of boats poses a serious threat of a
catastrophe at sea. There are roughly 10,600 small craft
registered in Biscayne Bay, but only 1,000 of them can be
accommodated up the Miami River. When the river is full, boats
are turned away to seek another refuge. No other shelter is close
at hand, however, and many boats are caught in open water by the
hurricane.

Flooding hampers evacuation operations, as well as severly
damaging property. Much flooding is caused by the South Florida
Water Control Conservation Project, which is a large network of
canals constructed by the Corps of Engineers to prevent flooding
of agricultural land in south central Florida. These canals flow
to the sea through most residential communities in Dade and
Broward Counties and, in fact, provide high-priced, waterfront
sites. With the onset of storm surge, however, their flow to the
sea will be blocked and with heavy rainfall they can be expected
to flood both streets and property.

In sum, the total loss of life is high. A storm surge well in
advance of the hurricane's center catches many still preparing to
evacuate. Flooding of escape routes due to heavy rain exacerbates
the severe traffic tie-ups which are normally expected with a
large number of automobiles. {Rush hour traffic probably
represents less than 258 of the traffic which could be expected
with a warning to evacuate, and even this amount cannot be
accommodated without major delays.) Warning and evacuation as
they now are planned and proceed are inadequate responses to the
posted threat. {
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From: Destructive Winds Caused by an Orographically Induced
Mesoscale Cyclone

By: Richard J. Reed, Department of Atmospheric Sciences,
University of Washington, Seattle, Wash., American Meteorological
Society, 1980.

3

The Hood Canal Bridge was a floating structure of 1 1/3 mile
length spanning the Hood Canal, a deep, narrow, 50 mile 1long
natural body of water that forms the westernmost arm of the Puget
Sound system of inland waterways. The location of the bridge,
near the mouth of the canal, and the 1locations of other
geographical and topographical features of interest here are shown
in Figure 1. Of particular significance to the present
investigation are the Olympic Mountains, which rise abruptly to
average heights of 5000 feet or more within a distance of less
than 20 miles from the bridge, and the Cascade Range, which
constitutes a higher and more extensive barrier 50 miles to the
east.

The bridge floated on 25 pontoons anchored by steel cables to the
bottom of the canal in depths up to 340 feet. The middle pontoons
were moveable and could be retracted into bays to form a 609 foot
opening for the passage of large ships. As a safety measure for
reducing wave forces, the moveable pontoons could also be
retracted, and the bridge closed to traffic, when winds exceeded
50 mph. First opened to traffic on 12 August 1961, the bridge was
constructed over a period of nearly three years at a cost of 27
million dollars. Its replacement cost today is estimated to
exceed 200 million dollars.

At 2333 PST on the night of 12 February 1979 an alarm sounded in
the toll collectors' booth at the east end of the bridge,
signalling that winds at the control tower, located just west of
the moveable section, had reached a speed of 45 mph. According to
standard operating procedures, the bridge tenders were notified to
report to duty in case the winds rose beyond the 5@ mph mark and
the center section required opening. After hovering near the 45
mph figure for a period of nearly 2 hours, the winds resumed their
upward climb and at @130 PST on the 13 passed the 50 mph
threshold, requiring the bridge to be closed to traffic. It was
reopened briefly a short time later to allow repair crews to cross
to the west side, where power lines already were being knocked
down by falling trees. It was then closed for what proved to be
the final time.

As the night progressed the winds continued to increase. By @500
PST sustained speeds at the control tower were approaching 89 mph
and, for the first time in the history of the bridge, gusts
reached the 100 mph mark, the highest value appearing on the strip
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chart. At @600 PST the bridge crew noticed that the control tower
was beginning to lean to the south. About 1/2 an hour later, as
the first light of dawn appeared, they observed that the roadway
to the west was undulating and that one of the pontoons was also
listing to the south. At @640 PST the decision was made to vacate
the bridge. As the tenders drove off in their pickup truck, they
tried to persuade a trucker, who had driven his semitrailer on to
the west ¥®ection, to leave with them. But at great risk to his
safety the latter remained with his truck, slowly backing it off
the narrow roadway. At approximately 9700 PST he managed to bring
the vehicle on to the fixed pier that joined the bridge to land.
Almost immediately the east end of the transition span collapsed
and pivoted into the water. By 0800 PST the entire 320¢ foot west
section of the bridge had gone under. The east section remained
intact.

N

Following the bridge collapse, the Washington State Department of
Transportation employed a consultitng firm, Tokola Offshore, Inc.,

of Portland, Oregon, to determine the cause of failure. The
author was retained by the firm to assist with the meteorological
part of the investigation. : Specifically, the meteorologist's

tasks were to determine: 1) the wind conditions that existed in
the vicinity of the bridge at the time of failure; 2) the cause of
the extreme velocities that were reported to have occurred; and
3) the likely return periods for various specified extreme
velocities at the bridge location. Only the first and second of
these objectives will be treated in the present article.

Since wind equipment was mounted on the bridge, it might seem at
first sight that the task of establishing wind conditions in its
vicinity was a trivial one. However, the wind equipment and
recording apparatus were lost when the bridge went down. The
foregoing account of the wind behavior was based on the bridge
tenders' recollections of events, not on recorded data. In view
of the harassing conditions under which they operated and the
extraordinary nature of the winds they reported, further

substantiation was clearly required. Moreover it was not
sufficient to Xknow only the velocities at the bridge. To
determine the major force acting on the bridge - that produced by
wave action - it was necessary to know the fetch of the wind and
the speed along the fetch. Thus, an estimate of the wind
direction and speed was required for the length of lower Hood
Canal.

In this paper it will be shown how it was possible, with the help
of nonroutine data, to reconstruct the likely wind behavior in
lower Hood Canal on the morning of the catastrophe. The analysis
not only supports the extreme velocities recalled by the bridge
tenders but reveals the existence of an hitherto unsuspected, or
only partly suspected, mesoscale phenomenon that contributed
importantly to the severity of the winds.
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TORNADO WARNING AT ALGONA, IOWA, June 28, 1979

Gary St. Clair, Manager of Hy-Vee Grocery in Algona, Iowa,
described his experience during the June 28, 1979 tornado that all
but wiped-vut a large portion of Algona. (See attached page from
"Storm Data" plus Map of Tornado paths). Gary indicated that 3¢
minutes advanced warning is "priceless". The Algona tornado was
worst disaster in buildings and homes in Iowa records. He worked
an ambulance crew in clean up. In this case, there was no NWS
warning. The tornado was spotted by some people who were on a
hilltop overlooking the town and spotted the funnel cloud to the
north approaching Algona. They radioed using C/B channel 9 to
local police (police monitor CB9) that spotted funnel was heading
for Algona - Sirens sounded -. With this 15 to 20 minutes before
it struck notice, everyone knew to get into their basements, to
break up baseball games, and to alert people in shopping malls
(his store is only one with a basement) to evacuate people in the
mall to the basement of Hy-Vee. Result - all people but 2 in town
saved. These 2 were elderly people who could not get to shelter
but were found dead in their homes which were airborne for some
distance. He also mentioned Algona's attempts to insure that deaf
people were aware of watch/warnings. He related his feelings
during the rescue after the storm (stopped his store clock at 7:13
LDT on the 28th of June) of seeing just bare land - no buildings,
no crops visible. He wished us to speed up this new detection
system and said 1985 was too late. How will you explain the
delays to those killed between 1981 and 1985 (or whenever NEXRAD
is operational). He said that with a well-understood plan to
avert disaster as exists in Algona ~ a 15-20 minute warning will
be priceless in value in saving lives. In brief, with 15-2¢
minutes of warning all but 2 people out of a thousand or more in
its path were saved.

Source: Sonicraft File
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STORM DATA AND UNUSUAL WEATHER PHENOMENA
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APPENDIX D

NEXRAD PERFORMANCE ESTIMATES

This appeﬂaﬁx contains:

1. A copy of a letter asking for estimates of performance of
three proposed NEXRAD radar designs compared to today's WSR-57;
including two enclosures to the letter - the characteristics of
the four radars to be compared and a matrix listing the radars and
nine hazardous weather phenomena.

2. A list of the individuals who contributed to this study
by responding to the letter - each in his own fashion. We
received 21 responses, 14 of which contained data used in
completing the matrix.

3. Summary of the data collated to show in graphical form:
(1) the estimates of difference in performance between the Doppler
(Radar Types II and III) and the non-Doppler radar for each of the
phenomena; (2) estimates of the performance percentage improvement
(or non-improvement) of each radar type by each phenomena.

4. Extracts from each response where the comment pertained
to a particular phenomena - collated by phenomena.
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Dear

The Federal government has begun a joint program to replace the
existing national weather radar network with a next generation
weather radar (NEXRAD). The new network is planned to be
operational in the late 1980's, At present NEXRAD is more than
a concept bt somewhat less than a firm design. One of the
initial steps is to make a preliminary cost/benefit assessment
of the proposal. As you probably know, experimental data to
quantitatively determine the economic value of weather radar
observations are not readily available from published reports.
Neither have the benefits of Doppler weather radar in a
real-time environment been determined for many of the severe
weather phenomena of interest in this study.

As a recognized authority in weather radar and in its
application to severe storm phenomena detection, location and
tracking, we are confident that you share our interest in the
Next Generation Weather Radar System. Your considered response
will be extremely helpful to all in the weather radar community.
We, therefore, solicit your judgment of the improvements
resulting from the proposed NEXRAD designs -- even at this early
stage of development. We are asking that you read the enclosed
material and provide your assessment of the degree of
improvement resulting to the radar performance. A listing of
the performance characteristics of the proposed radars is
enclosed along with information extracted from draft reports on
the NEXRAD system. We solicit your rough but considered 3
judgements, a "first" impression or approximate extimate rather
than a detailed analysis. If you were to choose a range of
percentage values of improvement, what range would you pick?

To aid in this assessment, we have put together a structured
format, copy enclosed, which proposes that a percentage change

in radar performance be judged for the NEXRAD performance over

the current radar system for each one of the nine hazardous
weather phenomena being analyzed.

Such a set of "what if" questions carries with it many built-in
assumptions. Recognizing this, please feel free to make any
notations regarding an important factor that should be carefully
considered in judging the performance. This Delphi type
technique in postulating the improvements in the weather radar
performance should contribute significantly to filling in any
gaps in this benefit assessment.

The Federal Aviation Administration as part of its support to
the joint NEXRAD program office has contracted with Sonicraft,
Inc. to prepare a "Preliminary Cost Benefit Assessment of :
Systems for Detection of Hazardous Weather". I have asked Mr.
Edmund Bromley of Sonicraft (202-554-3¢02) to contact you by
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phone in a few days to see if you have any questions and to
solicit your responses.

As you may have surmised, we are not providing any remuneration
for your estimates but do believe your judgments can contribute
to this early-on analysis. We expect to reference the results
of this survey in the final report without identifying the
individual contributions.

We have asked this favor of maﬁy of your colleaques enumerated
on the attached distribution list.

Kenneth Kraus

Planning Analyst

Office of Aviation System Plans
(202) 426-3338

Enclosures:

1. Wx Radar Performance Characteristics
2. Suggested Format for Estimate

3. Selected Extracts re. NEXRAD

4. Distribution List

.




Enclosure 1

WEATHER RADAR PERFORMANCE (CHARACTERISTICS

CHARACTERISTICS

Range

Pulse Width (km)
Max{imum Elevation
Altitude

NR Beams, Beam Width

PRF

Update Rate

Reflectivity/
Uncertainty

Rotation Rate
Velocity

Velocity Spread

WSR-57
250 nmi,
«15 km
45
76080 fc.
172.2°
658/164pps

Not
Applicable
1482
3 rpm

TYPE Il
DOPPLER

250 km
0.6 km
28

70008 ft.

2/1

1000/3008pps

6.2 min,

1482
2.4 rpm
l an/sec

1l m/sec

D-4

NEXRAD TYPE

TYPE III
DOPPLER

250 km

8.6 km

20

Segco tc.
171°
1808/3080pps

11.7 min,

1d8z
20‘ tp!ll
1 m/sec

1 m/sec .

TYPE IV

NON-DOPPLER

250 km
6.6 km
20

790298 ft.
1/1°
3oopps

8.3 min,

1482
2.4 rpm
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WERTWER RADAR TYPES
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TORNADOES
Comment 1

Comments on important features for a radar to be used to identify
and track severe weather phenomena.

Experiments have shown that great improvement is obtained with
Doppler capability both in the definite detection of tornadoes and
in the lead time between detection and damage at points on the
surface. It is doubtful that digital processing without the
Doppler capability would provide significant improvement, but high
spatial resolution should be helpful in depicting tornado "hooks"
and especially in extending the range to which they can be
identified. Because of the very short time available for tornado
warnings, any minutes gained through a rapid update rate are
definitely advantageous.

Comment 2

We have found it extremely difficult to identify percentage
improvements and have responded on your structured format in
semi-quantitative terms. 1In addition we have specific comments on
each of the phenomena below:

The increased ability to detect tornadoes with a Doppler radar
Type II and III is very high. All Doppler types should be equally
capable of the detection of tornadoes, but the faster the scanning
mode the earlier (on the average) the identification can be made.

Comment 3

I associate tornadoes with the largest improvement attributable to
Doppler capability. The 25 per cent improvement that a Typye II
NEXRAD radar might bring compared with a Type III NEXRAD radar is
attributable to receipt of immediate information on vertical
continuity, provided by the 2-beam Type II radar. As an
illustration of significant uncertainty please refer to the
enclosed short paper suggesting avenues for use of radar data
toward improvement of numerical weather forecasts. It is
conceivable that developments in this area could lead to some
improvements to winter storm forecasts of the 199@'s with a
raising of the guesstimates in the last row of the table.

Comment 4

I will not recount my liturgy of the fallacies of cost-benefit
analyses, but simply note that I have not seen any in the
meteorological field which will withstand scrutiny. Where
catastrophic hazards are involved, how does one value life and
1imb? Sinqular events such as a major tornado or the crash of a
loaded aircraft must dominate the decision-making process, and no
cost can then be considered excessive.
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TURBULENCE

Comment 1

Again the Doppler radar is a vast improvement over the WSR-57.

All three Doppler types do an equal job in detection, particularly
in non-thunderstorm turbulence, In cases where time is a factor,
either from an operational viewpoint (e.g., airport surveillance)
or by virtue of the generating meteorological phenomena
(thunderstorms), the values of Type I or Type 1I are enhanced.

Comment 2

Although in theory a broad Doppler spectrum should represent a
criterion for turbulent regions, actual measurements have not
borne this out. Broad spectra can also result from noise, wind
shear, and other factors. The ability of radar for direct
detection of turbulent regions is thus very uncertain. It is my
opinion, however, that within the next decade or so the
information we obtain through expanded digital and Doppler
measurements will lead to useful techniques for identifying
turbulent regions within storms.

Comment_3

Table II uses a scoring system with a scale from @ to 10; 10 is
perfect and @ represents no capability. Note that, for many
purposes such as measurements of winds and turbulence, the
non-coherent radars are given zero scores. This may be slightly
unfair due to the fact that, with clever processing of the
non-coherent signals, one can obtain structure function
measurements and spectral width measurements with a non-coherent
radar. These exceptions, however, would not change the overall
results significantly.

Comment 4

I believe several important applications of Doppler radar
technology should be added to any list of potential improvements
in service to the public. Applications in optically clear air and
more general application in widespread ad precipitation (such as
boundary layer heights and Doppler velocities within that layer,

as well as frontal location in very exact geometry) screams for
attention by NEXRAD.

Comment_5

Doppler radar would be most useful, in my opinion, for detection

of wind shears, gusts, and turbulent regions. I have included
frontal and qust frontal windshifts In this category of

turbulence. Doppler radar would also suggest areas of downdraft
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information on distingquishing severe from non-severe
thunderstorms.

Comment 6

The aviation user desires information regarding the location and
movement Qf hazardous weather including, heavy precipitation,
hail, and severe turbulence. The WSR-57/EWEDS/RWRDS system will
provide such information primarily using reflectivity at a single
low elevation sample (with infrequent echo tops reports). The
addition of automated elevation sampling will provide for superior
information on the vertical nature of hazardous weather. There is
strong evidence that this will permit improved hazardous weather
algorithms regarding both hail (e.g. reference Lemon, L.R., 1978:
On the Use of Storm Structure for Hail Identification, 18th Conf.
on Radar Meteor.) and turbulence (e.g., reference Crane, R.K.,
1979: Automatic Cell Detection and Tracking, 1EEE Transactions on
Geoscience Electronics, Vol. GE-17, No. 4). These improvements
should improve both safety of flight (presuming that their
probability of detection will be better that those based upon one
elevation sample) and reduce delays by freeing up airspace
declared as hazardous by unnecessarily conservative algorithms.

The addition of Doppler variables further enhances the ability to
characterize severe weather. There is evidence that not only does
this improve our ability to infer turbulence but that the
estimate of spectrum width is actually a detector of turbulence
(reference Lee, J.T., 1977: Applications of Doppler Weather Radar
to Turbulence Measurements which Affect Aircraft, FAA-RD-77-145)
offering further refinement of turbulence avoidance algorithms.
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THUNDERSTORMS

Comment 1

Although it does not specifically detect electrical activity, the
WSR~57 does a fairly good job of identifying and tracking severe
convective storms by recognizing intense reflectivity, rapid
development and high cell tops. We would expect identification
through such features to be improved by digital data processing,
finer spatial resolution, rapid update rate and deep vertical
coverage. Again the resolution is important in extending the
range for recognition of small-scale features. With our present
state of knowledge, the Doppler information would not be of any
particular benefit. After a few more years of research, however,
it may turn out to be very useful in predicting the storm's track.

Comment 2

This is a phenomenon of several hazards. Since tornadoes and hail
are discussed elsewhere, it is sufficient to argue that Doppler
radars should provide detection of thunderstorm outflow boundaries
(see Wilson et al., 1984, BAMS). This should be of critical
importance near airports. Moreover, thunderstorm development and
changes can be extremely rapid, and frequently on reletively small
scale. Therefore, the narrower beamwidth of all proposed radars
and the more rapid scan of Type II are important.

Comment 3

Flights in the terminal area either taking off or landing -- Today
this is a major problem to the airline industry. Since all
thunderstorms present one or more potential problems, millions of
dollars are lost each year by the Air Carriers and by the general
public from operational delays and diversions with thunderstorms
in the terminal area and approach corridors. It is safe to fly
near some thunderstorms while others need to be avoided by many
miles. Present~day radar cannot always differentiate between the
two. High-level thunderstorms at Denver and desert terminals are
typical examples. If Doppler radar can separate the "good guys"
from the “bad buys”, it has a potential of millions of dollars in
savings to the aviation industry in addition to enhancing the
safety of the operation. Since strong low-level wind shear
associated with thunderstorms may be close to the ground and small
scale in terms of the area surrounding an airport, a Doppler radar
located some fifty to seventy-five miles from the terminal will
contribute very little to the solution of this problem.
Consideration must be given to locating Doppler close to large
airports.

Flight planning for avoidance of en route conditions with
reference to > routings and altitudes -- The next generation of
non-Doppler-type radar should be adequate for route selection to
avoid thunderstorms or line squalls. A mix of non-Doppler with
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Doppler radar in the system should be adequate for this
requirement. Airborne radar would supplement the system when the
flight is en route.

Comment 4

Our analysis of the detection of cells, clusters and significant
cells has shown that the single most important radar parameter to
maintain is the horizontal azimuth resolution. The three radar
types, 1I, III and IV sacrifice horizontal resolution for the sake
of reducing observation times constant within a @.1 second dwell
time. It would be better to operate with a #.05 second dwell time
and utilize the full azimuthal resolution provided by the antenna
system. This could be accomplished within the accuracy
limitations by a combined use of multiple frequencies within the
S-band allocation and range integration. An S-band radar (2.8
GHz) with an antenna designed to minémize close-in sidelobe levels
will have a one-way beamwidth of 1.1° (which should be used as a
measure of azimuth resolution, not the two-way @.7- value supplied
in the table). ghe reflectivity and pulse pair estimates should
be provided at 1~ azimuth intervals.

Comment 5

Delays, diversions and cancellations due to thunderstorms are far
more important to airline operations than low ceilings and
visiblities. See effect of eastcoast storm on October 25, 1984@.
Eastern had 38 cancellations, diversions due to this "winter type"”
storm.

Comment 6

Doppler radar would be most useful, in my opinion, for detection
of wind shears, gusts, and turbulent regions. I have included
frontal and gust frontal windshifts in this category of
turbulence. Doppler radar would also suggest areas of downdraft
and updraft, and their strenths, which provide additional
information on distinguishing severe from non-severe
thunderstorms.

I am concerned about some degradation in the ability to
continuously monitor dangerous echoes at low elevations. Are the
cycle times fixed?

Comment 7

In comparing NEXRAD with these features to the WSR-57 system for
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the FAA application, we should presume that the FAA is making full
use of the WSR-57. Although it is not as of right now, it should
be by the time NEXRAD is ready to be deployed using the Enroute
Weather Display System (EWEDS) and the Remote Weather Radar
Display System (RWRDS). Hopefully, with some conservative
hazardous weather algorithms, these systems will accrue safety
benefits,. reducing the threat of accidents due to embedded
thunderstorms, in particular, for general aviation aircraft (e.g.,
reference the accident of March 24, 1972 involving a Cessna 210
near Atlanta, GA.).

In addition to more accurate algorithms, the elevation sampling
will provide more timely warnings. Storm cells can build (culumus
stage) and precipitation can break out (in the first echo region -
typically about 20,0008 feet) all without precipitation being
detected by the WSR-57 at its low elevation sample for 15 to 20
minutes. Yet this cell can be a serious problem for a general
aviation aircraft. Elevation sampling through this first echo
region frequently (e.g., the FAA requirement is every 2.5 minutes)
can provide a warning of such a cell earlier improving chances for
its avoidance.

In addition, to aiding in turbulence avoidance, the Doppler
capability of NEXRAD will aid in the avoidance of an additional
aviation hazard associated with the airport area (i.e., during
approach, landing, and take-off), the low level wind shear hazard.
There is strong evidence that a Doppler NEXRAD radar located at or
near an airport can detect and warn of hazardous shears due to
thunderstorm qust gronts (reference Wilson, J., Carbone, R. and
Serafin, R., 1980: Detection and Display of Wind Shear and
Turbulence, 19th Conf. on Radar Meteor.). These types of shears
are suspected of having caused several serious air carrier
accidents during final approach.

HAIL

Comment 1

The presence of hailstones which are larger than raindrops can be
recognized by the high reflectivity values associated with them.
Because the hailshafts are asmall in dimension and transient in
nature, time and space resolution of the measurements is
important.

Comment 2
It is not likely that hail can be identified by using Doppler
techniques. Present research would indicate that more likely

procedures to identify hail will be derived from measurements at
different polarizations or by dual-wavelength measurements.
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Comment 3

With respect to the performance characteristics of the various
optional designs shown in enclosure 1, I have grave reservations
about all of them. Type II Doppler is clearly the best but hardly
goes far enough. Without differential reflectivity, there is no
way to get_any significant improvements on rainfall measurement
and flash flood detection or hail detection. Moreover, I have
many questions about the long pulse length (and lack of
flexibility), the long scan times, and evident lack of provision
for faster scans in either RHI or PPl over limited sectors.

Comment 4

The aviation user desires information regarding the location and
movement of hazardous weather including, heavy precipitation,
hail, and severe turbulence. The WSR-57/EWEDS/RWRDS system will
provide such information primarily using reflectivity at a single
low elevation sample (with infrequent echo tops reports). The
addition of automated elevation sampling will provide for superior
information on the vertical nature of hazardous weather. There is
strong evidence that this will permit improved hazardous weather
algorithms regarding both hail (e.r~., reference Lemon, L.R., 1978:
On the Use of Storm Structure for Hail Identification, 18th Conf.
on Radar Meteor.) and turbulence (e.g., reference Crane, R.K.,
1979: Automatic Cell Detection and Tracking, IEEE Transactions on
Geoscience Electronics, Vol. GE-17, No. 4). These improvements
should improve both safety of flight (presuming that their
probability of detection will be better than those based upon one
elevation sample) and reduce delays by freeing up airspace
declared as hazardous by unnecessarily conservative algorithms.

ICING

Comment 1

Icing is caused by supercooled water droplets which are too small

to be detected by the radar. Their presence can be inferred when

convective elements are observed above the O C isotherm. We have

no idea of what fraction of icing situations are thus observable,

but sensitivity and spatial resolution are important for depicting
them.

Comment 2

It is not likely that Doppler measurements present any improvement
to detection. Again improvement here may be found with orthogonal
polarizations.
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Comment 1

Some idea of the wind in the vicinity of 780 mb can be obtained
from a norw-coherent radar by tracking small echoes. With Doppler
capability the radial wind can be measured at any height within
the echo areas. The extent to which the total wind field can be
determined depends on the storm coverage.

Comment 2

Doppler capability is essential. Non-coherent techniques have
proven essentially useless.

Comment 3

We have included clear air measurements of winds which have
applications to air quality forecasting and forecasting the "
initiation of convection. Table I illustrates our opinion that
the scanning procedure adopted should be a function of the
phenomenon being observed. It seems unwise to restrict the

system's operation to a single scanning procedure for all
meteorological conditions.

Comment 4

Our assessment of Type 1V only credits the system with factors 1)

and 2) above. Types II and III, because they are both Doppler,

include credit for the air motion measurement and factor 3) above.

Type II is judged to be somewhat superior in this regard. .

Comment 5

Doppler radar would be most useful, in my opinion, for detection

of wind shears, gusts, and turbulent regions. I have included

frontal and gust frontal windshifts in this category of i
turbulence. Doppler radar would also suggest areas of downdraft |
and updraft, and their strengths, which provide additional ‘
information on distinguishing severe fron non-severe
thunderstorms.

I am concerned about some degradation in the ability to

continudusly monitor dangerous echoes at low elevations. Are the
cycle times fixed?

Comment 6

In addition, to aiding in turbulence avoidance, the Doppler
capability of NEXRAD will aid in the avoidance of an additional
aviation hazard associated with the airport area (i.e., during
approach, landing, and take-off), the low level wind shear hazard.

There is strong evidence that a Doppler NEXRAD radar located at or




near an airport can detect and warn of hazardous shears due to
thunderstorm gust fronts (reference Wilson, J. H., Carbone, R. and
Serafin, R., 1980: Detection and Display of Wind Shear and
Turbulence, 19th Conf. on Radar Meteor.). These types of shears
are suspected of having caused several serious air carrier
accidents during final approach.

All of the above described benefits of NEXRAD for the FAA regard
severe weather systems. However, such systems occur relatively
infrequently. For the most part we have fair weather. Therefore,
severe weather benefits are derived only a fraction of the time.
One of the best reasons for NEXRAD to be a Doppler radar is to
permit benefits to be derived during fair weather.

Analysis indicates that a 1 MW S-band radar can have a sensitivity
sufficient to provide meaningful wind information for very low
reflectance factors (e.g., negative dBz), reflectances
representative of optically clear air with relatively few tracers.
However, elevation samples have to be traded off against scan rate
and dwell time in order to accomplish this. 1In this fair weather
mode, a NEXRAD radar located at or near an airport could provide
information regarding wind shears due to boundary layer effects
and frontal movement. This would produce a safety benefit in fair
weather (e.g., abrupt wind shifts due to warm front passage
appears to have been associated with the Iberia Air Lines accident
at Boston Logan Airport (NTSB-AAR-74-~14). 1In addition, fair
weather wind shifts can require runway configuration changes. If
rapid wind shifts could be predicted by the NEXRAD radar, this
could be of assistance in managing the traffic flow pattern and
thereby derive a benefit in reduced delays due to the necessary
runway changes.

FLASH FLOODS

Comment 1

Attempts to use radar operationally as an instrument for measuring
areal rainfall have not been successful because serious
uncertainties are inherent in the measurements. There is little
doubt, however, that a reliable radar and digital processing
system can be programmed to note situations when unusually intense
storms persist over a watershed. Digital processing is crucial to
this application for integrating total rainfall over time and
area. High resolution in the vertical is important in that it
extends the range of trustworthy measurements.

Comment 2
I have gone through the material you sent and have evaluated the
proposed NEXRAD radar types II, III, and IV. Since none of the

proposed designs is adequate for thunderstorm hazard detection as
required by the FAA, I have added an additional design, designated
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as type A in the attached tables, having what I consider to be the
desired characteristics. In establishing the _new table, I have
assumed that the maximum useful range for a 1~ beamwidth radar is
99 km for the precise measurement of precipitation (rain rate) and
184 xm is the maximum range for all observations. At 180 km, the
lowest elevation angle data are from heights between 3.4 and 6.6
km which are contaminated by ice. At longer ranges, the regions
below the melting level will be below the horizon and undetectable
by the radar. ;

Comment 3

On the other hand, I believe it is a fallacy to consider only the
major hazards in assessing the value of NEXRAD. There are a host
of other applications which are neglected in your documents which
together provide major incremental benefits. Indeed, I am
convinced that the combination of Doppler radar and mesoscale
models hold the key to greatly improved forecasts of
precipitation. When we think of a system to be in place for the
next 2 decades, we can be certain that there will be many more
benefits derived than can now be anticipated by even the most
visionary scientists.

With respect to the performance characteristics of the various
optional designs shown in enclosure 1, I have grave reservations
about all of them. Type II Doppler is clearly the best but hardly
goes far enough. Without differential reflectivity, there is no
way to get any significant improvements on rainfall measurement
and flash flood detection or hail detection. Moreover, I have
many questions about the long pulse length (and lack of
flexibility), the long scan times, and evident lack of provision
for faster scans in either RHI or PPI over limited sectors.

Comment 4

The tables are reasonable self-explanatory but a few words of
elaboration may be useful. First, you will notice that the
categories of weather phenomena are substantially more numerous
than those included in your matrix and include both severe and
non-severe phenomena. Precipitation measurement is relevant to i
flash flood warnings as well as to precipitation accumulation ;
measurements for hydrological and agricultural purposes.

Comment 5

Research into morphology of flood producing storms and data
processing by new equipment may ultimately lead to identification
of structure and flow characteristics which will vastly improve
capabilities but little is known at this time. Polarization (ZDR)
measurements may provide more accurate estimation of rainfall and
rainfall rates than is possible with simply intensity
measurements.
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Comment 6

I strongly endorge the statements to the effect that on-site
processing of even non-Doppler radar data greatly enhances the
usefulness of the data for severe weather identification and
particularly for flood prediction. Our experience in the past few
years with such processing is that great benefits can accrue just
from this activity. 1I also endorse the use of Doppler and
non-Doppler mix for low risk areas.

Comment 7

It is important, when examining Table II, to recognize that the
scores relate to the systems' capacities for making quantitative
measurements ard are not estimates of the real or perceived
benefits that will be obtained from the forecasts subsequently
issued. The cumulative scores give no weight to the relative
importance of the phenomena. Finally, we agree with Atlas that
dual-polarization capability may substantially enhance
precipitation measurements and the ability to determine the phase
of the precipitation.

Comment 8

I believe several important applications of Doppler radar
technology should be added to any list of potential improvements
in service to the public. Applications in optically clear air and
more general application in widespread precipitation (such as
boundary layer heights and Doppler velocities within that layer,
as well as frontal location in very exact geometry) scream for
attention by NEXRAD. '

Comment 9

Difficulties in the information provided include the fact that the’
current WSR-57 radar uses a 4 us pulse width resulting in a 600 m
pulse volume sampled (not 1568 m as listed), a beam width of 2.2°
(not 2°) and a PRF in the short pulse mode of 454 (not 658). The
NEXRAD radars will likely have a variable pulse width, 150 m (as
during JDOP) for velocity estimates within 250 km and a 668 m
width for reflectivity estimates out to 450 km. Additionally, the
comment that "research activities provide conclusive indications
of the unique capabilities of Doppler to decipher the physical
characteristics of severe winter storms, icing and flash floods",
is an exaggeration at best. Some tentative investigations of flow
in snow storms and bright bands (freezing levels) have been
carried out by Doppler radar (typically multiple C band radars).
Also, some correlation has been shown between high rainfall rates
and large rainfall accumulation in mesocyclonic storms. However,
"improved detection capability" for these phenomena has not been
demonstrated (conclusively or otherwise).

Comment 10

One definite benefit would be gained from NEXRAD IV, the detection

D-18




- N

of flash floods in progress. Displays of time integrated

reflectivity would really alert the forecasters to critical areas i

which they might overlook in hectic situations. I am including !

;he flooding aspects of hurricanes in this category of flash ‘
loods.

HURRICANES

Comment 1

The WSR-57's do a good job of tracking the eye of a hurricane and
showing the extent of the circulation around it. Addition of
Doppler capability would add extremely valuable wind information.
Digital data processing would permit spatial integration of
rainfall rate which would yield an estimate of the total rate of
release of latent heat, a quantity of significance to the
development and behavior of the hurricane.

Comment 2
The Doppler information would be useful for estimating the

strength of the winds, as well as the region of most intense
winds.

Comment 3

One definite benefit would be gained from NEXRAD 1V, the detection
of flash floods in progress. Displays of time reflectivity would
really alert the forecasters to critical areas which they might
overlook in hectic situations. I am including the flooding
aspects of hurricanes in this category of flash floods.
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Comment 1

Relatively little is known of the meso-structure of severe winter
storms - making it difficult to estimate improvement. Doppler
radar capability could be used to locate lines of wind shift
accompanying fronts of winter cyclones. This could again be
important to airport operations. In addition, Doppler radar
provides horizontal wind information as a function of height which
could be used in short term forecasting. The narrower beamwidth
also permits detection of more intense snow areas.

Comment 2

The new, type A radar, uses both frequency and polarization to
provide isolation between the Doppler and reflectivity channels.

A by-product of the dual frequency, dual polarization scheme is
additional information on the difference between reflectivities at
vertical and horizontal polarization which can be used to seyirite
regions with snow or ice from regions with rain (liquid only)™’“.
The cost should be less than for radar type II (requires no
polarization switch and shift in LQ but does not require an offset
feed or second receiver.

Comment 3

Because of the relatively low reflectivity of snow and the
importance of low level (often below the radar horizon) growth of
hydrometeors in severe winter storms, such storms are not well
depicted by radar and they can be observed only at very limited
ranges. Since strong winds are an important feature in these 2
storms, addition of the Doppler capability would be a strong plus
towards determining the severity. Finer resolution would help
some in extending the range of observations. '

Comment 4

Difficulties in the information provided include the fact that the
current WSR-57 radar uses a 4 us pulse width resulting in a 600 m I
pulse volume sampled (not 150 ms as listed), a beam width of 2.2

(not 2°) and a PRF in the short pulse mode of 454 (not 658). The
NEXRAD radars will likely have a variable pulse width, 150 m (as
during JDOP) for velocity estimates within 250 km and a £f6@9 m
width for reflectivity estimates out to 450 km. Additionally, the
comment that "research activities provide conclusive indications
of the unique capabilities of Doppler to decipher the physical
characteristics of severe winter storms, icing and flash floods",
is an exaggeration at best. Some tentative investigations of flow 1
in snow storms and bright bands (freezing levels) have been
carried out by Doppler radar (typically multiple C band radars).
Also, some correlation has been shown between high rainfall rates
and large rainfall accumulation in mesocyclonic storms. However,
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"improved detection capability" for these phenomena has not been
demonstrated (conclusively or otherwise).
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APPENDIX E

Radar Types, Characteristics, and Cost Estimates

INTRODUCTION

Five alternative radar configurations for NEXRAD have been
identified. Their basic characteristics are summarized in Table
1. All radars have in common several assumptions. These
assumptions are summarized in Table 2. Pertinent parameters are
summarized in Table 3, for all five radars.

Sections below elaborate on these tabular summaries, and

describe radars I-V in terms of their fundamental characteristics,
coverage volume, scan strateqgy, weather detection and resolution
capabilities. i

Coverage rate and resolution are a function of the assumed scan ‘
strategy. The particular values in Table 3 are based on the scan ;
strategies described in the pertinent Sections. These strategies 5
attempt to meet accuracy requirements by maintaining dwell time i
constant at a nominal 100 msec, but at the expense of decreased

coverage or data rate. Full 252 elevation coverage and 5 minute B
data rate could be forced by increasing the antenna rotation rate 1
above the values in Table 3, but severe degradation in azimuthal

resolution would result for a constant dwell time, due to the

increased smearing of the effective beamwidth. Alternately, |
accuracy could be sacrificed by decreasing dwell time, to yield l
full coverage and data rate at desired resolution.

A possible way to alleviate the situation is by use of more
sophisticated waveforms. The data rates in Table 3 are based on
estimating reflectivity and Doppler on alternative azimuth scans.
This simple approach minimizes problems associated with ground
clutter elimination and transmitter phase stability. A savings in
‘time can be achieved by interlacing high and low PRF's on the same
scan (for example, like the "batch" waveform used by NSSL).

The amount of time saving and the implications on clutter
rejection and transmitter stability need further study. For
present purposes, however, the simpler scheme has been assumed.

RADAR I DESCRIPTION

i . Fundamental Characteristics and Principal Features

This radar attempts to meet most user requirements of coverage,
resolution, and update rate for both reflectivity and Doppler. A 4
24' diameter antenna dish provides a one way beamwidth of 1° in
azimuth and elevation. The antenna forms five simultaneous begms
on transmit and receive. The beams are spaced vertically at 5
increments and are mechanically scanned in azimuth. Reflectivity
and Doppler are measured on alternate azimuth scans, using low and
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‘ '~: Table E-2
TS COMMON ASSUMPTIONS
-l [,

ﬁ¢mny$:;:0mmnun

ALL CONFIGURATIONS HAVE THE FOLLOWING ASSUMPTIONS
IN COMMON:

S-BAND (10.7 cm),
'LINEAR-HORIZONTAL POLARIZATION,
CIRCULAR APERTURE

SIMPLE PULSE (NO PULSE COMPRESSION),

PULSE-MATCHED RECEIVER BANDWIDTH,

LOGARITHMIC RECEIVER 'CHARACTERISTIC' FOR
REFLECTIVITY MEASUREMENTS, LINEAR (I,Q) OUTPUTS
MAY BE USED

LINEAR RECEIVER CHARACTERISTIC FOR DOPPLER
VELOCITY MEASUREMENT

SIMPLE MTT PROCESSING

SPATIAL (RANGE) AND TEMPORAL (PULSE-PULSE)
AVERAGING OF REFLECTIVITY MEASUREMENTS

SOME BUILT IN TEST EQUIPMENT

REFLECTIVITY AND DOPPLER MAPS ARE OBTAINED
ON ALTERNATE SCANS, AT LOW ELEVATIONS

CATEGORIZS
SYSTEMS CONFIGURATION CATEGORY
I MULTI-3EAM, MULTI-RECEIVER TCPPLZIR
II, III DUAL OR SINGLE 3EAM, DO?PPLER
v SINGLE BEAM, NON-DOPPLER, U2GPACABLE
v OFF THE SHELF SYSTEMS




Table E-3
Pertinent Radar Paramaters

adar: I I I[II Iv v
Antenna:
diameter (ft) 24’ 24! 24’ 24’ 12
half power beamwidth (l-way)%_ 1 1° 1° 1° 2.2°
number of beams 5 2 1 1 1
scan cvate (rpm) 2 2.4 2.4 2.4 2.4
Transmitter: coh. upgrad.
type dual coh. coh. to coh. | non=-coh.
type of tube klystron|«lystron | klystron| klystron magnecron
peak power (MW) 1.5 1.5 1.5 1.5 0.6
ave. power (kw) 1 1 1 1 1
pulse width (usec) 1 1 1 1 1
pulse repetition
frequency (pps) 1000/300 J1000/300 | 1000/300 | 300 150/500
Receiver:
aumber of receivers 5 2 1 1 1
processing channels per
receiver
linear yes yes yes add-on ao
logarichaic ves ves yes ves res
Signal Processing:
*%linear raceiver channels:
MT1 1 1 1 add-on |-
pulse-pair procassors 5 2 1 add-on |-
#*logarichmic receiver channels
MTI 1 1 1 1 0
DVIP 5 2 1 1 1
Coverage and Resolution:
update time (minutas) 5 6.2 11.7 8.3 3
elevacion
coverage 0-25°% [0-20° 0-20° 0-20° 0=-24°
resolution ¥, 3, .7° .7° .7° .7° 1.8°
1z{zuch
loverige 0-360° |90-160° 0-1360° 0-360° N-160°
rasolucion, 9e 1.2° 1.5° 1.5° 1.5° 1.3°
range
zoveragze 250 <«a {230 xn 250 m 250 k= | 239 za
z230lucion .4 < A X2 .5 «a A x; .H5 ko
naxinum aleicude (£fc) 70,000 {70,200 30,900 79,3200 70,300
*It r.y be desireable to increase this to L.0° as described in the Section on the

scanning and beamwidth dilemma.
**May be combined.
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high PRF continuous pulse train waveforms. After each pair of
azimuth scans and the 5 beams are stepped in elevation. This is
performed mechanically. |

The transmitter is fully coherent, and is based on the varian 87E
klystron. Power requirements are minimized by decreasing the
power transmitted on the upper beams, where maximum range will be
smaller. Dual transmitter tubes are used primarily for redundancy,
and thus increased availability. Dual frequency operation also
becomes a viable option with dual transmitters, pending sufficient
bandwidth allocation. Dual frequency operation allows the data
rate to be increased, either by simultaneous collection of
reflectivity and Doppler data on separate frequency channels,

or by pulse-to-pulse frequency diversity on the reflectivity
waveform to obtain more independent pulses per unit time.

Five parallel receivers are necessary, each with two parallel
processing channels. Reflectivity is estimated when the low PRF ;
is used by incoherent averaging of logarithmic envelope detection
outputs. Doppler mean velocity and spectral width are estimated
by using a high PRF waveform with a linear, coherent gquadrature ;
receiver, followed by a pulse-pair processor. Each of the two
processing channels includes some form of ground clutter cancelling
circuitry.

Coverage Volume, Scan Strategy, and Update Time

The coverage volume of this radar is bounded by elevations from
horizon to 259, to a maximum altitude of 70,000 feet and maximum
range of 250 km.* The volume is swept in 5 minutes, using the
following scan strategy. The antenna is mechanically scanned in
azimuth at 2 revolutions per minute. On the first azimuth scan,
the 5 beams are directed at elevations of 1°, 69, 11°, 16°©, and
21°. The low PRF waveform is used to obtain a reflectivity map on
each of the 5 beams, out to the perimeter of the coverage volume.
On the second azimuth scan, the PRF is increased to the high rate
suitable for the desired maximum unambiguous velocity measurement.
Selection of the particular value of high PRF may be adaptively
based on the reflectivity map obtained at the low PRF on the
previous scan. Following the high PRF scan, the 5 beams are stepped
1° in elevation, and the process repeated until the full 25°
elevation has been scanned. The scan strategy is summarized in
Table 4, in which it is seen that 10 rotations are required to
complete the cycle, or an update time of 5 minutes between volume
scans.

Weather Detection and Resolution Capabilities

Reflectivity estimates are obtained by averaging the logarithmic
receiver channel outputs. Multiple pulses and range cells are
averaged to provide the required acecuracy. Pulse-to-pulse

* Roughly the range at which O dB S/N is obtained on a 10 dBZ rain
cell
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Table E-4
Scan Strategy, Radar [ |
Rotation Beam 1 Beam 2 Beam 3 Beam &4 Beam 5 PRF \’
1 1° 6° 11° 16° 21° low
2 1 6 11 16 21 high |
{
3 2 7 12 17 22 low !
; 4 2 7 12 17 22 high ’
‘ 5 3 8 13 18 23 low
6 3 8 13 18 23 | high |
7 4 9 14 19 24 low
8 4 9 14 19 24 high
9 5 10 15 20 25 "low
10 5 10 15 20 25 high
E-6
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averaging is implemented for a nominal 100 msec¢ integration time,
during which about 10 independent reflectivity samples are
obtained per range cell. By averaging over 4 adjacent range bins
as well, approximately 40 independent reflectivity samples are
obtained, which provide a reflectivity accuracy of about 1 dB2

as limited by statistical fluctuations of the weather return
signals. The spati 1 resolution cell dimensions on which these
measurements are ol ained are governed by the effective two-way
beamwidths and the 1ange extent of four resolution cells. The
elevation beamwidth is about 0.7° (two-way), and the effective
azimuth beamwidth is about 1.29, including the broadening affects
of scanning. Four range cells are about 0.6 km at a 1 usec pulse
length.

Velocity estimate accuracy is also determined by the dwell time.
Using a formula from (1), the standard deviation of the velocity
estimate will be about 1lm/sec for typical spectral widths.
Standard deviation of the velocity spectrum width estimate will
also be on the order of 1 m/sec.

(1) Zrinc, D.S., 1977, "Spectral Moment Estimates from Correlated
Pulse Pairs" IEEE Transactions AES-13, 344-354.

RADAR II DESCRIPTION
Fundamental Characteristics and Principal Features

This radar is basically a two~beam version of Radar I or Radar
III. The aperture is 24' in diameter, but only two simultaneous
beams are formed. They are spaced vertically by 5° and
mechanically scanned in azimuth. At low elevations, reflectivity
and Doppler maps are obtained on alternate azimuth scans. At
higher elevations, maximum range is shorter, and reflectivity and
Doppler are measured on the same scan using a common PRF.

The transmitter is identical to the Radar I transmitter, except
that only a single transmitter tube is used. Receiver and signal
processing is also similar, but only two receivers are necessary.

Coverage Volume, Scan Strategy, and Update Time

Maximum elevation covered with this radar is 20°. Coverage at

high elevation angles is sacrificed in this radar in an attempt to
keep update time reasonable, and yet utilize a two-beam system.
Coverage to 70,000 feet altitude and to a maximum range of 250 km
is maintained. The volume is swept in 6.2 minutes, with a rotation
rate of 2.4 rpm and a 15 rotation scan strategy as shown in Table 5.
On the first rotation, the 2 beams are directed at elevations of 1©
and 6°, and reflectivity is mapped at each of these elevations
using the low ?RF waveform. On the second rotation, a high PRF
waveform is used to map Doppler. The beam positions are then
raised by 19, and reflectivity and Doppler maps obtained at 2
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Table E-5
Scan Strategy for Radar II

Rotation Beam 1 Beam 2 PRF
1 1 6 low
2 1 6 high X
3 2 7 low |
4 2 7 high ;
5 3 8 low i
6 3 8 high
7 4 9 low
8 4 o9 high
9 S 10 - low
10 5 10 high
11 11 16 high
12 12 17 high
13 13 18 high
14 . ) 19 high
15 15 20 high

s
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and 7° on the next two rotations. This process is continued until
elevation 5° and 10° have been mapped. At this point, the beams
are raised to 11° and 16°, and a high PRF waveform is used for
simultaneous estimation of reflectivity and Doppler. This is
possible because of the decreased maximum range requirement at
elevations above 10°. 1In 5 additional rotations the region from
119 to 20° elevation is thus mapped.

Weather Detection and Resolution Capabilities

Reflectivity and Doppler maps are obtained using the same processing
concepts as for Radar I. By keeping the dwell time the same as in
Radar I, accuracies of about 1 dB in reflectivity and 1 m/sec in
velocity and spectral width estimates are maintained.

The spatial resolution cell size increases to about 1.5° in the
azimuth direction due to the higher rotation rate of the antenna.
The two-way elevation beamwidth is 0.7°, and four range cells
remain at 0.6 km for a 1 usec pulse.

Somewhat more power would be transmitted in the lower of the two
beams. This would be accomplished by a power divider between the
transmitter and the two antenna ports.

RADAR III DESCRIPTION i
Fundamental Characteristics and Principal Features

This is a single beam system of the type recommended by the Jc¢ nt
Doppler Operational Project (JDOP). It has a 24' dish to pro .e

a single 1° beam on transmit and receive. Reflectivity and Doppler
maps are obtained on alternate scans, using low and high PRF's,
respectively.

e e e

The transmitter is a single tube version. A single receiver, with
parallel reflectivity and Doppler estimation channels, is used.
Reflectivity estimation is obtained by averaging logarithmic
envelope detector outputs. Doppler velocities and spectral widths
are estimated with pulse-pair processing of linear I and bipolar
video.

Coverage Volume, Scan Strategy, and Update Time

Elevation coverage up to 209, a maximum altitude of 50,000 feet,
and a 250 km maximum range define the coverage volume for this
radar. Relative to Radar I, high elevation and high altitude
coverage have been sacrificed. In addition, the need to search
the volume with only a single 1° beam leads to a very low data
update rate of 11.7 minutes.

The scan strategy is essentially similar to that for Radar II,
except that only a single beam is employed. The scan sequence is
tabulated in Table 6. Additionally, the lower maximum altitude

baonallal LR



Table E-%

Scan Strategy for Radar III

Rotation Beam 1 PRF
1 1 low
2 1 nigh
3 2 low
4 2 high
5 3 low
6 3 high
7 4 low
8 4 high
9 5 low
10 5 high
11 6 low
12 6 high
12 7 low
14 7 high
13 8 low
16 8 aigh
17 9 high
18 10 high
19 11 high
20 12 hizgh
21 13 high
22 14 nizgh
23 15 high
24 16 high
25 17 high
26 18 high
27 19 “igh
28 20 nizh

E-10
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decreases the elevation at whigh theotransition is made from two
PRF's to a single PRF, from 14~ to 8 . Thus a full volume scan is
made in 28 rotations, which require 11.7 minutes at 2.4 rpm.

Weather Detection and Resolution Capabilities
These are identical to the values for Radar II.
RADAR IV DESCRIPTION

Fundamental Characteristics and Principal Features

This radar is identical to Radar III, except that the coherent
Doppler channel of the receiver is not implemented. The radar is
thus a single-beam, non-Doppler system which is capable of being
upgraded to a Type III radar at a future point in time.

Capabilities and Performance

Because only reflectivity is to be mapped, the use of only a
single value of PRF is required. Thus the scan strategy is
exceedingly simple. It is summarized in Table 7. Twenty
rotations are necessary for volume coverage to 20°, which consume

8.3 minutes at 2.4 rpm.
Weather Detection and Resolution Capabilities

Reflectivity accuracies of 1 4BZ are obtained by averaging
logarithmic envelope returns over 4 range cells, and for a
nominall 139 mseg dwell. The spatial resolution cell is .7 in
elevation by 1.5 effective beamwidth in azimuth, by @.6 km in
range.

RADAR V

Fundamental Characteristics and Principal Features

This radar is a current replacement for the existing WSR-57
radars, using contemporary technology. Examples are he Raytheon
WSR~77 and the Entesprise WSR-74S. It utilizes a 12' aperture to
obtain a single 2.2  one-way beam. It is a non-Doppler radar, and
is not intended for future upgrading to Doppler capability.
(Enterprise is developing an upgradable version). Thus the
transmitter is non-coherent and based on a single magnetron tube.

Reflectivity estimation is obtained by averaging logarithmic
envelope detector outputs.

Coverage Volume, Scan Time, and Update Time

Reflectivity measurements only are obtained, and like Radar 1V, a
simple scan stretegy is used. It is summarized in Table 8. The




Table E-7
Scan Strategy for Radar IV

Rotation Beam PRF
1 1° low |
2 2 low -
3 3 low
4 4 low |
5 5 low '
6 6 low i
7 7 low
8 8 low
9 9 low
10 10 low
11 11 low
12 12 low
13 13 low
14 14 low
15 15 low
16 16 low
1? 17 low
18 18 low
19 19 low
20 20 low
E-12
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Table E-8

Scan Strategy for Radar V

N pmce g s e e

Rotation Beam PRF
1 2° low
2 4 low
3 6 low
4 8 low
5 10 low
6 12 low
7 14 low
8 16 low
9 18 low
10 20 low
11 22 low
12 24 low

E-13
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wider beam allows 24° of elevgtion coverage in 12 scans, by
spacing successive scans at 2~ elevation separation. At a
rotation rate of 2.4 rpm, a 5 minute update time is achieved.

Weather Detect=ion and Resolution Capabilities

Reflectivity estimates are obtained with a nominal 1 dBZ accuracy,
by averaging 4 range cellg together over a 100 msec dwell time.
Spa&ial resolution is 1.5 in elevation (two-way beamwidth) and
1.8% in azimuth. At a 1 usec pulse length, 4 range cells cover
approximately @#.6 km. Due to lower power and antenna gain, the
sensitivity of the system is lower than the other four systems.

THE NEXRAD TRANSMITTER

The development of a new high power transmitter tube for a radar
is a costly and risky process. Fortunately, there is a device in
wide use that can meet the NEXRAD requirements. It is the Varian
87E klystron. This is the transmitter used in the FAA ASR-8
terminal radar and in some Navy systems. The manufacturer claims
about 40,000 hour measured life (over 4 years continuous) in its
present form. This figure can easily be checked. The pertinent
characteristics of the current tube are listed below. Spec
numbers are in parenthesis. Projected values of a modification
program are also shown.

Frequency Band 2.7-2.9 GHz (1)
Instantaneous Bandwidth 37 (15) MHz 40 No Problem
Peak Power 1.6 (1.5) MW 2.0 No Problem
Average Power 3.5 Kw 3.5

Gain 53 dB

Power In 5 W

(1) The tube could be modified to cover 2.7-3.0 GHz,
but this would be about an 18 month program.

Thus, relating the above to the typical JDOP radar, the power is
somewhat higher than the minimum and as such would easily meet
requirements of Radars II, III and IV. It could also be modified
to meet the higher power requirements of Radar I possibly at some
sacrifice in availability. The choice of a dual or diplex version
of the transmitter using the existing tube is to increase
availability of the whole transmitter and make the devices common
for all "coherent" NEXRADS as well as ASR-8's, etc. Thus, the
diplex Radar I has slightly higher production cost than for a
single system, but lower development and spares costing.

E-14
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The same general reasoning went into the selection of the 87E for
Radar IV. An injection locked magnetron transmitter could be
developed for future upgrading whose production cost would be
lower. However, the increased development costs, spares, logistic
problems, etc., would negate most of the cost savings.

It must be remembered that a power tube cost is only about 1/4 of
the transmitter, and that overall transmitter MTBF is much less
than the final tube alone.

THE SCANNING AND BEAMWIDTH DILEMMA

The extension of the JDOP Radar to an operational system presents
some difficult trade-offs between angular resolution (beamwidth),
scan rate, accuracy and the volumetric data rate. To oversimplify
the JOR, the following are currently hard requirements:

(1) range coverage to 450 km in 1 km or better increments;
(2) 3D coverage to 21 km altitude in 1 km or better increments;

(3) volumetric coverage in 5 minutes with some need for 2.5
minutes;

(4) accuracies of about 1 dB in 4BZ, V, and Oy
(5) vertical extent accuracy of about 1/2 km,
The implied requirements;

(6) an effective beamwidth, 8., of 1.0 to 1.2° for distant
recognition of mesocyclones plus an implication that
this is required for storm tops. Note that 8e= 0.70701,
where 63 is the conventional one way beamwidth.

(7) relatively low azimuth sidelobes to keep high
reflectivity storm cells from appearing at other angles
and low first few antenna sidelobes in elevation to
minimize ground clutter.

The dilemma results in that if a JDOP type radar with a 24-foot
dish is placed in a spiral scan mode, there will be a considerable
azimuth smearing in attempting to maintain the volumetric

coverage to less than 5~6 minutes. This results from the minimum
time required per beam position to achieve the necessary
accuracies in z, V, and 6,,. This is illustrated in Table 3.

There are various strategies to reduce this time, each of which
has implications on other requirements:

(1) Interlacing reflectivity and Doppler waveforms on a
single frequency saves some time, but it tends to reduce
the phase and amplitude stability of the transmitter.

(2) Operating with two frequencies is somewhat better, but

e L Lo gk A, - y .
O AN LB TSNP -~ N 1.5 = = TR v




causes more interference between radars.

(3) Reduction of maximum range to 250km helps.

(4) Looking at "every other" beam in elevation also helps,
but would yield a poor height indication and poor storm
top accuracy.

Multiple beam systems obviously help the data rate problem. A

dual feed dish as in Radar II is illustrated on Table 3 to half

the volume scan time. Alternately, it could be used in tornado

prone areas to reduce 8, to the desired level. This would be

accomplished by merely reducing the azimuth scan rate. As

expected, a 5 beam system (I) could be utilized to reduce both

volume scan time and 6. E

Looking again at the table, one notes that for II and III, ©,=1.5°

with a 1© beamwidth (91) Whlle not stated as such, the effective :
elevation beamwidth is only 0.7° This is the reverse of the
desired ratio to detect mesocyclones. The theoretically correct ‘
way is to vertically scan. Neglecting mechanical problems, the i
azimuth scan period would be 2.5 or 5 minutes with a vertical

"zig-zag".

Obviously, a mechanical scan at 10Hz is not practical, but an
electronic scan is. Without a discourse on the subject,
the practical way to do this is with frequency scan in elevation.
This is a common technique in the military and is used by the
operational SPS-48, SPS-52 and the MPQ-32. While this sounds
impractical from a frequency allocation basis, remember that the
horizon beam is always at a single frequency. All other beams
point up in elevation and the interference is on a sidelobe to
sidelobe basis. The elevation scan would be on a step scan basis,
and there would not even be any elevation smearing. Thus, the
antenna size could be reduced to 1l6-feet and with 1= ¢l = 1.5°

= P = 1. 05°

A 1l6-foot frequency scanned antenna would cost about $600K in
production compared to a 24-foot mechanical at about $3%00K.
Transmitter costs would increase only slightly.

If the 2.7 to 2.9 GHz band is too crowded, it may be possible to
go to the 2.4 GHz band. The aperture size would go to 18 to 20
feet, but production costs would be about the same.

The above is a drastic recommendation, but there are less drastic
results that fall out of the same reasoning. Radars II and III

are planned for about a 1° step in elevation. Since there is no
elevation smearing, @e could be increased to 1° (B to 1.47) and
achieve a more uniform volume coverage. If the reflector size is
held constant, the first sidelobes could be reduced by 5 dB (10 dB -
two way), and the land clutter reduced. The number of elevation
cuts could also be reduced. While this reduces resolution in
elevation, it does not imply that storm top accuracy requirements ]
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cannot be met. Any NEXRAD storm top algorithm should include beam
splitting of some type that should achieve an accuracy of about
1/4 beamwidth.

RADAR COSTING

The production costs for the radar portions of the NEXRAD were
derived by Technology Service Corporation employees involved in
current Military radar programs plus the assistance of several
major hardware manufacturers. Early Cost data supplied by NSSC
and Transportation System Center to the JSPO were used to slightly
modify and amplify some costs. A key uncertainty is the use of a
production lot of 180 for the cost base. A fixed
(non-cancellable) contract for that quantity of radars is
extremely rare today and most surface radars are procured in
smaller quantities without tooling for large production. As a
result, many estimates are biased on whether the estimator
believes that the procurement will really occur in quantities of
19d. Another significant uncertainty results from the
availability specification.

Since several of the scenarios include both Doppler and
non-Doppler radars at different sites, Radars (I-IV) have
substantial commonality of parts. The transmitter, receiver,
synchronizer, maintenance console, A/D's etc. are costed with that
assumption. With this assumption, mixes of radars will have
production costs that are only slightly higher than if all one
system was procured while the development costs are slightly
lower. Optimization of each radar as if it were the only version,
would thus have little or no overall effect on Program costing.

The costs were then checked against current procurements for
comparable radars such as the ASR-8, TRACS, plus military
equivalents.




Appendix F

Calculation and Results
--Investment Analysis

Part I - The Investment Model g

Part II - Tables of Results of Calculations of Return on

i

Investment - }
|

Page }

i3

TABLE F-1 Net Present Value - Scenario 1 F-5 '
TABLE F-2 Net Present Value - Scenario 2 F~6 ‘
TABLE F-3 Net Present Value - Scenario 3 F-7 f
TABLE F-4 Net Present Value - Scenario 4 F-8 L
TABLE F-5 Net Present Value - Scenario 5 F-9 |
TABLE F-6 Net Present Value - Scenario 6 F-10 :
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Investment Mcdels

|
A. The "INVEST" Mcodel ;
;

Approval was received from the COTR under this Contract tc use an
investment model "INVEST" that has been developed within FAA to

compare alternative investment oppertunities. The intrcductoery
information supplied with the INVEST documentation states:

"INVEST is a computer program which uses astimated and known
information about investment alternatives which differ in the
distributicon of their costs. TINVEST genenates several \
numbers which measure the productivity, or return per dellar '
for each alternative. INVEST can autcmatically vary each l
input estimate over a prescribed range for the purpeses of a
sensitivity analysis. By handling the "werkhouse" aspects of
the analysis, INVEST permits a more extensive conceptual
treatment. The analysis can then be superior in beth | i

flexibility and accuracy.

The formulae used by TNVEST are standard present value
conversions. These correlate cash flow items cccuring at
varicus times t¢ an squivalent amcunt cccurring in a vear

designated the "present". This accounts for the assumpticon
that funds invested will increaase in value ovar time 3s a
result of their use. The rate of increase, expressed as
annual compocund interest rate, is the rate cof return on the
investment. The interest rate used to compute the present
values is the discount rate (discount facter). This factor
relates a future amcunt to the present value which would
genrate {t, The standard disccunt rate used by INVEST is
10%, as per OMB guidelines.”

B. A "Sonicraft Tnvestment Model"®

The INVEST model has been designed tc¢ compare pairs of
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alternatives. In order tc conmpare the seven scanzring

hean postalated for this study, another 2omouter proiram <os
developed., 7This program 311so uses stanTard g2t present vzl ooe
formulations hut empleys corntinucus rather than discrete
discounting,

Coentinuocus discount formulae are emp'oyed since the Henefits whinh

are expectes to accrue will accrue thrcugitut the year rathrer than

at vesr =2nd. The formulaticon %o compute the net present va'ie is:

~ -in
PV :E:: an(e )

where PV = present value
CFn = cash flews for pericd n (cash cutlays negative)
i = interest rate (as a fraction)
N = total number of pericds

n

pericd index

The discount rate of 12%, prescribed hy the COTR (basel on 7MB
Circular A-94) has been employed in the analysis. Computation at
cther discount rates have heen made teo determine the sensitivity

of the analysis tc the discount rate chosen,

Zimmerman, D.C., in "Eccnemic Analysis Procedures for ADP", March

1980, Navy Data Automation Cemmand comments:

"Even when there is a little disagreement 3bcut =he
investment's prospective costs and benefits, the cheice of
the discount rate figure may make the “ifference betwesen
acceptance and rejecticn. A low discount rate gives little
attenticn to the time value of meney. Tnvestment costs
incurred during the early years of a project life can be
easily offset by benefits achieved in the late years. Thus,
a low discount rate would tend to expand the number of public
investment preojects that would appear feasible, thereby
causing many public prcjects with lou returns to bhe

Aabaili g o datbpnam, R LA e ahuiny S R Sl 0,
e Nk WP




undertaken at the expense of more productive investments in
E the private sector. The net result of this would be te lower
the rate of naticnal econemic growth.

A high discocunt rate, cn the other hand, wculd tend to place
a greater emphasis on teday's costs. Thus, savings achieved
i in the cut-years woculd have little impact on cff-setting
investment cests. The net result would be fewer government

investments.

The proper critericon on which to judge the desirability of a
government project, from the peint of view of *he general
welfare, is the value of the coppertunitties which the private
secttor must pass by when rescurces are withdrawn from that

secter. A government project is desirable if, and only if,
the value of the net benefits it promises exceeds the cost of
the lost productive copportunities whish thast iavestment
causes. The correct discount rate for the evaluation of a
government prcoject is the percentage rate of return that the
rescurces used woculd ctherwise provide in the private sector.

The 19% discount rate implicity escalates sonstant dollar cost
estimates at a ncrmal rate. Therefore, the FAA generally deces not
include inflation in their economic investment analyses. If
inflation were to be considered, only a differential rate woculd be
utilized, i.e., the expected difference between the verage

P —

long-term rate for the particular cost or 2ost-element and %the
nermal rate.,




MET PRESENT VALUE

Table F-~-1

THIS COMPUTATION FOR SCENARIO 1-4ITH TOTAL NON-RECURRTNG
COSTS OF $568 MTILLION

INVESTMENT (QUTLAY)=$ 0

NUMBER OF YEARS 25

REQUIRED RATE OF RETURN(DISCOUNT RATE) R= 10 %

VALUES OF MET COST MR
BENEFIT FOR THE YTAR CUOMULATTVE DIRCOUNT FACTNRS
=2.181892E+007 .909M91 .2n9NgA
~7. 14050E+007 1.73554 LR2euyT
=1.277SUE+DN] 2.URA8S .751315
-2.06300E+008 2, 1A087 LRRAV1Y
-2.87020E+008 2.72079 .520922
=3.79594E+008 U, 35526 ,5A447Y
-2.76962E+008 4, %4842 513159
=1.722U43E 4006 5.33U393 L UARASNY
2. Y8UABE+DNS 5.75902 LdoungR
4. 75966E+008 A.1Lus7 . 285544
f.82758E+008 5. 49506 .257495
3.70751E+008 5.81349 .2198722
1.041A5E+0N9 7.107236 . 280/RG
1. 19702E+009 7.356A9 .2/2222
1.33825E+009 7.605608 . 276397
1. UBAARAE D9 7.82371 L217AR
1.58339E+109 3.02155 .197348
1.AR951E+009 2,201U1 . 179959
1.78598E+009 ],26492 . 1625809
1.873685+009 2,51357 RRPETINN
1.95WNEHNN9 a, AURAQ L1351
2.02588E+009 8.77154 . 122844
2.09177E+009 %,88722 L111479
2. 15167E+N09 3, 98474 L 101324
2.20613E+009 9.077nY .MQ230R5

CASH FLOW -
QUTFLOWS ARE NEGATTVE
1 1983 -2, 4000%E+N07
2 1984 A, NONNOE+007
3 1985 ~7.50000E+)Q7
y 1986 -1.15000E+008
5 1987 -1.30000E+008
6 1988 -1, 64000E+008
7 1689  2.00000E+008
8 1990  5.90000E+008
9 1991  5.90N00E+108
10 1992 5.90000E+008
1 1993 5.9000NE+008
12 1994 5.90CO0E+008
13 1995 5.90000F+208
14 1996 5.90000E+008
15 1997 5.9C000F+008
16 1998 5.90000E+008
17 1999 5.90000E+008
18 2000 5.90000E+N08
19 2001 5,90000E+008
20 2002 5.90000E+008
21 2003  5.90000E+1NS
22 2004 5,90000E+008
23 2005 5.90000E+008
2u 2006  5.90000E+008
25 2007 5.90000E+008

NET PRESENT VALUE = $ 2.20613E+009
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NET PRESENT VALUE

Table F-2

THIS COMPUTATION FOR SCENARIO 2-WITH TOTAL NON-RECURRING
COSTS OF $422 MILLION .

IMVESTMENT (OUTLAY)=$ 0

MUMBER OF YEARS 25

REQUIRED RATE OF RETURN(DISCOUNT RATE) R= 10 %

CASY FLOW -
OUTFLOWS ARE NEGATIVE

1 1983 -2.
2 1984 -6
3 1985 -7
4 1986 -1
5 1987 -1
6 1988 -4
7 1989 2
8 1990 4
9 1991 5
10 1992 5
R 1993 5
12 1994 5
13 1995 5
14 1996 5
15 1997 5
16 1398 5
17 1999 5
18 2000 S
19 2001 5
20 2002 5
21 2003 S
22 2004 5
23 2005 5
24 2006 5
25 2007 5

UONO0E+D07

. 00000E+00T
.S0N00E+007
. 00000E+008
. 20000E+008
. 3000NE+007
. NONNOE+NNY
. NDONOE+N08
. TUO00E+008
. TUDOOE+008
. T40NNE+008
. TUD00E+NOR
. TLO00E +208
. TUO00E+0N8
L TUO00R 4008
. THOOOF 00K
. T4000E+0N8
. T4000E 4008
. TUD00E NS
. TUCONE+008
. TUCONE+I08
. TUNOCE+NOR
. THO00E+DNA
. THONOE+N08
. TUOO0E+NNK

VALUES OF NET COST OR

BENEFIT FOR THE YEAR

-2.

-7.
. 277SUE+008
.96055E+008
. TOS66E+008
. QU838E4008
. 92205E+008
-5.
. 37829E+008
.59132E+008
. 50315E+008
4321054008
.00948E+D09
. 16063E+009
. 29804E+009
. U2296E+009
.53652F+N09
.63975E+009
. 73362E+009
.R189LE+009
. 89A50E+009
.9A702E+D09
.03112E+009
2.
2.

-1
-1
=2
-2
-1

N = = a2 OONEN

NET PRESENT VALUE = $ 2.14237E4009

1R1R2E+007
14050E+007

50310E+005

NB94QE+N09
14237E4009

Copy avail

penmit fully

F-6

.909091
. 73554
. 48685
. 16987
.79079
. 35526
.R6812
. 33493
. 75902
. 14457
. 19506
.21369
. 10336
. 36669
.60608
82371
.02155
. 20141
. 36492
.51357
.AU8AQ
77154
.RR322
.9RNTY
.0770u

OO DI P-ATJARNINA L S W N —

(o)

O 20 0

able to O e not
legible repioduction

CUMULATIVE DISCOUNT FACTORS
.909091
LR26447
751315
.$83014
.620922
.5RUNTY
.513159
.U6A508
. 820098
. 385544
.3517u95
.318632
. 280465
.263332
.239393
.21763
. 1973848
. 179859
. 163509
. 1URELY
135121
. 122316
. 111579
. 101526
.0922965




Table F-3

NET PRESENT VALUE
THIS COMPUTATION FOR SCENARIN 3-4WITH TOTAL NON-RECURRTMNG
COSTS OF $399 MILLTION

INVESTMENT (QUTLAY)=$ O

NUMBER OF YEARS 25
REQUIRED RATE OF RETURN(DISCOUNT RATE) R= 10 %

CASH FLOW -
QUTFLCWS ARE NEGATIVE

VALUES OF NET COST OR

BEMEFIT FCR THE YEAR CIMULATIVE DISCOUNT TACTORS

1 1983 -2, UCONOE+ONT -2, 18192E+007 .909091 .2n9791
2 1984 -5, 00000E+207 ~7. 14CS0E+H07 1.73554 LR26447
3 1985 -7.50000E+107 ~1.27754E4008 2.U3485 751315
q 1986 -1.00000E+008 ~1.96055E+008 3. 16987 LAR2010
5 1987 <1, 20000E+008 -2 .T056KE+009 3.79079 LR2NQ22
6 1988 <2, 00000E+007 -2.,81855E40089 u,35526 L5ARUNTY
7 1989  2.N0000%+0D08 -1.79223E+00N8 I, 26842 .512159
8 1960 4, 80Q00E+008 4, UT004E DT 5.33493 LURAR0H
9 1691 U4, R0000E+008 2. UR24RE+NOR 5.75902 .42ung3
10 1992 4, 807N0RE+N08 4, 333294009 A.1u4u57 . W®554Y
n 1993  4,8000NE+008 6.01556E+009 /., U43506 .357495
12 1994 U4, OOOE+008 7.54509%+008 6.813£Q .218R/32
13 1995 4, R0000E+00R8 R, 593540F 108 7.1033% . 2%9R85
14 1994 4,R80000%+N0N8 1.01995E+009 7. "6459 .2873332
15 1997 4,%0000E+008 1. 13484E+009 7.60A0R ALECKS
16 1998 4,80000E+009% 1.23932E4009 7.92371 217/
17 1999 4.R0000E+108 1. 3342884009 3,02155 . 197345
18 2000 4, 30000E+008 1. 4206 2E+4N09 8, 20141 .17GR59
19 2001 U4,80000E+N08 1. 49910E+009 3,36492 . 1635809
20 2002 4.80000%+0N8 1.857DUSE+N09 8.51357 L 148640
21 2003 4.%0000FE+008 1.63531E+009 8, 64269 BECERY|
22 2004 U, 80000E+N08 1.A9U29E+NN9 8.77154 .122°%45
23 2005 4,80000E+008 1.74798E+N09 3,38322 L11A79
24 2006  4.20000E+008 1,79662E+009 ],93474 101526
25 2007 4.R0000E+008 1., 8409254009 q,Q770h .0Q22965
NET PRESENT VALUE = & 1,84092F+009
e - e \".\.‘ .
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‘ Table F-4

NET PRESENT VALUE
THIS COMPUTATION FOR SCENARIO U-WITH TOTAL NON-RECURRING
COSTS OF $395 “ILLION

INVESTMENT (OUTLAY)=% O
NUMBER OF YEARS 25
REQUIRED RATC OF RETURN(DISCOUNT RATE) Rz 10 %

CASH FLOW -
OUTFLOWS ARE NEGATTVE

VALUES OF NET COST OR

BENEFIT FOR THE TEAR CIMULATIVE DTUSCOUNT FACTORS

NET PRESENT VALUE = $ 2.01303E+009

Copy available to LIIC does not
pemiit fully legible reproduction

ph ke o
PRI -7 5.\ A

1 1983 -2, 400N0E+D07 -2.18182E+107 .979091 .909091
2 1984 -6, 00000E+007 ~7. 14050E+007 1.73554 .826u47

3 1985 -7.50000E+107 -1.2T7SHE+NNR 2.48685 .751115

y 1986 -1, 10000E+003 -2, 028%5E+008 3. 16987 .FR3014

5 1987 -1.00000E+008 -2.6U49TT7E+008 3.79079 .520922

6 1988 -2, 60000E+007 -2.79654E+008 4,35526 .5A4YTY

7 1989 2.00000E+008 -1,77022E+008 4, 86842 .513159

8 1990 4,50000E+008 3.2906TE+D07 5.33493 . BAB508

9 1991 5.31000E+N08 2.58103E+008 5.75902 .u2u098

10 1992 5. 13000NE+N03 '}, 55837E+008 f.14U57 . 38554

11 1993 5. 31000E+008 6. U42000E+008 6.U49506 . 350495

12 1994 5.31N0NE+NOS 8. 11193E+008 A.81369 .218A32

13 1995 5. 310N0E+108 9.65005E+008 7.10335 . 2R9565

L 1996 5.31000E+008 1, 10483E+009 7.36569 .2/3732

15 1997 5. 21N00E+N08 1.23195E+009 7. 60608 .229393

16 1998 5.31000E+008 1. 3U751E+009 ©7.82371 .21753

17 1999 5. 31000E+N08 1. 4525TE+009 3,02155 . 197245

18 2000 5.31000E+008 1.5U4807E+009 8.20141 . 179859 '
19 2001  5.31000E+D08 1.63490E+009 8.36492 . 153509 '
20 2002 5.31000E+)08 1.71383E+009 2,51357 . 148644

21 2003 5.3100NE+008 1.78558E+009 3.K4869 .135131

22 2004 5.21000E+008 1. 8508 1E+009 8.77154 . 122946

23 2005 5.31000E+H08 1.91011E+009 ’,R8322 .111679

24 2006 5.31000E+N08 1.96402E+009 8.3847Y . 101526

25 2007 5.31000E+N08 2.01303E+009 9.07704 .N922965




Table F-5

NET PRESENT VALUE
THIS COMPUTATION FOR SCENARIO S5-WITH TCTAL NCN-RECURRING
COSTS OF $371 MILLION

INVESTMENT (CUTLAY)=$ O
NUMBER OF YEARS 25
REQUIRED RATE OF RETURN(DISCOUNT RATE) R= 10 %,

CASH FLOW -
QUTFLOWS ARE HEGATIVE

VALUES OF NET ZOST OR

BENEFIT FOR THE YEAR SMULATIVE DI3COUNT FACTORS

1 1983 -2. UNONNE+007 -2.18182E+707 .909791 .3197391

2 1984 -5, 00000E+007 =7.14050E+007 1.73554 LA2/u07
3 1985 ~7.50000F+007 -1.27754E4008 2.4RA85 751015
4 1986 -1.10000E+008 -2.02885E+008 2, 14087 LR3I
5 1987 -1.02000E+008 -2.66219E+008 3.79079 .62n922
6 1998 1,00000E+008 -2.09772E+008 4,3%526 .BALLTL
7 1989 2.00000E+208 ~1.07T140E4D08 4, 86842 517159
8 1990  4.39000E+008 9.765T1E+007 5.33403 JU6RS0]
9 1991 4.39000E+008 2.93836E+008 5.75902 . 42ungR
10 1992  4,39000E+0N8 4.53090E+N08 5., 14457 . 285344
1" 1993 4, 39000E+N08 5.0A957E+008 A, 19506 .|ugs
12 1994 4,39000E+008 7., UB336E+0N0% €.%1369 .21R6/32
13 1995 4, 39000E+008 3.73999E+008 7.10324 . 220468
14 1996  4,39000E+N08 9.99A02E+008 7. 6669 .752332
15 1997 4, 23000E+D08 1.79470E+009 7, ANH08 .23929R
16 1998 4. 29000E+008 1. 19023E+109 7.,222371 .2175%

17 1999  4.39000E+008 1.27799E+009 ?,02155 .1a73u5
18 2000 4.330N0E+N08 1. 35605E+009 3.20141 . 179859
19 2001 4.20000E+008 1. 42793E+009 9.35u492 . 153809
20 2002 4.39900E+709 1. 49308E+109 8.51357 . 1u85uL
21 2003 4, 39000E+008 1.55240E+709 8.AURAKY 13BN

22 2004 4,39000E+008 1.60633E+109 3.77154 1229454
23 2005 U4,39000E+008 1.65535E+009 8.98322 111579
24 2005  4.39000E+073 1.59993E+009 8.3%474 .101525
25 2007  4.39000E+00% 1. 7HO45E+0N9 9.97704 . 1922945

HET PRESENT VALUE = $ 1.T40OUSE+O09

F-9




NET PRESENT VALUE
THIS COMPUTATION FOR SCENARIO 6-WITH TOTAL NON-RECURRING
COSTS OF $294 MILLION

INVESTMENT (OUTLAY)=$ 0

NUMBER OF YEARS 25
REQUIRED RATE OF RETURNM(DISCOUNT RATZ) R= 10 %

WO EWwN

CASH FLOW -
OQUTFLOWS ARE NEGATIVE

1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1094
1995
1996
1997
1398
1999
2000
2001
2002
2003
2004
2005
2006
2007

T I I |
NNV IVNVIINI VNNV VNO NNV IVN 00 = W —

. 30000E+007
. 00NNNE+NOT
. 00N00E+007
. 000Q0E+008
. 60000E+007
. 20000E+007
. 10000E+008
. 100N0E+008
. 10000E+008
. 1CONOE+008
. 10000E+008
. 1N020E+008
. 10000E+008
. 10NO0E+108
. 10000E+008
. 10CONE+00R
. 1C710E+N08
. 1000NE+008
. 10000E+008
. 10000E+008
. 100GCE+008
. 10000E+008
. 10000E4008
< 100D0E+N08
. 10000E+008

Table F-6

VALUES OF NET COST OR

BENEFIT FOR THE YEAR

-1

-4,
-7.
-1.

-1
-1
-4

)}

[veReL I B IR B RO, NG 0 \ 502 V) B — i — UV JELY TR R

NET PRESENT VALUE = $ 3.3761454008

CUMULATIVE DISCOUNT FACTCRS

.R3636E+007 .90QN91
11570E+N07 1.73554
12096E+007 2. 43685
39511E+008 3.16987

. 99120E4008 2,79079

.53942E4+008 4.35526

.A19RIEHNO7 I, 8RRU2

. 17ARUE4NQ7 5.33U93

. UNB2QE+NNY 5.75902

. 21793E+008 A, 14157

. 9539724008 A. 43506

.H2310E+NNR 5.91369

. 23139E+008 7.10336

. T8439E+008 7. 36669

. 28712E+008 7.608018

L THUTUELD08 7.82371

. 1595 1E+008 8.n215%5

.53722E+0NQ 2.20141

. QRNK3E+008 ], 2KN192

. 1928 4E+108 ],81257

LUTAARIELD08 ], /ALU359

. T3U59E4008 8.77154

.96911E+008 R.88322

. 19232E+008 R.08474

. 37A14E+008 9.07704

G'OﬂObl
permit fully le
F-10

.90Q091
.82A447
.751315
.A83014
- .62ng22
LSEN4TY
.513159
LU6AENA
L42UN9R
. 3855U4
.3/0495
.313532
. 289K4K5
.2h332
239393
.21763
. 197345
. 179859
. 163509
RUELY
.175131
. 122746
111679
. 101526
.0022965
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333

329

140

328

345

355

332

251

218

303

182

145

BIBLIOGRAPHY

Aarons, R.N., McClellon, J. Mac., Olcott, J.W. and Parrish,
R., 1980, Thunderstorms - An Update, Special Report, Business
and Commercial Aviation/July 198¢.

Adil, A.A., 1981, Capacity/Congestion - Problems of the 8@'s,
Office of Systems Engineering Management, Federal Aviation
Administration, Washington, D.C.

AFCS, 1977, Required Operational Capability, Automated
Weather Distribution System, AFCS ROC 601-77, Air Force
Communications Service, Department of the Air Force,
Richards-Bebaur AFB, Missouri.

Air Traffic Control Association, 1980, Air Traffic Control in
Terminal Area Operations, Federal Aviation Administration,
Washington, D.C.

Air Transport Association, 1980, Air Transport 1980, The
Annual Report of the U.S. Scheduled Airline Industry, Air
Transport Association of America, Washington, D.C.

Air Transportation Association, 1979, Total Air Carrier
Operations at Control Tower Airports, Total Hours Air Carrier
Delalys, Total Air Carrier Cost of Delays By Year, Air
Transportation Association, Washington, D.C.

Air Weather Service, 1988, NEXRAD Cost-Benefit Analysis, 10
November Letter, AWS Department of the Air Force, Scott Air
Force Base, Illinois.

Air Weather Service, 1980, NEXRAD Cost-Benefit Analysis, 29
October Letter, AWS, Department of the Air Force, Scott Air
Force Base, Illinois.

Alberty, R.L., Burgess, D.W., Fujita, T.T., 1979, Severe
Weather Events of 10 April 1979, Bulletin of the American
Meteorological Society, Vol. 61, No. 2, Boston pages - .

Alden Research, 198¢, Alden Minifax Facsimile Weather Chart
Recorder, Alden Research Center, Westborough, Mass.

Allen, R.H. & Burgess, D.W., NSSL; Donaldson, R.J., AFGL,
1980, Severe 5cm Radar Attenuation of the Wichita Falls Storm
by Intervening Precipitation, Reprinted from reprint Vol.:
19th Conference on Radar Meteorology, April 1980, Miami,
American Meteorological Society, pages - .

American Insurance Association, 198d, Highlights from 1978
PLSP Catastrophe Report, Insurance Service Office, New York,
N.Y.




265

266

17

133

106

296

297

239

219

342

361

371

105

American Meteorological Society, 1978, Preprints, Conference
on Flash Floods: Hydrometeorological Aspects, May 2-3 1978
({Los Angeles, California) AMS.

. 1980, Preprints, Second Conference on Flash Floods,
March 18-20@, 1980 (Atlanta, Georgia) AMS.

American Meteorological Society, Reprints, 19th Conference on
Radar Meteorology, April 15-18, 1980, (Miami) AMS, Boston.

Anderson, L.G. & Burnham, J.M., 1973, Application of Economic

Analyses to Hurricane Warnings to Residential and Retail
Activities in the U.S. Gulf of Mexico Coastal Region, Volume
141, Number 2, Monthly Weather Review, pages 126-131.

Anderson, R.C. & Meade, N.F., 1979, Cost-Benefit Analysis of
Selected Environmental and Data Information Service Programs,
NOAA Technical Memorandum ED15 25, NOAA, Washington, D.C.

ARINC, 1979, Airborne Weather Radar, ARINC Characteristic
7808-1, Aeronautical Radio, Incorporated, Annapolis, Maryland.

ARINC, 1980, Mark 3 Air Traffic Control Transponder
(ATCRBS/DABS) ARINC Characteristic 718-2, Aeronautical Radio,
Incorporated, Annapolis, Maryland.

Baynton, H.W., 1979, The Case for Doppler Radars Along Our
Hurricane Affected Coasts, American Meteorological Society
Bulletin, Volume 60, Number 9, September 1979, pages
1014-1022. '

Bedford, N.M. & Onsi, M., 1966, Measuring the Value of

Information -~ An Information Theory Approach, Management
Services.

Bellantoni, J.F. and Fuertes, L.A., 1978, Airport Capacity
Investment handbook, Federal Aviation Administration Report
No. FAA-ASP-79-8, National Technical Information Service,
Springfield, Virginia.

Bellon, A. and Austin, G.L., 1976, SHARP (Short-Term
Automated Radar Prediction) A Reall Time Test, Preprints,
17th Conference on Radar Meteorology, October 26-29, 1976
(Seattle, Washington) American Meteorological Society.

Bellon, A., Lovejoy, S., & Austin, G.L., 1988, Combining
Satellite and Radar Data for the Short-Range Forecasting of
Precipitation, Monthly Weather Review, Volume 148, Number 14,
October 1980, American Meteorological Society, Boston,
Massachusetts.

Bergstrom, P.D. & Mayer, D.S. 1977, Cost Savings of the
Modernized Flight Service System, Working Paper 12682, The
Mitre Corporation, McLean, Virginia (Limited Distribution).

RISt i AT N e SN LES Y N
AR WA - i i ! b e




265

266

17

133

106

296

297

239

219

342

361

371

105

American Meteorological Society, 1978, Preprints, Conference
on Flash Floods: Hydrometeorological Aspects, May 2-3 1978
(Los Angeles, California) AMS.

,» 1980, Preprints, Second Conference on Flash Floods,
March 18-28, 1988 (Atlanta, Georgia) AMS.

American Meteorological Society, Reprints, 19th Conference on
Radar Meteorology, April 15-18, 1980, (Miami) AMS, Boston.

Anderson, L.G. & Burnham, J.M., 1973, Application of Economic
Analyses to Hurricane Warnings to Residential and Retail
Activities in the U.S. Gulf of Mexico Coastal Region, Volume
191, Number 2, Monthly Weather Review, pages 126-131.

Anderson, R.C. & Meade, N.F., 1979, Cost-Benefit Analysis of
Selected Environmental and Data Information Service Programs,
NOAA Technical Memorandum ED15 25, NOAA, Washington, D.C.

ARINC, 1979, Airborne Weather Radar, ARINC Characteristic
738-1, Aeronautical Radio, Incorporated, Annapolis, Maryland.

ARINC, 1980, Mark 3 Air Traffic Control Transponder
(ATCRBS/DABS) ARINC Characteristic 718-2, Aeronautical Radio,
Incorporated, Annapolis, Maryland.

Baynton, H.W., 1979, The Case for Doppler Radars Along Our
Hurricane Affected Coasts, American Meteorological Society
Bulletin, Volume 68, Number 9, September 1979, pages
1014-1022.

Bedford, N.M. & Onsi, M., 1966, Measuring the Value of

Information - An Information Theory Approach, Management
Services.

Bellantoni, J.F. and Fuertes, L.A., 1978, Airport Capacity
Investment handbook, Federal Aviation Administration Report
No. FAA-ASP-79-8, National Technical Information Service,
Springfield, Virginia.

Bellon, A. and Austin, G.L., 1976, SHARP (Short-Term
Automated Radar Prediction) A Reall Time Test, Preprints,
17th Conference on Radar Meteorology, October 26-29, 1976
(Seattle, Washington) American Meteorological Society.

Bellon, A., Lovejoy, S., & Austin, G.L., 1980, Combining
Satellite and Radar Data for the Short-Range Forecasting of
Precipitation, Monthly Weather Review, Volume 148, Number 14,
October 198¢, American Meteorological Society, Boston,
Massachusetts.

Bergstrom, P.D. & Mayer, D.S. 1977, Cost Savings of the
Modernized Flight Service System, Working Paper 12682, The
Mitre Corporation, McLean, Virginia (Limited Distribution).




e R

167

179

171

187

279

146

278

286

354

253

374

212

Bernard, E.A., 1975, Cost and Structure of Meteorological
Services with Special Reference to the Problem of Developing
Countries, WMO No. 426, World Meteorological Organization,
Geneva, Switzerland.

Blizzard, W.J., 1980, Letter: Bendix Radar, Bendix Avionics
Division, Fort Lauderdale, Florida.

Bjerkaas, C.L., Donaldson, R.J., AFGL, 1978, Real Time
Tornado Warning Utilizing Doppler Velocities From A Color
Display, 18th Conference on Radar Meteorclogy, March 1978,
Atlanta, American Meteorological Society.

Bjerkaas, C.L., and Forsyth, D.E., AFGL, 1988, Operational
Test of a Three Dimensional Echo Tracking Program, Reprinted
from preprint Volume: 19th Conference on Radar Meteorology,
April 1980, Miami, American Meteorological Society.

Brandli, H.W. Lt. Col. USAF, 1976, Satellite Meteorology,

AWS-TR-76-264, HQS. Air Weather Service, USAF, Scott AFB,
Illinois.

Brinkman, W. A. R., 1975, Hurricane Hazard in the U.S.: A
Research Assessment Institute of Behavioral Science, U. of
Colo., Boulder.

Bristor, C.L., 1978, The Role of Operational Satellites in
the Aviation Weather System, Report No. FAA-RD-78-152, U.S.
Department of Transportation, National Technical Information
Service, Springfield, Virginia.

Bromley, E., Jr. 1971, Turbulence Data in The Upgraded ATC
System, Journal of the Air Traffic Control Association, March
1972, pps. 13-15.

Bromley, E. Jr., 1977, Aeronautical Meteorology: Progress and
Challenges - Today and Tomorrow, Bulletin of the American
Meteorological Society, Vol. 58, No. 11, Boston.

Bromley, E. Jr., 1978, FAA E&D Initiatives Process, Working
Paper, FAA/SRDS, Department of Transportation, Washington,
D.C.

Bromley E., Jr., 1980, System Analysis Project: Thunderstorms
in the Terminal Area (Working Paper), Washington, D.C.

Bromley, E. Jr., 1981, Using a Retrospective on Aviation
Meteorology in the 19708's to Look Ahead into the 1986's.
Paper presented at ICAO Conference, May 4-6, 1981, Montreal
Quebec, Sonicraft, Inc., Washington, D.C.

Brunkow, D.A., , A Digital Radar-Based Rainfall
Monitoring & Forecasting Tool, NSF Grant PFR78-05693,

S N e M AN ALY oy &
£ . . ol s




306

189

335

290

247

269

349

152

298

346

385

130

178

Illinois State Water Survey, Urbana.

Buckley, Lt. J.L., III, 1973, Value of Severe Weather Warning
Service at Laughlin AFB, Texas, LGMQ/Laughlin, September
1973, Laughlin AFB, Texas.

Buckley, Lt. J.L., III, AWS, USAF, 1980, Value of Severe
Weather Warning Service at Laughlin AFB, Texas, Sept. 1973.

Burgess, D.W. and Donaldson, Jr., 1979, Contrasting Tornadic
Storm Types, Eleventh Conference on Severe Local Storms
(Kansas City, Missouri), American Meteorological Society.

Burka, P., 1980d, What Ever Happened to the Storm of the
Century, Texas Monthly, October 1980, pps. 138-143.

Caprio, J.T. & Ginn, A., 1978, Evaluation of the National
Weather Service, Offices of Budget and Program Evaluation,
Department of Commerce & National Oceanic Atmospheric
Administration, Washington, D.C.

Chadwick, R.B., 1975, Conversion of Magnetrone-Type
Meteorological Radars to Doppler Sensitive Radars - A
Cost/Feasibility Study (Draft), National Weather Service,
Silver Spring, Maryland.

Charles, Bernard, 1986, Benefits to Commercial Aviation,
Working Paper, Sonicraft, Inc., Washington, D.C.

Cochrane, H., 1980, Preliminary Outline of Economic Value
Studies, CIRA, Colorado State University, Fort Collins,
Colorado.

Cole, A.E., Donaldson, R.J., Dyer, R., Kantor, A.J.,
Skrnanek, R.A., 1969, Precipitation and Clouds: A Revision of

Chapters, Handbook of Geophysics and Space Environments,
AFCRL-69-0487, USAF.

Collins Air Transport Division, 1980, Collins Digital Color
Weather Radar System, Collins Air Transport Division,
Rockwell International, Cedar Rapids, Iowa.

Collins Government Avionics Division, 1979, Rockwell-Collins
CMS-80 Cockpit Management System, Collins Tele-Communications
Products Division, Electronic Systems Group/Rockwell
International, Cedar Rapids, Iowa.

Coonley, K.E., 1974, Analysis of the Requirement for Air
Traffic Control Radar Research and Development, Appendix 3,
Report No. FAA-RD-74-191, FAA/DOT, National Technical
Information Service, Springfield, Virginia.

Commonwealth of Australia, DOT, 1976, The Terminal Area
Severe Turbulence Service, Airways Operations Instruction Ops

SR SR ot >STIE VIR =< 1%~ S0




R T v

77

78

76

203

75

202

204

276

362

267

295

1-1, DOT, Commonwealth of Australia.

Connor, T.M., Hamilton, & Chappell, S.L., 1979, Evaluation of
Safety Programs with Respect to the Causes of General
Aviation Accidents, Volume 1II; Appendices, to FAA/U.S.
Department of Transportation, Battelle, Columbus, Ohio.

Connor, T.M. & Hamilton, C.W., 1979, Evaluation of Safety
Programs with Respect to the Causes of Air Carrier Accidents
to FAA/Department of Transportation, Battelle, Columbus,
Ohio.

Connor, T.M., Hamilton, C.W. & Chappell, S.L., 1979,
Evaluation of Safety Programs with Respect to the Causes of
General Aviation Accidents, Volume 1: Technical Report to the
FAA/U.S. Department of Transportation, Battelle, Columbus,
Ohio.

Connor, T.M. & Hamilton, C.W., 1980, Evaluation of Safety
Programs with Respect to the Causes of Air Carrier Accidents,
Report No. ASP 89-1, FAA, Department of Transportation,
Washington.

Connor, T.M. & Hamilton, C.W., 1980, Evaluation of Safety
Programs with respect to the Causes of Air Carrier Accidents,
FRA Report ASP 89-1, FAA, U.S. Department of Transportation,
Washington, D.C.

Connor, T.M. & Hamilton, C.W., 1980, Evaluation of Safety
Programs with Respect to the Causes of General Aviation
Accidents, Vol. 1, Technical Report, ASP-80-2, FAA/DOT,
Washington, D.C.

Connor, T.M. & Hamilton, C.W., 1988, Evaluation of Safety
Programs with Respect to the Casues of General Aviation
Accidents, Volume II: Appendices, Prepared for FAA/U.S.
Department of Transportation, Battelle, Columbus, Ohio.

Crane, R.K., 1976, Radar Detection of Thunderstorm Hazards
for Air Traffic Control, Volume 1 - Storm Cell Detection
ATC-67, Report No. FAA-RD-76-52, Lincoln Laboratory MIT,
Lexington, Mass., National Technical Information Service,
Springfield, Virginia.

Crane, R.K., 1976, Rain Cell Detection and Tracking,
Preprints, 17th Conference on Radar Meteorology, October
26-~29, 1976 (Seattle, Washington) American Meteorological
Society.

Crane, R., 1980, Objective Detection and Forecasting
Techniques Using Weather Radar - Conventional & Doppler,
FFA/SRDS, DOT, Washington, D.C. (Briefing Paper)

Crewdson, J.M., 1988, A Case of Hurricane Fever: The Worry

LB S e e el




g e b 2

100

316

102

103

131

379

98

375

223

238

166

184

Before the Storm, New York Times, August 10, 1980, New York,
N.Y.

Criswell, M.E. & Cummins, R.S., 1979, Survey of Gulf Coast
Structural Damage Resulting from Hurricane Camille, August
1969, Technical Report N-70-1¢, U.S. Army Waterways
Experiment Station, Vicksburg, Mississippi. Conducted for
Office of Civil Defense, U.S. Army, Washington, D.C.

Dacy, D.C. and Kunreuther, H., 1969, The Economics of
Natural Disasters, The Free Press, Division of Macmillian
Company, New York, New York.

Day, H.J., 1978, Flood Warning Benefit Evaluation -

Susquehanna River, ESSA Technical Memorandum WBTM HYDRO 149,
U.S. Department of Commerce, ESSA, Silver Spring, Maryland.

Day, H.J. & Kwang, L.K., 1976, Flood Damage Reduction
Potential of River Forecast Services in the Connecticut River
Basin, NOAA Technical Memorandum NWS HYDRO-28, NOAA, Silver
Spring, Maryland.

Daly, G., 1975, Cost-Benefit Methods and the Evaluation of
Climatic Change, Institute for Defense Analysis _ _ _.

Delta Air Lines, 1981, Delta Air Lines System Route Map,
(Loaded with Operational Trivia) Atlanta, Georgia.

Demsetz, H., 1962, Economic Gains from Storm Warnings: Two
Florida Case Studies, The Rand Corporation, Santa Monica,
California.

Diamond, S., 1981, Flood Watch, Omni, Volume 3, Number 7,
April 1981, New York, New York.

Dobson, E.B., Robison, F.L., Arnold, A., Konrad, T.G., 1979,
Detection of Severe Weather by FAA Radars, John Hopkins
Univiversity, Applied Physics Laboratory, Report Number
DOT/FAA-RD-79-91, Washington, D.C.

Dobson, E.B., Robison, F.L., Arnold, A. & Konrad, T.G., 1979,
Detection of Severe Weather by FAA Radars, Report Number
FAA-RD~79-91, Prepared for U.S. Department of Transportation,
Federal Aviation Administration by the Applied Physics
Laboratory, Johns Hopkins University, National Technical
Information Service, Springfield, Virginia.

Donaldson, Dyer, Kraus, 1975, Operational Benefits of
Meteorological Doppler Radar, AFCRL-7R-75-0163, Air Force _ _

Donaldson, Kraus & Boucher, AFGL, 1978, Doppler Velocities in
Rain Bands of Hurricane Belle, Reprinted from Reprint vVol.
18th Conference on Radar Meteorology, March 1978, Atlanta,




185

393

310

311

312

341

360

71

83

368

308

315

American Meteorological Society.

Donaldson, R.J. & Bjerkaas, C.L., AFGL, . Gust Front
Structure Observed by Doppler Radar, Air Force Geophysics
Laboratory, Hanscom, AFB, Mass.

Doviak, R.J., Z2Zrinc, D. Sirmans, D., 1976, Resolution of
Pulse Doppler Range and Velocity Ambiguities in Severe
Storms, Preprint, 17th Conference on Radar Meteorology,
October 26-29, 1976 (Seattle, Washington), American
Meteorological Society.

Duffy, M.A. and McCreery, J.H., 1979, The General Aviation
Dynamics Model, Volume I, Executive Summary, Report No.
FAA-AVA-79-8, Federal Aviation Administration, National
Technical Information Service, Springfield, Virginia.

Duffy, M.A. and McCreery, J.H., 1979, The General Aviation
Dynamics Model, Volume II, Technical Report No. FAA-AVA-79-8,
Federal Aviation Administration, Washington, D.C.

Duffy, M.A. and McCreery, J.H., 1979, The General Aviation
Dynamics Model, Volume III, Systems Manual, Report No.
FAA-AVP-79-8, Federal Aviation Administration, Washington,
D.C.

Electrodynamics, 1978, Design Date, Radar Remote Weather
Display System, Contract DOT-FA78WA-4211, Electrodynamics,
Rolling Meadows, Illinois.

Elvander, R.C., 1976, An Evaluation of the Relative
Performance of Three Weather Radar Echo Forecasting
Techniques, Preprints, 17th Conference on Radar Meteorology,
October 26-27, 1976, (Seattle, Washington), American
Meteorological Society, Boston.

Executive Office of the President, 1979, A Guide to
Publications of the Executive Office of the President, Office
of Administration, Volume 1, Issue B, Washington, D.C.

Executive Office of the President, 19808, Special Analyses,
Budget of the United States Government, Fiscal year 1981,
Section II -~ Major Accomplishments, U.S. GPO, Washington,
D.C‘

Eylar, Steven E., 1980, Video Subsystem, Version 2.1,
Prepared for Ragen Information Systems, Inc., The Creative
Group, Inc., McLean, Virginia.

Fain, R.L. and Garvett, D.S., 1977, Airport and Airway System
Cost Allocation, MITRE Technical Report MTR-7610, Volume IV,
The MITRE Corporation, Mclean, Virginia.

Federal Aviation Administration, 1975, The National Aviation




319

329

321

280

31¢

351

302

181

205

260

System Plan, Fiscal Years 1976-1985, Department of
Transportation, Washington, D.C.

Federal Aviation Administration, 1976, Severe Weather
Avoidance, FAA Advisory Circular Nol 90-12B 6/18/76,
Department of Transportation, Washington, D.C.

Federal Aviation Administration, 1977, Radar Remote Weather
Display System, FAA-E-2674a, Amendment-1. Department of
Transportation, Washington, D.C.

Federal Aviation Administration, 1978, Radar Remote Weather
Display System, FAA-E-2674a, Amendment-l. Department of
Transportation, Washignton, D.C.

Federal Aviation Administration, 1978, Radar Remote Weather
Display System, FAA-E-2674a, Specification Change 1.,
Department of Transportation, Washington, D.C.

Federal Aviation Administration, 1978, Thunderstorms, FAA
Advisory Circular No. @¢-24A 6/23/78, Department of
Transportation, Washington, D.C.

Federal Aviation Administration, 1978, Systems Research and
Development Service, Progress Report 1978, U.S. Departmenp of
Transportation, National Technical Information Service,
Springfield, Virginia.

Federal Aviation Administration, undated, ASR-ARSR Programs
and their Effect on Agency 5YR and 1@ YR Plans, FAA/DOT,
Washington, D.C. (Working Paper)

Federal Aviation Administration, 1979, Enroute Weeather
Display System Specification, FAA-E-2701, Department of
Transportation, Washington, D.C.

Federal Aviation Administration, Office of Plans,.1979,
Update of Critical Values (Life Aircraft), Federal Aviation

Administration, Department of Transportation, Washington,
D.C.

Federal Aviation Administration, 1979, Guide to Federal
Aviation Administration Publications, FAA-APA-PG-2, U.S.

Department of Transportation, Washington, D.C.

Federal Aviation Administration, 198¢, Narrowband Weather
Subsystem, Order 7110.76A 4/24/80, FAA, Department of
Transportation, Washington, D.C.

Federal Aviation Administration, 1980, Weather and Aviation
Safety, Office of Systems Plans, FAA, Department of
Transporation, Washington, D.C.

Fedrral Aviation Administration, 198@, Air Traffic Delays 30




|- grerpar % memhaa

314

327

33

248

232

385

68

147

262

62

391

Minutes or More CY 1971, through September 1979, National
Airspace Systems Communications Staff, FAA/DOT, Washington,
D.C.

Federal Aviation Administration, Office of Policy and Plans,
1989, National Aviation System Development and Capitol Needs,
For the Decade 1982-1991, U.S. Department of Transportation,
Washington, D.C.

Federal Aviation Administration, 1981, Planning and Resource
Allocation, Order 1808.13B, Department of Transportation,
Washington, D.C.

Federal Coordinator for Meteorological Services and
Supporting Research, 1980, NEXRAD - The Next Generation
Weather Radar, A Report to: The House Committee on
Appropriations, Subcommittee on Departments of State,
Justice, and Commerce, The Judiciary and Related Agencies,
January 1980, Department of Commerce, NOAA, Washington, D.C.

Federal Emergency Management Agency, 1988, Disaster Fundin
List, Major Disasters 1953-1980, pages 28-39, HUD/FEMA
Office of Disaster Response and Recovery, Washington, D.C.

Frankel, F., 1989, Aviation Weather System (AWES) Benefits
Analysis, U.S. Department of Transportation, Research and
Special Programs Administration, Transportation Systems
Center, Cambridge, Massachusetts.

Geotis, Spiros G., Silver, William M., 1976, An Evaluation of
Techniques for Automatic Ground-Echo Rejection, Preprints,
17th Conference on Radar Meteorology, October 26-29, 1976
(Seattle, Washington), American Meteorological Society.

General Electric, 1980, MONOGRAM, Modernizing the World's
Aircraft, March-April 1980, General Electric Magazine.

Gershkoff, I., 1980, Cost Analysis of Selected FAA Switched
Network Configuration, Final Draft DOT/FAA Report
FATTWA-4918, Wash., D.C.

Glass, R.I., Craven, R.B., Bergman, D.J., Stall, B.J.,
Horowitz, N., Kenndt, P., & Winkle, J., 198¢, Injurius from
the Wichita Falls Tornado: Implications for Prevention,
Science, Volume 207, February 1984.

Glover, K.H., 1980, On the Automation of Weather Radar
Information for Air & Ground Operations, AFGL, 19th
Conference on Radar Meteorology, April 198¢ (Miami, Fla.)
American Meteorological Society, pp. 118-124.

Glover, Kenneth M., 1976, Precise Calibration of Coherent and
Non-Coherent Weather Radars by means of a Radar Transponder,
Preprints, 17th Conference on Radar Meteorology, October




26-29, 1976 (Seattle, Washington), BAmerican Meteorological
Society.

Gordon, W.B., 1980, Experimental Study of Rain Clutter with a
Frequency Agile S-Band Radar, U.S. Navy, Washington, D.C.

Grandle, G.F. and Hale, E.B., undated, Face to Face with a
Flood, Virginia Polytechnic Institute and State Unviversity,
Blacksburg, Virginia.

Greene, D.R., Hudlow, M.D. & PFarnsworth, R.K., 1979, A
Multiple Sesnsor Rainfall Analysis System, Reprinted from
Preprint Volume: Third Conference on Hydrometeorology,
(August 20-24, 1979, Bogota, Columbia) American
Meteorological Society, Boston.

Haag, Kenneth W., 1976, Video Tape Recording of Weather Radar
Signals, Preprint, 17th Conference on Radar meteorology,
October 26-29, 1976 (Seattle, Washington), American
Meteorological Society.

Haley, R.J., 1963, 1965, 1969, 1974, 1971, 1973, 1974, 1975,
General Summary of Flood Losses for (years) Office of
Hydrology, NWS, NOAA's

Halle, J. & Bellon, A., 1979, Operational Use of Digital
Radar Products of the Quebec Centre of the Atmospheric
Environment Service, Canada, Quebec Weather Center & McGill

University, Montreal.

Hallgren, R.E., 1989, Functional Requirements for the Next
Generation Weather Radar (NEXRAD) Program, NOAA.

Hammond Almanac, 1980, Disasters/Catastrophied, New York
Times Company, New York, NY, pages 904-909.

Harbridge House, Inc., 1988, A Report and Evaluation of
Methodologies for Ranking Improved Weather Forecast use of
Commercial Sectors in the Denver Area, NOAA, Environmental
Research Laboratories, Boulder, Colorado.

Harrigan, S., 1988, Twisting the Night Away, Texas Monthly,
October 1980, pps. 140-141l.

Herndon, A., et al., 1973, Comparison of Gage and Radar
Methods of Convective Precipitation Measurement, NOAA

Technical Memorandum ERL OD-18, Environmental Research
Laboratories, Boulder, Colorado.

Hewlett-Packard, 1980, Computer Systems, Palo Alto,
California.

Heymsfield, Andrew J., 1976, Utilization of Aircraft Size
Spectra Measurements and Simultaneous Doppler Radar

10

e T e T T T

e ear v . R AT L J
- m"‘ ¢ e ks s TR A 2 e A B




347

298

300

241

350

390

206

396

3096

136

372

18

Measurements to Determine the Physical Structure of Clouds,
Preprints, 17th Conference on Radar Meteorology, October
26-29, 1976 (Seattle, Washington), American meteorological
Society.

Hills, A. and Morgan, M.G., 1981, Telecommunications 1in
Alaskan Villages, Science, Volume 211, 16 January 1981.

Hilsenrod, A., 1979, Committee on Icing Forecasts of the
Aircraft Icing Specialists Workshop 19-21 July 1978, Lewis
Research Center, NASA, Cleveland, Ohio, Bull. of Amer.
Meteor. Soc. 68, pps. 796-799,

+ A., 1988, Forecasts of Icing Conditions for Aviation,
(Background Paper) Prepared for the Office of the Federal
Coordinator for Meteorology, December, 198¢, Washington, D.C.

Hirschman, W.B. & Brauweiler, J.R., 1965, Investment
Analysis: Coping with Change, Higher Business Review,
May-June, 1965.

Hu, Teh-wei , 1980, Cost of 3 Mile Island Evacuation
Estimated in Study at $9 Million, The New York Times,
November 30, 1983, New York.

Huff, F.A., 1976, Radar Analyses of Urban Effects on
Rainfall, Preprints, 17th Conference on Radar Meteorology,
October 26-29, 1976 (Seattle, Washington), BAmerican
Meteorological Society.

Huff, F.A., Changnon, S.A. & Vogel, J.L., 1988, Convective
Rain Monitoring and Forecasting System for an Urban Area,
Illincis State Water Survey, Reprint Vol, 19th Conference on
Radar Meteorology, April 198d, Miami, American Meteorological
Society.

Huffman, M.E., 1980, Cost-Benefit Analysis of NEXRAD, AWS/SYX
HR, 16 Sep 88, AWS, USAF, Scott AFB, Illinois.

_+ 2nd Wea. Wing, 1980, Next Generation Radar
Cost~Benefit Study, 2nd Wea. Wg TWX 12/1152 September 198¢,
Ramstein AB, Germany.

Hutcheson, R.D., O'Brien, W.J., & Thompson, K.H., 1989,
NEXRAD Products and alternative System Configurations,
WPBOWQ@378, Working Paper, The Mitre Corporation, McLean,
Virginia (This Informal Paper Presents Tentative Information
for Limited Distribution).

ICAO Bulletin, April 1981, Met Systems, International Civil
Aviation Organizatiton, Volume 36, Number 4, Montreal,
Quebec, Canada.

IEEE, 1979, Transactions on Geoscience Electronics, Special

11

BT, PRl ST

74_F_.......-.-g--uunn---1595535::5:::=F"""

————— e



172

173

116

112

129

214

222

285

220

153

Issue on Radio Meteorology, Vol. GE-17, No. 4, October 1979,
IEEE, New York.

Insurance Information Institute, 1980, The Journal of
Insurance, Volume XLI, Number 14, July/Aaugust, 1980,
University Microfilms, Ann Arbor, Michigan.

_ _+ 1979, The Journal of Insurance, Volume XL, Number
6, November/December, 1979, University Microfilms, Ann Arbor,
Michigan.

Jain, G.P., O'Brien, W.J. & Thompson, K.H., 1979, NEXRAD
Configuration Alternatives, Contract No. DOT-FA79WA-4184, WP
79W00778, The Mitre Corporation, McLean, Virginia, (This
Informal Paper Presents Tentative Information for Limited
Distribution).

Jain, G.P., 1979, 1Initial NEXRAD Siting Analysis, Working
Paper 79W@@A64, The Mitre Corporation, McLean, Virginia,
(Tentative Information for Limited Distribution).

Jennings, A.H., 1952, Maximum 24-Hour Precipitation in the
United States, U.S. Weather Bureau Technical Paper Number 16,
U.S. Department of Commerce, Washington, D.C.

Johnston, T.M., Mason, H.J., & Rubino, J., undated, The
Feasibility of Reducing the Number of Primary Radars if
Transponders Become a Mandatory Requirement, FAA/DOT,
National Technical Information Service, Springfield,
Virginia.

Kelly, D.L., Schaefer, J.T., McNulty, R.P., Doswell III,
C.A., & Abbey Jr., R.F., 1978, An Augmented Tornado
Climatology, Reprinted from Monthly Weather Review, Vol. 106,
Nol 8, August 1978, American Meteorological Society, Boston.

Kessler, E., 1977, National Severe Storms Laboratory History
and FY 76 Program, NSSL Special Report, U.S. Department of
Commerce, NOAA, Environmental Research Laboratories, Norman,
Oklahoma.

Klazura, G.E., 1980, Meteorological Research Doppler Radars
in the U.S.A., U.S. Department of Interior, Water and Power
Resources Service, Engineering and Research Center, Denver,
Colorado.

Kohl, D.A., 1988, An Evaluation of the Area Thunderstorm
Monitor in an Operational Application, Bulletin of American
Meteorological Society, Vol. 61, No. 9, September 1984.
Boston. pp. .

Kowalski, S.H., 1979, Lease/Purchase Economic Analysis for

the Voice Switching and Control System (VSCS), Final Report,
FAA/DOT, Washington, D.C.

12

L e UL DY TGIE . . . —— . .




148

183

387

275

159

52

257

193

274

236

Kowalski, S.H., & Kolb, W.M., 1979, Evaluation of Selected
Communications System Alternative, FAA/DOT, Washington, D.C.

Kraus, M.J. & Donaldson, R.J., 1976, Interpretation of PPI
Velocity Displays in Widespread Storms, AFGL, Hanscom AFB,
Massachusetts, Reprinted from preprint, Volume 19th
Conference on Radar Meteorology, October 1976, Seattle,
Washington, published by the American Meteorological Society.

Kraus, Michael J. and Donaldson, Ralph J., Jr., 1976,
Interpretation of PPI Velocity Displays in Widespread Storms,
Preprints, 17th Conference on Radar Meteorology, October
26-29, 1976 (Seattle, Washington), American meteorological
Society.

Krich, S.I. & Sussman, S.M., 1976, A Concept and Plan for the
Development of a Weather Support Subsystem for Air Traffic
Control, ATC-64, Report No. FAA-RD-76-23, Lincoln Laboratory,
MIT, Lexington, Massachusetts, National Technical Information
Service, Springfield, Virginia.

Kuhn, J.E., O'Grady J.W., Pantano, P., LaRussa, F., & Bishop,
G., 1984, A Description of NEXRAD Costing Alternatives,
Report No. DOT-TSC-FA-088-PM-80-28, July 15, 198@, DOT/
Transportation Systems Center, Cambridge, Mass., (Preliminary
Information, Internal TSC Working Paper, Not a Formal
Referable Report).

Lander, J.F., Alexander, R.H., Downing T.E., 1979, Inventory
of Natural Hazards Data Resources in the Federal Government,
Published jointly by U.S. Department of Commerce, NOAA and
U.S. Department of Interior, Geological Survey, EDS, Boulder,
Colorado.

Lawrence, M.B., 1978, North Atlantic Tropical Cyclones, 1978,
(National Hurricane Center, Miami, Florida) NOAA's
Climatological Data, National Summary, Volume 29, Number 13,
1978.

Lee, J.T., Kraus, M., undated, Plan Shear Indicator and
Aircraft Measurements of Thunderstorm Turbulence:
Experimental Results, NSSL & AFRL, FAA Contract DOT.

Lee, J.T., 1977, Application of Doppler Weather Radar to
Turbulence Measurements Which Affect Aircraft, NSSL, National
Oceanic and Atmospheric Administration, Department of
Commerce, Norman, Oklahoma.

Lee, J.T. & Carpenter, D., 1979, 1973-1977 Rough Rider
Turbulence -~ Radar Intengity Study, Prepared for U.S.
Department of Transportation, Federal Aviation
Administration, Report Number FAA-RD-78-115, National
Technical Information Service, Springfield, Virginia.

13




176

264

12

196

273

63

213

386

195

74

243

377

230

Leman, Donaldson, Burgess, Brown, 1977, Doppler Radar
Application to Severe Thunderstorm Study and Potential Real
Time Warning, Bulletin of the American Meteorological
Society, Vol. 58, No. 11, November 1977, Boston, pages

Lemon, L.R., 1977, New SEvere Thunderstorm Radar
Identification Techniques and Warning Criteria: A Preliminary
Report, NOAA Technical Memorandum NWS NSSFC-1, National
Severe Storms Forecast Center, kansas City, Missouri.

Lesten, C., 1980, Marauders in the Red River Valley, Vol. 140,
No. 2, March/April 198¢, NOAA reprint.

, 1979, Danger: Flash Floods, Weatherwise, Vol. 32, No.
1, February 1979, Washington, D.C.

London Economist, 198@, Nuclear Safety, Pricing A Life, Teh
Economist, March 22, 1980, Science and Technology, page 92.

MAC, 1976, Required Operational Capability, Advanced Weather
Radar, Hgs., MAC, Department of the Air Force, Scott AFB,
Illinois.

Mansfield, E., 1988, Research and Development, Productivity,
and Inflation, Science, Volume 209, 5 September, 1988, pages
1991-1093.

Marks, Frank D., Jr., 1976, A Study of the Mesoscale
Precipitation Patterns Within New England Winter Storms,
Preprints, 17th Conference on Radar Meteorology, October
26-29, 1976 (Seattle, Washington), American Meteorological
Society.

Marrero, J.0., 1980, Second Costliest Year, Weatherwise, Vol.
33, NO. 1, February 198¢, Washington, D.C.

Maunder, W.J., 1979, The Value of Weather, Methuen & Company,
Ltd., London, Distrubited in U.S.A. by Barnes & Noble, Inc.

McFarland, W.B., 1963, Review of Funds - Flow Analysis,

Higher Business Review, September-October, 1963, pages
162-173.

McGill University, 1981, McGill Radar Weather Observatory,
McGill University, Montreal, Canada.

McLuckie, B.F., 1974, Warning - A Call to Action: Warning and
Disaster Response - A Sociological Background, NOAA, U.S.
Department of Commerce, Washington, D.C.

McNulty, R.P., Kelly, D.L., Schaefer, J.T., 1979, Frequency

of Tornado Occurrence, Eleventh Conference on Severe Local
Storms, Kansas City, October 2-5, 1979, American

14




29

376

188

217

37

118

378

287

289

114

250

192

24

————

Meteorological Society, Boston.

McQuigg, J.D., 1975, Economic Impacts of Weather Variability,
University of Missouri, Atmospheric Sciences Department,
Massachusetts.

Mesomet, Inc., 1981, Bertin Doppler Acoustic Sounder (SODAR)
System Description, Mesomet, Inc.

Mileti, D.J., 1975, Natural Hazard Warning Systems in the
United States, A Research Assessment, Colorado State
University, Program on Technology, Environment and Man
Monograph NSF RA-E-75-813, Institute of Behavioral Science,
University of Colorado, Boulder.

Mishan, E.J., 1976, Cost-Benefit Analysis, New and Expanded
Edition, CBS Educational and Professional Publishing, New
York.

MITRE Corporation, 1977, Proceedings of the Symposium on
Living with climatic Change, Phase I1I, November 9-11, 1976,
Metrek Division, MTR-7443, Reston, Virginia.

MITRE Corporation/Metrek Division, 1977, Proceedings of the
Symposium on Living with Cimatic Change, Phase I1I, (Reston,
Virginia) The Mitre Corporation, McLean, Virginia.

MITRE Corporation, 1981, FAA/NWS Aviation Route Forecast
(ARF) Development, Mitre Corporation, McLean, Virginia.

Mogil, H.M., Rush, M. & Kutka, M., 1977, Lightning -- A
Preliminary Reassessment, Weatherwise, Volume 30, No. 5,
October 1977, Washingrotn, D.C., pps. 192-199.

Mogil, H.M. & Campbell, J.T., 198¢, Update on Lightning,
Weatherwise, Vol. 33, No. 1, February 1988, Washington, D.C.

Myers, V.A., 1967, Meteorological Esstimation of Extreme
Precipitation for Spillway Design Floods, U.S. WBTM HYDRO-5,
ESSA, Office of Hydrology, Washington, D.C.

Nathanson, F.E., Steichen, P.E., & Bucknam, J.N., 1980,
Investigation of Radar System Alternatives for the Hazardous
Weather Detection Cost/Benefit Study, NEXRAD, TSC-W14-173,
Technology Service Corporation, Silver Spring, Maryland.

Nathanson, F.E. & Buckman, J.N., 1986, Preliminary NEXRAD
System Scenarios, Technology Service Corporation, TSC-W0-656,
Silver Spring, Maryland.

National Research Council, 1971, Committee on Atmospheric
Sciences, 1971, The Atmospheric Sciences and Man's Needs -
Priorities for the Future, National Academy of Sciences,
Washington, D.C.

15




244

73

115

337

338

339

317

122

123

124

139

121

65

National Research Council, 1977, Severe Storms, Prediction,
Detection, and Warning, Committee on Atmospheric Sciences,
National Academy of Sciences, Washington, D.C.

National Research Council, Committee on Atmospheric Sciences,
1989, The Atmospheric Sciences: National Objectives for the
1980's, National Academy of Sciences, Washington, D.C.

National Research Council, 1980, Weather Information Systems
for On-Farm Decision Making, National Academy of Sciences,
Washington, D.C.

National Research Council, 1988, Technological and Scientific
Opportunities for Improved Weather and Hydrological Services
in the Coming Decade, Report of the NRC Select Committee on
the NWS, National Academy of Sciences, Washington, D.C.

National Safety Council, 1978, Accident Facts, 1978 Edition,
National Safety Council, Chicago, Illinois.

National Safety Council, 1979, Accident Facts, 1979 Edition,
National Safety Council, Chicago, Illinois.

National Safety Council, 1988, Accident Facts, 1980 Edition,
National Safety Council, Chicago, Illinois.

National Science Board, 1972, Patterns and Perspectives in
Environmental Science, U.S. Government Printing Office,
Washington, D.C.

National Transportation Safety Board, 1978, Annual Review of
Aircraft Accident Data, U.S. General Aviation Calendar Year
1976, Report No. NTSB-ARG-78-1, Washington, D.C.

National Transportation Safety Board, 1978, Annual Review of
Aircraft Accident Data, U.S. General Aviation Calendar Year
1977, Report No. NTSB-ARG-78-2, Washington, D.C.

National Transportation Safety Board, 1978, Annual Review of
Aircraft Accident Data, U.S. Carrier Operations 1977, Report
No. NTSB-ARG-78-2, Washington, D.C.

National Transportation Safety Board, 1978, Briefs of Fatal
Accidents Involving Weather as a Cause/Factor, U.S. General
Aviation 1977, Report NTSB-AMM-78-16, Washington, D.C.

National Transportation Safety Board, 1978, Annual Review of
Aircraft Accident Data, U.S. Carrier Operations, 1976, Report
Number NTSB-ARG-78-1, Washington, D.C.

National Transportation Safety Board, 198¢, Annual Review of"

Aircraft Accident Data, U.S. General Aviation Calendar Year,
1978, Report No. NTSB-ARG-80-6, Washington, D.C.

16

e MO 74 Dol ] VIR 1 S o ‘ N




R

120

125

143

330

41

39

135

164

201

261

256

225

295

National Transportation Safety Board, 198¢, Annual Report to
Congress 1979, Washington, D.C.

National Transportation Safety Board, 1980, Aircraft Incident
Report, Eastern Airlines Inc., Boeing 727-25 N8139, Atlanta
Hartsfield International Airport, Atlanta, Georgia, August
22, 1979, NTSB-ARG-80-6, Washington, D.C.

National Water Commission, 1973, Water Policies for the
Future, Final Report to the President and to the Congress of
the United States, U.S. Government Printing Office,
Washington, D.C.

National Weather Service, 1973-1978, Weather Radar Manual,
Part C, Issues No. 5-24, National Weather Service,
Washington, D.C.

National Weather Service, NEXRAD Joint Systems Program
Office, 1988, Next Generation Weather Radar (NEXRAD) Joint
Program Development Plan, JSPO, Assisted by the MITRE
Corporation, Washington, D.C.

National Weather Service, JSPO, 1980, Draft of Next
Generation Radar (NEXRAD) Joint Development Plan Prepared by
Joint Systems Program Office (JSPO), February, 198¢, (For
Official Use Only, Not to be Released Outside the
Government) .

National Weather Service, NEXRAD JSPO, 1980, Draft of NEXRAD
Joint Operational Requirements (JOR), July 1980, NOAA, Silver
Spring, Maryland.

National Weather Service, NEXRAD JSPO, 1980, NEXRAD Program
Review, July, 1988, NOAA, Silver Spring, Maryland.

National Weather Service, NEXRAD JSPO, 1988, Draft of the
NEXRAD Joint Operational Requirements (JOR), September 18,
19809, NOAA, Silver Spring, Maryland.

National Weather Service, 1989, Surface Acquisition
Management System, (Organizational/Flow Chart) NOAA,
Washington, D.C.

Nelson, E.R., 1971, General Summary of River and Flood
Conditions, Year 1963, 1965, 1969, 1970, 1971, Office of
Hydrology, National Weather SErvice, Washington, D.C.

Neumann, C.J., Cry, G.W., Caso, E.L., Jarvinen, B.R., 1978,
Tropical Cyclones of the North Atlantic Ocean, 1871-1977,
National Climatic Center (Ashville, N.C.) NOAA.

New York Times, 1980, 6,000 Killed in 1966 in Texas
Hurricane, New York Times, August 10, 1984, New York, N.Y.

17




295

295

295

397

39

291

228

137

369

211

224

282

177

New York Times, 1988, Paths of Eight Devastating Hurricanes,
New York Times, August 19, 1980, New York, N.Y.

New York Times, 1980, Weather Satellite Photographs Storm's

Progress Every Half-Hour, New York Times August 10, 19806, New
York, N.Y.

New York Times, 1988, Storm Is In Category 5, Most Dangerous
of All, New York Times, August 1, 1980 New York, N.Y.

NEXRAD JSPO, 1980, Next Generation Weather Radar Joint
Program, Development Plan - September 198@, NOAA, Department
of Commerce, Washington, D.C.

Nixon, S., 1980, Forecast for Safer Skies, Air Line Pilot,
May 1988, pages 7-10.

NOAA, 1980, Allen Hits Texas and Tamaulipas, NOAA News,
September 9, 1980, page 36.

Noah, J.W., et al, 1979, Cost-Benefit Analysis and the
National Aviation System, Report N FAA-AVP-77-15, U.S.
Department of Transportation, Washington, D.C.

O'Brien, W.J., 1980, Revised NEXRAD Acquisition Cost
Estimates, Memo Number W45-M2856, The Mitre Corporation,
McLean, Virginia (For Corporation Use Only).

O'Brian, Arthur E., 1981, NEXRAD Aviation Safety Benefit
Assessment, Report Number DOT-TSC-FA 188- f81-8, U.S.
Department of Transportation, Research and Special Programs

Administration, Transportation Systems Center, Cambridge,
Massachusetts.

O0'bonnell, J.J., 1978, Statement of John J. O'Donnell,
President, Air Line Pilots, Association, International to the
Subcommittee on Transportation, Aviation, and Weather,
Committee on Science, and Technology, The National Weather
Service Act, U.S. House of Representatives, Washington, D.C.

Offi, D.C., Lewis, W., Lee, T., DeLa Marche, A., 1988, Test
and Evaluation of the Airport Surveillance Radar (ASR-8) Wind
Shear Detection System (Phase II), Report No. FAA RD-8(-21A
and CT-89-17A, FAA Technical Center, Atlantic City.

O'Malley, D.C., 1989, Operational Application of Sferics
Detection Equipment at NWSFO, Minneapolis, Minnesota,
Bulletin of American Meteorological Society, Volume 61,
Number 9.

Pantano, Kuhn, LaRussa, 0O'Grady, Bishop, 1988, Cost Estimates

for Seven NEXRAD Sensor Alternatives, Report No. DOT-TSC-VV-
@31-PM-29, Department of Transportation, Washington, D.C.

18

ia N . L R NG s o el e




110

350

356

313

352

382

127

58

59

109

363

Peck, E.L., 1976, Catchment Modeling and Initial Parameter
Estimation for the National Weather Service River Forecast
System, NOAA Technical Memorandum NWS HYDRO-31, Office of
Hydrology, Silver Spring, Maryland.

Peters, C., 1986¢, Tilting at Windmills (Hurricane Allen) The
Washington, Post, November 3@, 1988, Washington, D.C.

Petrocchi, P.J., 1976, Operational Capability of a Weather
Radar Time Lapse Color Display System, Preprints, 17th
Conference on Radar Meteorology, October 26-29, 1976
(Seattle, Washington), American Meteorological Society,
Boston, Massachusetts.

Porter, R.F., Duffy, M.A., and Cole, R.W., 1975, Study of the
Effects of Increased Costs on Corporate and Business Flying,
Volume I, Executive Summary, Report No. FAA-AVP-75-13,
Federal Aviation Administration, Washington, D.C.

Ramage, C.S., 1980, Tornadoes Vs. Motor Vehicles, Bulletin of
the American Meteorological Society, Volume 61, Number 149,
October 1980.

Ramsden, J., Johnson, M.R., Humphries, R.G., and Barge, B.L.,
1976, Interactive Computer-Generated Displays of Radar Data,
Preprints, 17th Conference on Radar Meteorologyg, October
26-29, 1976 (Seattle, Washington), American Meteorological
Society.

Ray, P.S., Brown, R.A. & Ziegler, C.L., 1979, Doppler Radar,
Research at the National Severe Storms Laboratory,
Weatherwise, April 1979, Vol. 32, No. 2, Washington, D.C.

Rempfer, P., 198¢, Preliminary NEXRAD User Requirements
Review, Report Number DOT-TSC-FA-088-PM-86-2b, U.S.
Department of Transportation, Research and Special Programs
Administration, Transportation Systems Center, Cambridge,
Massachusetts, (Project Memorandum, Preliminary Information,
Internal TSC Working Paper, Not a Formal Referrable Report).

Rempfer, P., Stevenson, L., Kuhn, J., t al., 1986, First-Cut
NEXRAD Alternatives Analysis, Report Number DOT-TSC-FA-@88-
PM-80-14, April 19, 1989, DOT, Transportation Systems Center,
Cambridge, Massachusetts (Internal TSC Working paper, Not a
Referrable Report).

Richards, M.M. & Strahl, J.A., 1969, Elements of River
Forecasting, ESSA Technical Memorandum, WBTM HYDRO 9, Office
of Hydrology, Silver Spring, Maryland

Riley, G.F., Jr. & Austin, P.M., 1976, Some Statistics of

Gradients of Precipitation Intensity Derived from Digital
Radar Data, Preprints, 17th Conference on Radar Meteorology,

19




108

132

150

283

357

373

309

219

229

381

384

383

October 26-29, 1976 (Seattle, Washington), American
Meteorological Society.

Ross, M., 1971, A Case Study of Radar Determined Rainfall as
Compared to Rain Gauge Measurements, NOAA Technical
Memorandum NWS ER-42, NWS Eastern Region, Garden City, N.Y.

Russell, R.B., Cole, J.A., and Collier, C.G., 1978, The
Potential Benefit from a National Network of Precipitation
Radars and Short Period Forecasting, Central Water Planning
Unit and Water Research Center, United Kingdom.

Ryan, J.F., Lt. Colonel USAF, 1979, Value Analyses, AWS
Report to FAA, ATF-6, AWS, Scott AFB, Illinois.

Saint, S., 19808, Millions Can Be Saved Now By Eliminating
Wasted Runway Time, Airline Executive, October 1984a.

Saffle, R.E., 1976, D/RADEX Products and Field Operation,
Preprints, 17th Conference on Radar Meteorology, October
26-29, 1976 (Seattle, Washington), American Meteorological
Society, Boston, Massachusetts.

Sankey, David A., 1981, Meteorology at Continental Airlines,
Paper Presented at ICAO Conference May 4-6, 1981, Montreal
Quebec, Continental Airlines, Inc., Los Angeles, California.

Scalea, J.C., 1977, Airport and System Cost and Allocation
Model: User's Manual, MITRE Technical Report: MTR-7610,
Volume VII, The MITRE Corporation, McLean, Virginia.

Schaefer, J.T., Kelly, D.L., , & Abbey Jr., R.F., 1979,
Tornado Track Characteristics & Hazard Probabilities,
Preprints, S5th International Conference on Wind Engineering,
Colorado State University, Ft. Collins.

Schaefer, J.T., Kelly, D.L., Abbey, R.F., undated,
Climatology of tornado Parameters, Proceedings, Workshop on
Wind Climate, Edited by K. Mehta, Texas Technical University,
Lubbock, Texas, pp. 215-225.

Schaffner, Mario R., 1976, On the Characterization of Weather
Radar Echoes, I1, Preprints, 17th Conference on Radar

Meteorology, October 26-29, 1976 (Seattle, Washington),
American Meteorological Society.

Schroeder, Melvin, Brueni, Lee, and Klazura, Gerard E., 1976,
Computer Processing of Digital Radar Data Gathered During
Hiplex, Preprints, 17th Conference on Radar Meteorology,
October 26-29, 1976 (Seattle, Washington), American
Meteorological Society.

Silver, William M. and Geotis, Spiros G., 1976, On the
Handling of Digital Radar, Preprints, 17th Conference on

20

B 22N

T M Ry,




Radar Meteorology, October 26-29, 1976 (Seattle, Washington),
American Meteorological Society.

268 Sinmans, D., Burgess, D. & 2rnic, D., 1980, Considerations
for Doppler Conversion of NWS Radars, National Weather
Service, Silver Spring, Maryland.

sisk, D.D., 1975, Digital Radar Data and Its Application in
Flash Flood Forecasting, NWS Technical Memorandum, ER-59,
NOAA.

Smith, P.L., Jr. & Dixon, R.W., 1976, Radar Echo Patterns in
North Dakota and Their Implications for Operational Rainfall
Measurements, Preprints, 17th Conference on Radar

Meteorology, October 26-29, 1976 (Seattle, Washington)
American Meteorological Society.

Spann, G.W., Hooper, N.J., and Faust, N.L., 1979, Design of a
Low-Cost Automated Landsat Data Analysis system, NASA Tech
Briefs, Summer 1984, Volume 5, Number 2, MFS-25396, Metrics,
Inc., Atlanta, Georgia.

Staff, Hydrologic Research Laboratory, 1972, National Weather

Service River Forecast System Forecast Procedures, NOAA
Technical Memorandum NWS HYDRO-14, NOAA, Silver Spring,
Maryland.

Staff of National Severe Storms Laboratory, 1979, Final g
Report on the Joint Doppler Operational Project, 1976-1978, '
NOAA Technical Memorandum, ERL, NSSL-86, Norman, Oklahoma.

Staff, PROFS Program Office, 1979, Report of a Study to
Estimate Economic and Convenience Benefits of Improved Local
Weather Forecasts, NOAA Technical Memorandum ERL PROFS-1,
Prototype Regional Observing and Forecasting Service,
Boulder, Colorado.

Staff, NSSFC, 198@¢, Tornadoes, When, Where, How Often,
National Severe Storms Forecast Center (Kansas City),
Weatherwise, Vol. 33, No. 2, April 1980, Washington, D.C.

St. Clair, J.M., 1979, WSR-57 Radar Performance Analysis,
OA/W51, NWS Memorandum, October 9, 1979, NOAA, Silver Spring,
Maryland.

St. Clair, J.M., 1979, Projected WSR-57 Radar Performance
Analysis, NWS Memo dated 13 November 1979, National Oceanic
and Atmospheric Administration, Silver Spring, Maryland.

St. Clair, J.M., 1979, WSR-74C Radar Maintenance Cost and
Workforce Standard, NWS Memorandum, July 5, 1979, NOAA,
Silver Spring, Maryland.

Stevens, J.J., 1976, An Analysis of FAA's Telecommunications

21

ikttt T " " i ST A e RPRETe e, TI VS . - -




295

175

233

144

325

194

277

209

266

358

323

o :‘”w““!:__;!!!!!!!!!!EE!!EE!!F'-q1

Program Management Responsibilities, FAA/Department of
Transportation, Washington, D.C.

Stevens, W.K., 1986, Tornadoes and Heavy Rain From Hurricane
Hit Texas, New York Times, August 19, 1980, page 1, New York,
N.Y.

Strauch, R.G., 1979, Applications of Meteorological Doppler
Radar for Weather Surveillance Near Air Terminals,
Transactions of Geoscience Electronics, Vol. GE-17, October
1977, New York.

Suchman, D., Auvine, B.A. & Hinton, B.H., 1979, Some Economic
Effects of Private Meteorological Forecasting, Space Science
& Engineering Center, University of Wisconsin, Bulletin of
American Meteorological Society, Volume 68, No. 10, pages
1148-1156.

Suchman, D., Aurine, B., Hirton, B.H., 1979, Some Effects of
Private Meteorological Forecasting, University of Wisconsin,
Bulletin of the American Meteorological Society, Vol. 68, No.
19, October 1979, Boston.

Suchman, D., Auvine, B.A., and Hinton, B.H., 198¢, A Study of
the Economics Benefits of Meteorological Satellite Date,
Space Science and Engineering Center, University of
Wisconsin, Madison, Wisconsin.

Sugg, A.L., 1967, Economic Aspects of Hurricanes, NHG, ESSA,
Miami, Monthly Weather Review, Vol. 15, No. 3, March 1967,
Washington, D.C.

Sussman, S.M., 1976, Radar Detection of Thunderstorm Hazards
for Air Traffic Control, Volume II - Radar Systems, ATC-67,
Report No. FAA~RD-76-52, Lincoln Laboratory, MIT, Lexington,
Mass., National Technical Information Service, Springfield,
Virginia.

Takeuchi, H. & Schmidt, A.H., 1980, New Promise of Computer
Graphics, Harvard Business Review, January-February 1989,
Boston.

Tamminga, H., 1980, Warning, Evacuation and Rescue of Texas
Hill Country Flood Victims, Preprints Second Conference on
Flash Floods, March 18-29, 1980 (Atlanta, Georgia), American
Meteorological Society, Boston, Massachusetts.

Tetzloff, R.P., 1976, The Adequacy of Digitized Radar Data
for Operational River Forecasting, Preprints, 17th Conference
on Radar Meteorology, October 26-29, 1976 (Seattle,
Washington), American Meteorological Society, Boston,
Massachusetts.

The Creative Group, Inc., 1980, Storm-Detecting Radar System,

22

. T W e AN L . .
_ ) T W o AN B S T




324

366

367

370

235

348

364

340

252

49,

112

112

79

Part II: SDRS Computer Display Processing system Technical
Description, The Creative Group Inc., McLean, Virginia.

The Creative Group, Inc., 1980, Weather Monitoring System,
Operations Manual, The Creative Group, Inc., McLean,
Virginia.

The Creative Group, Inc., 1980, Advanced Very High Resolution
Radiometer Satellite Data System, Creative Group Inc.,
McLean, Virginia.

The Creative Group, Inc., 1980, Automatic Sonde Tracking
System, Creataive Group Inc., McLean, Virginia.

The Denver Post, 1976, Big Thompson Flood Articles, August
2nd & 3rd Issues, The Denver Post, Denver, Colorado.

Thompson, J.C., 1972, The Potential Economic Benefits of
Improvements in Weather Forecasting, Final Report on Grant
Number NGR @5-046--095

United Air Lines, 1980, United Air Lines "C" Band Weather
Radars.

URS Data Sciences Company, URS Systems Corporation, 1971,
Weather Service Forecast Office Data Handling Design Study,
Keyboard Cathode Ray Tube State-of-the-Art Review, Prepared
for U.S. Department of Commerce, National Oceanic and
Atmospheric Administration, National Weather Service, URS
Systems Corporation, Falls Church, Virginia.

U.S. Congress, 1980, Federal Crop Insurance Act of 1984,
Public Law 96-365, U.S. Government Printing Office,
Washington, D.C.

Uu.sS. Department of +the Air Force, 1977, Federal
Meteorological Handbook, Number 7, Part C, Weather Radar
Observations, Hgs. AWS, Scott AFB, Illinois.

. 80, 81, 88, 89, 94, 91, 92, 93, 924, 95, 96

U.S. Department of Commerce, 1970-1981, The Federal Plars for
Meteorological Services and Supporting Research. Fiscal
Years 197¢ through 1981, Federal Coordinator for

Meteorological Services and Supporting Research, NOAA.

U.S. Department of Commerce, 1952, Kansas-Missouri Floods of
June-July 1951, USWB Technical Paper, No. 17, U.S. Weather
Bureau Hydrologic Service Division, Kansas City, Missouri.

U.S. Department of Commerce, 1952, Mean Number of
Thunderstorm Days in the United States, USWB Technical Paper

No. 19, Prepared by Climatological Services Division, U.S.
GPO, Washington, D.C.

23




57

197

199

60

200

72

231

48

365

365A

198

245

25

U.S. Department of Commerce, 1973, Federal Plan for Weather
Radars, Federal Coordinator for Meteorological Services and
Supporting Research, FCM 73-5, NOAA.

U.S. Department of Commerce, 1973, Floods, Flash Floods, and
Warnings, NWS, NOAA, Washington, D.C.

U.S. Department of Commerce, 1973, Tornado Preparedness
Planning, Skywarn, NWS, NOAA.

U.S. Department of Commerce, 1975, Report of the Ad Hoc Group
on Aerial Weather Reconnaissance, NOAA, Washington, D.C.

U.S. Department of Commerce, 1976, Disaster Preparedness -
Publications, Films, and Other Audio-Visual Materials from
the National Weather Services, NOAA.

U.S. Department of Commerce, 1976, Thunderstorms, NWS, NOAA,
US GPO, Washington, D.C.

U.S. Department of Commerce, 1977, National Hurricane
Operations Plan - FCM 77-2, NOAA, Washington, D.C.

U.S. Department of Commerce, 1977, Annotated Bibliography of
NOAA Publications of Hydrometeorological Interes, NOAA,
Technical Memo, NWS Hydro-34, NOAA, Silver Spring, Maryland.

U.S. Department of Commerce, 1977, Operations of the National
Weather Service, NOAA.

U.S. Department of Commerce, Bureau of the Census, 1977,
Weather Data needs Survey, 1977, Final Report, conducted for
National Oceanic and Atmospheric Administration, WNational
Weather Service, Silver Spring, Maryland.

, 1977, Analysis of National Survey Results, NOAA,
NWS, Silver Spring, Maryland.

U.S. Department of Commerce, 1977, Severe Local Storm Warning
Service and Tornado Statistics, 1953-1976, NWS, NOAA/PA
77618, USGPO, Washington, D.C.

U.S. Department of Commerce -~ U.S. Department of Defense,
1978, Weather Radar Observations, FMH Number 7, Part A,
Superintendent of Documents, U.S. GPO, Washington, D.C.

U.S. Department of Commerce, 1978, The Management of Weather
Resources, Volume I - Proposals for a National Policy and
Program, Report to the Secretary of Commerce from the Weather
Modification Advisory Board, Washington, D.C.

U.S. Department of Commerce, 1978, National Flash Flood
Program Development Plan: FY 1979-1984, NOAA.

24

i e . PR ATE YA A




242

207

119

53

11

54

165

237

226

61

14

55

56

U.S. Department of Commerce, 1979, Introduction to Weather
Radar, NOAA, National Weather Service, Silver Spring,
Maryland, 70 pages.

U.S. Department of Commerce, 1979, Environmental Research
Laboratories, FY 1980 Plans, NOAA, Washington, D.C.

U.S. Department of Commerce, 1979, Environmental Research

Laboratories Programs & Plans, FY 1979 Programs, FY 1980
Plans, NOAA, Office of Programs, ERL, Boulder, Colorado.

U.S. Department of Commerce, 1979, National Severe Local
Storms Operations Plan, FCM 79-1, NOAA.

U.S. Department of Commerce, 1979, Information for Local
Officials on Flood Warning Systems, NWS, NOAA.

U.S. Department of Commerce, 1979, Information for Local
Officials on Flood Warning Systems, NWS, NOAA.

U.S. Department of Commerce, 1979, National Winter Storms
Operations Plan, FCM 79-3, NOAA.

U.S. Department of Commerce, 1979, Cross-Cut Analysis of
Agency Proposals for Next Generation Weather Radar, Prepared
for the Office of Management and Budget by the Federal
Coordinator for Meteorological Services and Supporting
Research, NOAA.

U.S. Department of Commerce, 1988, Climatological Data,
National Summary, 1978 Annual Summary, Volume 29, Number 13,
National Climatic Center, Environmental Data and Information
Service, NOAA, Asheville, North Carolina.

U.S. Department of Commerce, 1979, 198#, Storm Data, National
Climatic Center, Volume 21, Numbers 1-12, Volume 22, Numbers
105, (Asheville, North Carolina), NWS, NOAA, Washington, D.C.

U.S. Department of Commerce, 19806, Cross Cut Review of
Federal Weather Programs - Agency Roles, Missions, and
Programs' Sub Task, NOAA, Washington, D.C.

U.S. Department of Commerce, 198¢, Natural Disaster Survey
Report - Hurricanes David and Frederic as They Concerned
Puerto Rico, and the U.S. Virgin Islands August 26 -
September 5, 1977, NWS, NOAA, Washington, D.C.

U.S. Department of Commerce, 1987, National Severe Storms
Operations Plan, Federal Coordinator for Meteorological
Services and Supporting Research, FCM 8@-1, NOAA.

U.S. Department of Commerce, 198¢%, National Hurricane
Operations Plan, FCM 80-2, NOAA.

25

- g e P i

s ittt ottt ISR AR o ”




15

16

23

299

301

138

271

272

82

26

67

28

U.S. Department of Commerce, 1980, Disaster Preparedness
Report - national Weather Service, April 1984, NOAA.

U.S. Department of Commerce, 1980, Natural Disaster Survey
Report 86-1 - Red River Valley Tornadoes of April 18, 1979,
NOAA.

U.S. Department of Commerce, 1980, Natural Disaster Survey
Report 8#-2 - The April 1979 Floods of the Pearl and Tombigee
Rivers, NOAA, Rockville, Maryland.

U.S. Department of Commerce, 198¢, Draft of the Federal Plan
for Meteorological Services and Supporting Research - FY
1981, Federal Coordinator for Meteorological Services and
Supporting Research, NOAA, Washington, D.C.

U.S. Departments of Commerce & Transportation, 1986, 1980

Survey of Airport Services, 1978 Status and Activity,
Conducted by Bureau of Census for the Federal Aviation
Administration, Washington, D.C.

U.S. Departments of Commerce & Defense, 1980, Weather Radar
Observations, Part A, Federal Meteorological Handbook No. 1,
U.S. Department of Commerce, Washington, D.C.

U.S. Department of the Navy, Naval Air Systems Command, 1980,
Navy Comments on Draft of NEXRAD Joint Program Development
Plan (JPDP), Washington, D.C.

U.S. Department of the Treasury, 1984, Airport and Airway
Trust Fund Ninth Annual Report to the 96th Congress, 2nd
Session, Document Number 96-354, U.S. Government Printing
Ooffice, Washington, D.C.

U.S. 96th Congress, 1980, Aviation Safety and Noise Abatement
Act of 1979, Public Law 96-193, February 18, 1984, U.S.
Government Printing Office, Washington, D.C.

U.S. General Accounting Office, 1976, Issues and Management
Problems in Developing an Improved Air-Traffic Control
System, Report to the Congress by the Comptroller General of
the U.S. PSAD-77-13, Washington, D.C.

U.S. General Accounting Office, 1979, Federal Weather

Modification Efforts Need Congressional Attention, CED-86-5,
Report by the Comptroller General of the U.S., Washington,
D.c.

U.S. General Accounting Office, 1979, FAA's Program to
Automate Flight Service Status: Status and Needs, Report
PSAD-80-1, Washington, D.C.

U.S. House of Representatives, 1965, Government Weather
Programs (Military and Civil Operations and Research) First

26

R . . . DAL Rrad e Rl WP LRSS 5 =~

abime o s



35

36

43

45

179

168

169

44

46

49

Reportt by the Committee on Government Operations, 89th
Congress, lst Session, H.R. No. 177, March 17, 1965, US GPO.

U.S. House of Representatives, 1973, Flood Disaster
Protection Act of 1973, Report, together with Supplemental
Views, Committee on Banking and Currency, Report Number
93-359, 93rd Congress, Washington, D.C.

U.S. House of Representatives, 1977, Weather Modification,
Hearing Committee on Science and Technologyy, 95th Congress,
No. 32, U.S. GPO, Washington, D.C.

U.S. House of Representatives, 1978, Weather Forecasting -
Past, Present and Future, Hearings, Including Report
Committee on Science and Technology, 95th Congress, No. 96,
U.S. GPO, Washington, D.C.

U.S. House of Representatives, 1978, NOAA Organic Act,
Committee on Science and Technology, 95th Congress Report No.
94, U.S. GPO, Washington, D.C.

U.S. House of Representatives, 1978, Summary of Activities of
the Committee on Science and Technology, 96th Congress,

Serial BBBB, U.S. GPO, Washington, D.C.

U.S. House of Representatives, 1979, Aviation Safety and
House Abatement Act of 1979, Conference Report (to accompany
H.R. 2440) 96th Congress Report Number 96-715, Washington,
D.C.

U.S. House of Representatives, 1979, Making appropriations
for the Department of Interior and Related Agencies,
Conference Report (to accompany H.R. 4930), Report No.
96-604), 96th Congress, Washington, D.C.

U.S. House of Representatives, 1979, Making Appropriations
for the Department of Transportations and Related Agencies,
Conference Report (to accompany H.R. 4444) Report Number

96-610, 96th Congress, Washington, D.C.

U.S. House of Representatives, 1979, Severe Storm Research,
Hearings, 1Including Report, Committee on Science and
Technology, 96th Congress, No. 45, U.S. GPO, Washington, D.C.

U.S. House of Representatives, 1979, Summary of Activities,
95th Congress, Committee on Science and Technology, Serial
BBB, U.S. GPO, Washington, D.C.

U.S. House of Representatives, 1979, Research and Development
Programs of the National Oceanic and Atmospheric
Administration, Hearings before the Subcommittee on Natural
Resources and Environment of the Committee on Science and
Technology, 96th Congress, No. 16d@d, U.S. GPO, Washington,
D.C.

27

h. I Aot e e SIS BPIIRS L AR E

e e — e — o . -



20,42 U.S. House of Representatives, 1979, Atmospheric Services and

32

21

155

50

22

19

293

294

Research and a NOAA Organic Act, Report prepared for the
Subcommittee on Natural Resources and Environment of the
Committee on Science and Technology, 96th Congress, Serial
DD, U.S. GPO, Washington, D.C.

U.S. House of Representatives, 1979, The Department of the
Air Force Phase IV Program Should be Redirected Union
Calendar, No. 367, House Report No. 96-694, 96th Congress,
Washington, D.C.

U.S. House of Representatives, 1979, Implementation of the
National Climate Program Act: I, Hearing, November 15, 1979,
No. 62, Committee on Science and Technology, U.S. Government
Printing Office, Washington, D.C.

U.S. House of Representatives, 1989, Authorizing
Appropriations for Atmospheric and Climate Activities of the
National Oceanic and Atmospheric Administration for Fiscal
Year 1981, Report 96-955 (to accompany H.R. 7098) 96th
Congress, Washington, D.C.

U.S. House of Representatives, 1980, Risk/Benefit Analysis in
the Legislative Process, Joint Hearings with U.S. Senate and
Congress/Science Forum with the American Association for the
Advancement of Science, 96th Congress, U.S. GPO, Washington,
D.C.

U.S. House of Representatives, . National Weather Service
Act of 1978, H.R. 13715.

U.Ss. House of Representatives, 19849, Authorizing
Appropriations for Atmospheric and climate Activities of the
National Oceanic and Atmospheric Administration for FY 1981
(to accompany H.R. 7098) No. 96-955, US GPO, Washington, D.C.

U.8. House of Representatives, 198¢, H.R. 6721, 1981 FAA R&D,
Authorization, Hearing, February 19-26, 1989, No. 91,
Committee on Science and Technology, US GPO.

U.S. House of Representatives, 1988, Hearings on Military
Posture and H.R. 6495 (H.R. 6974) Committee on Armed Services
(H.A.S.C. NO 96-37), February & March 19804, U.S. Government
Printing Office, Washington, D.C.

U.S. House of Representatives, 1980, Airport and Airway
Development Act of 1988, Hearings on H.R. 6721, March 18, 25,
26, & 27, 198¢, U.S. Government Printing Office, Washington,
D.C.

141,142 U.S. House of Representatives, 1980, Airport and Airway

Improvement Act of 1988, Report 96-887, Parts 1 & 2, April
21, 1980, U.S. Government Printing Office, Washington, D.C.

28




i

27

157

156

5,344

34

158

84

85

149

64

191

190

263

U.S. Senate, 1973, Congress and The Nation's Environment
Environmental and Natural Resources Affairs of the 72nd
Congress, Committee on Interior and Insular Affairs, 93rd
Congress, lst Session, January 2¢, 1973, US GPO.

U.S. Senate, 1975, Land Use Management and Regulation in
Hazardous Areas, Committee on Interior and Insular Affairs,
U.S. GPO, Washington, D.C.

U.S. Senate, 1978, Aviation Safety, Jointt Hearing before the
Committee on Commerce Science, and Transportation, U.S.
Senate and the Committee on Public Works and Transportation,
U.S. House of Representatives, 95th Congress, October 27,
1978, Serial Number 95-137, U.S. GPO, Washington, D.C.

U.S. Senate, 1978, Weather Modification: Programs, Problems,
Policy, and Potential, Committee on Commerce, Science, and
Transportation, 95th Congress, 2nd Session Committee Report,
U.S. Government Printing Office, Washington, D.C.

U.S. Senate, 1979, Weather Modifications Hearings, October
24-26, 1979, First Session on S.829 and S.1644, Report No.
96~94, Washington, D.C.

U.S. Senate, 1989, Airport and Airways System Development Act
of 1979, Hearings September 1¢-13, 1979, Committee on
Commerce, Science, and Transportation, 96th Congress, First
Session on S§.1581 and S.1648, Serial 96-58, U.S. GPO,
Washington, D.C.

U.S. Department of Transportation, 1973, A Proposal for the
Future of Flight Service Station, Volume I of V, Summary,
DOT, Washington, D.C.

U.S. Department of Transportation, 1973, A Proposal for the
Future of Flight Service Station, Volume II of V, Cost
Analysis of the Present FSS System, DOT, Washington, D.C.

U.S. Department of Transportation, 1980, Research and special
Programs Administration, Fiscal Year 1981 Budget Estimates,
Submission to Congress, Washington, D.C.

U.S. Water Resources Council, 1977, Guidelines for
Determining Flood Flow Frequency, Bulletin No. 17A of the
Hydrology Committee, Washington, D.C.

USWB, 1969, Severe Local Storm Occurrences, 1955-1967,
Technical Memorandum, WBTM FCST 12, ESSA, Washington, D.C.

Vigansky, H., 1975, General Summary of Tornadoes, National
Climatic center (Asheville, N.C.) EDS, NOAA, Washington, D.C.

Vigansky, H.N., 1979, General Summary of Tornadoes, U.S.

29

L M A N . N DA L e e i

g e




292

259

111

216
13

388

117

38

31

79

227

288

334

Department of Commerce, NOAA's Climatological Data, National
Summary, Volume 3@, Number 13.

Wald, M.L., Nuclear Plant Operators Begin Planning Wide Alert
Systems for Mishaps, New York Times, September 7, 1984, p.
45.

Washington Post, November 5, 1988, Area: North Anna Siren
Setup, Roundup, page 11, Washington, D.C.

Wasserman, S.E., 1975, Use of Radar Information in

Determining Flash Flood Potential, NOAA Technical memorandum
NWS ER-60, NOAA.

Weatherwise, Vol. 33, No. 2, April 1984, Washington, D.C.

Weiger, E.P., 1975, In a Life-and-Death Arena: Some Ideas
About Tornadoes, Vol. 5, No. 3, July 1975, NOAA reprint,
NOAA, Washington, D.C.

Weiss, Richard R., Sr., Locatelli, John D., Hobbs, Peter V.,
1976, Preliminary Explorations of a Technique for Deducing
Ice Particle Types from Doppler Radar Measurements,
Preprints, 17th Conference on Radar Meteorology, October
26-29, 1976 (Seattle, Washington), American Meteorological
Society.

White, G.F., 1975, Flood Hazards in the United States: A
Research Assessment, University of Colorado, Boulder.

White, G.F., & Haas, J.E., 1975, Assessment of Research on
National Hazards, University of Colorado, Boulder.

Wiggins Company, J.H., undated, Building Losses from Natural
Hazards: Yesterday, Today, and Tomorrow, National Science
Foundation, Contract ENV77-08435, J.H. Wiggins Company,
Redondo Beach, California.

wWilliams, P. Jr., Glenn, C.L., & Raetz, R.L., 1978, Flash
Flood Forecasting and Warning Program in the Western Region,
NWS Western Region, Salt Lake City, Utah, NOAA Technical
Memorandum NWS WR-82, NOAA.

Wilson, J.W., Brandes, E.A., 1979, Radar Measurement of
Rainfall, NCAR & NSSL, Vol. 66, No. 9, September, Bulletin of
the American Meteorological Society, Boston, pp. to .

Wilson, J., Carbone, R., Baynton, H. & Serafin, R., 1984,
Operational Application of Meteorological Doppler Radar,
Bulletin of American Meteorological Society 61, 1154-1168.

Woodley, W. and Herndon, A., 1978, A Raingage Evaluation of

the Miami Reflectivity - Rainfall Rate Relation, Journal of
Applied Meteorology, Volume 9, Number 2, April 1970, pages

30

T




234

112

134

331

174

152

126

86

322

353

258-264, American Meteorological Society, Boston, MA.

World Meteorological Organization, 1968, Economic Benefits of
Meteorology, WMO Bulletin 17, pages 181-186.

Wolford, L.V., 1968, Tornado Occurrences in the United
States, USWB Technical Paper No. 20, Office of Climatology,
U.S. Weather Bureau, Washington, D.C.

Working Group/Next Generation Weather Radar, undated, Next
Generation Weather Radar (NEXRAD) Research and Development
Plan, Federal Coordinator for Meteorological Services and
Supporting Research, NOAA.

Working Group/Next Generation Weather Radar, 1980, Final
Draft NEXRAD R&D Plan, National Oceanic and Atmospheric
Administration, Silver Spring, Maryland.

WTVT TV Station, 1972, Hurricanes, WTVT Weather Service,

Yankelovich, SKkelly and White, Inc., 1986, Meteorological
Marketing, Assessment of Needs, Prepared for Prototype
Regional Observation and Forecasting Service, Environmental
Research Laboratory, Boulder, Colorado.

Zaidman, S., 1975, Establishment Criteria €for Airport
Surveillance Radar (ASR/ATCRBS/BDS) Report No. ASP75-2,
FAA/Department of Transportation, Washington, D.C.

Zittel, D.W., 1976, Evaluation of a Remote Weathe.: Radar
Display, Volume II - Computer Applications for Storm Tracking
and Warning, Report No. FAA-RD-75-60, II, FAA/U.S. Department
of Transportation, Washington, D.C.

Zittel, D.W., 1976, Evaluation of A Remote Weather Radar
Display, Volume II - Computer Applications for Storm Tracking
and Warning, Report Number FAA-RD-75-60G, II, National
Technical Information Service, Springfield, Virginia.

Zittel, D.W., 1978, Echo Interpretation of Severe Storms on
Airport Surveillance Radars, Report Number FAA-RD-78-60,
National Technical Information Service, Springfield,
Virginia.

31

e e g







