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Preface

The AFCRL program of measurements supporting the SAMS rain erosion pro-
ject at Wallops Island, Virginia during the 1972-73 season was conducted as a
joint team effort by various members of the Weather Radar and Convective Cloud
Physics Branches of the Meteorology Laboratory, AFCRL, = Contractual support
was provided by the Applied Physics Laboratory of Johns Hopkins University and
by Meteorology Research Inc,, Altadena, California, The program was directed
by Dr. Robert M, Cunningham, of the Convective Cloud Physics Branch, and
supervised by Dr, Kenneth R, Hardy, of the Weather Radar Branch,

The AFCRL and contract contributors to the measurement program are iden-
tified in the following list, and their efforts toward the accomplishment of the SAMS
objectives are acknowledged, Special thanks are extended to Mr, Alfred A, Spatola
and Mr, Robert O, Berthel for their considerable help in performing analyses and
computations, and reviewing, and criticizing the manuscript.
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Virginia
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‘Mr Force Cambridge Research Laboratories (AFCRL) was redesignated Air
Force Geophysics Laboratory (AFGL) 1 February 19786.
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Hydrometeor Data and Analytical - Theoretical

Investigations Pertaining to the SAMS Rain Erosion Program
of the 1972-73 Season at Wallops Island, Virginio

AFGL /SAMS Report No.5

1. INTRODUCTION

The liquid-water-content values and other associated hydrometeorological
information for the trajectories of the SAMS missiles launched in the 1972-73
season that are presented in this report, were determined from radar, surface,
and aircraft data obtained at Wallops Island, Virginia on the days of firing,

The dates, times, and circumstances of the missile launch operations are noted
in the main text of this report and the general weather conditions at the times of
firing are indicated. The profiles of liquid-water-content and the integral of
liquid-water -content for the trajectory paths of the missiles that are presented
were determined from radar measurements, Comments are made about the cloud
liquid-water -content measurements obtained from the AFGL (formerly AFCRL)
C-130A and the Meteorology Research Inc. (MRI) Navajo aircraft. Reference is
made to the summary data tabulations and hydrometeor size-distribution informa-
tion presented in Appendix G.

The report is organized such that the analytical results of immediate, direct
pertinence to the erosion problem are presented in the main text. All background
material and supplementary information are included in appendices, This format
of presentation conforms with the agreement of the SAMS-ABRES conference at
AFCRL on 7 and 8 March 1974,

(Received for publication 30 June 1977)
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There are eight appendices to the report, as identified in the Table of Contents,
The weather, ¢loud, and precipitation situations on the days of the missile flights are
discussed in Appendix A. The radar structure of the storms, in the launch direc-
tions, is illustrated in Appendix B. Values of the radarand hydrometeor parameters
along the missile trajectories are described and tabulated in Appendix (", Surface
measurements of precipitation rate and liquid-water-content are presentedin Appendix
D. Certain aircraft storm data acquired by the AFGI. C130A aircraft, also particu-
lar empirical and theoretical analyses,are discussed in Appendix F. The data ob-
tained by the MRI Navajo aircraft are referenced in Appendix ¥, Spectral information
concerning the number concentrations and liquid-water-content contributions of the
various size classes and types of hydrometeors along the missile trajectories is pro-
vided in Appendix (i, Additionally presented the. e n are the equations of the double
truncated, exponential model that describes the spectral characteristics of precipi-
tation size hydrometeors, Special background studies are included in Appendix H.

The figures and tables of these appendices are presented in numerical order by
"common subject’’, rather than by "storm date’. This is advantageous, in fact al-
most necessary, for the logical discussion of the subject matter, but it poses diffi-
culties for the reader who wishes to inspect and intercompare all of the measure-
ment results pertaining to a single missile flight, or a single storm. The large
number of the text figures and tables add to the difficulty. The author has attempted
to alleviate these problems somewhat by having the "thumb edge pages' of the sepa-
rate appendices indexed by "hleed printing”’. The beginning page number of each
appendix, and the page number of each figure and table, are also listed in the front
of the report, in the Table of Contents, and in the L.ist of [llustrations and Tables.

Note is made of the previous reports of the AFFCRI./SAMS series, The Wallops
1sland radars, the radar measurementtechniques, andthe calibration procedures
were described in AFCRIL./SAMS Report No. '. The methods used to obtain liquid-
water-content values from the radar data for the missile trajectories were explained
in AFCRL/SAMS Report No. 2. l.iquid-water-content and size-distribution informa-
tion for the SAMS missile flights of the 1971-72 season were provided in AFCRL/
SAMS Report No. 3. Climatological data for selected Wallops storms were pre-
sented in AFGL/SAMS Report No. 4. These reports will subsequently be referenced
as RNo. 1, RNo. 2, R No. 3, and R No, 4, +2:3-4
m. V.G, (1974} A Summary of the Radar Equations and Measurement Tech-

niques Used in the SAMS Rain Program at Wallops Island, Virginia, AFCRL-
SF{MS Report No, 1, AF CRE-IR-!%-UUH. Spec{a! Reports No. 172.
2. Plank, V.G, (1974) Hydrometeor Parameters Determined From the Radar Data

of the SAMS Rain Erosion Program, AFCRL /SAWS Report No. 2, AFCRL-
=14~ 3 0. X
3, Plank, V.G, (1974) Liquid-Water-Content and Hydrometeor Size-Distribution
Information for the ékMS Missile Flights of fH‘e T971-1972 Season at
Wall TsTand, Virgini KFCRE?S#‘VIS Report No. 3, AFCRL.-TR

allops Island, nia, {ep , .=TR-74-0296,
Special Reports No, 178,

4, Berthel, R.0Q. (1976) A Climatology of Selected Storms for Wallops Island,
Virginia, 1971-1975, SAMS Rego,ﬁ No. 4, AFGL-TR-76-0118, ERF No. 563.
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2.  FLIGHT CIRCUMSTANCES AND WEATHER CONDITIONS

Four misasiles were launched during the 1972-73 season, The first and second
(Q2-6360 and Q2-6361, Unit Nos, R487101 and R487102) were fired on 2 I'ebruary
1973, at the times 1408:00 and 1408:30 GMT. They were launched into a storm
associated with an occluded frontal system and warm front which had extensive
cloudiness and a large area of surface precipitation. The third and fourth missiles
(Q2-6362 and Q2-6363, Unit Nos. R487103 and R487104) were fired on 27 February
1973, at 1040:00 and 1040:30 GMT, through the clouds und precipitation of a dissi-
pating open wave svstem that was passing the Wallops urea, about 200 miles to the
south,

The missiles were of the two-stage, Terrier-Recruit type. Thev were fired
from "Launch Pad Zero" in the 146° azimuth direction, see the map of Figure D1,
Appendix D. The erosion objectives and results of the flights have been reported
by Cole, Church and Marshall, ‘

The storm conditions at the launch times, and before and after launch, are
discussed in Appendix A, Surface weather maps, satellite photographs, and storm
cross-sections are presented that reveal the general cloud and precipitation condi-
tions, The radar echo-structure of the storms in the 146° launch direction of the
missiles is shown in Appendix B, The surface rainfall-rates and liquid-water-
content values during the launch periods are illustrated in Appendix D.

3. PROFILES OF LIQUID-WATER-CONTENT AND INTEGRAL OF
LIQUID-WATER.CONTENT FOR THE MISSILE TRAJECTORIES
AS DETERMINFED FROM RADAR DATA

The solid-line profiles of Figures 1 through 4 show the radar-determined values
of liquid-water-content (M) vs altitude for the four missile flights of the 1972-73
season, The values pertain to the missile trajectories but they are plottea vs the
altitude of the trajectory points above the ground (or sea) level.

The dashed-line profiles of Figures 1 through 4 show the values of the integral
of liquid-water-content (fMd Rs) which have been integrated, cumulatively, from
the launch pad upward, along the course of the missile trajectories, to the storm
top altitudes. The maximum, ''total storm passage'' value of the integral is indi-
cated at the top of each profile, by the drafted numbers. The units of the integral
are gm m'z. The assumptions and equations used to compute the values of the

integral were discussed in R No, 2,

*Sandia Corporation, Albuquerque, New Mexico.
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Figure 1. Profiles of Liquid-Water-Content (M)
and Integral of Liquid-Water- Content (j Md R,)
for the Missile Trajectory of Flight No. Q2-6360
(Unit No. R487101) of 2 February 1973, Launched
at 1408:00 GMT

The hydrometeor regions and transition zones of the storms are also indicated
in Figures 1 through 4. These regions and zones were established from aircraft
observations and/or radiosonde temperatures. The letter symbols used in the
figure are identified in Table 1. This table additionally lists the empirical equa-
tions, relating Pvs Z, Mvs Z and M vs P, see R No. 2, that were employed in
the liquid-water-content computations for the different hydrometeor categories and
types defined for the 1972-73 season. The definitions are consistent with those of
Table 2, R No. 2.
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of this appendix.
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Figure 2. Profiles of Liquid-Water-Content (M)
and Integral of Liquid-Water-Content ( { Md Rg)

for the Missile Trajectory of Flight No. Q2-6361
(Unit No. R487102) of 2 February 1973, Launched

at

1408:30 GMT

Background and auxiliary information about the radar and hydrometeor condi-
tions along the missile trajectories is supplied in Appendix C. Diagrams and pro-
files of the radar integration signal, T,, are presented in Figures C1 through C8
Profiles of the radar reflectivity factors for water and ice
hydrometeors, Zw and Z[, are presented in Figures C7 through C10. Profiles of
the precipitation rate, P, are presented in Figures Cl1 through C14.

The numerical values of the radar and hydrometeor parameters for the missile
trajectories are listed in Tables C1 through C4, for each data point altitude,
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maximum values; the actual values are something

Indeterminately smaller

$. CLOUD LIQUID-WATER-CONTENT VALUES FOR THE
MISSILE TRAJECTORIES

In addition to the liquid-water-content values measured by the radar, which
pertain to hydrometeors of precipitation size (those having drop diameters, or
equivalent melted diameters, larger than about 80 microns) there is substantial
liquid-water-content present in the Wallops storms in the cloud size -range of the
hydrometeor spectrum (those having drop diameters smaller than about 80 microns).
Aircraft measurements are required to determine the liquid-water-content values

for these cloud-size droplets and particles,
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L.iquid-Water-Content (‘j Md Rg) for the Missile Trajectory of
Flight No. Q2-6363 (Unft No. R487104) of 27 February 1973,
Launched at 1040:30 GMT, The M values for the upper cirrus
deck are maximum values; the actual values are something
indeterminately smaller

Aircraft measurement information about cloud liquid-water-contents was ob-
tained by the AFGL C=130A aircraft for the Wallops storm of 2 February 1973,
These liquid-water-content values are illustrated in Figure 5. The 50”‘ percentile,
frequency of occurrence values were presumed to be representative of the cloud
conditions along the missile trajectories at the launch times. The particular
values are listed in Tables C1 and C2 (for the altitude points of the radar measure-
ments and in Tables G2 and G3 (for each 250 meters of altitude where clouds

were present),
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Aircraft measurements of cloud-liquid-water-content in the storm of 27 I'eb-
ruary 1973 were made by the \Meteorology Research Inc. (MRIY Navajo aircraft,
see Appendix -, Relatively few of the measurements were unalytically reduced and
only "'broad range'’ information is available for several particular altitudes in the
storm. Our "best estimates' of the possible cloud liquid-water-contents for this
storm are listed in Tables ('3 and (4 (for the radar data points) and in Tables G4
and G5 (for the 250 meter points),

3. COMMENTS

Aircraft measurement information concerning the size-distribution of the
hydrometeors was rather sparse and qualitative in the 1972-73 season. Thus, as
in the case of the 1971-72 season discussed in R No, 3, spectral information re-
garding the size-distribution of the numher concentration and liquid-water-content
(contribution) of the hydrometeors along the missile trajectories was estimated
from theoretical distribution functions, of double truncated type. The models pro-
viding the bases for the computations were the same as used in R No. 3, The com-
putational results, which are believed to be reasonably descriptive of the probable
conditions along the missile trajectories are presented in Tables G2 through G5, of
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Appendix G. The mathematics and assumptions of the ''precipitation model" are
also presented in this appendix, as an addendum, and the descriptivity of the model
is discussed relative to data results.
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Appendix A

Synoptic Weather Maps, Satellite Photographs
and Storm Cross Sections

Surface weather maps for the Eastern United States are presented in Figures
A1 and A2 for the two storms of the 1972-73 season through which missiles were
fired. There are three maps in each figure, for the times closest to the launch
times and for times 3 hr previous and 3 hr subsequent, The isobars, fronts, and
precipitation areas are shown on the=e maps.

Satellite photographs (Figures A3 through A6) reveal the appearance of the
cloud shields associated with the storms. The dates and times are indicated and
the location of Wallops Island is shown on each photograph by a drafted "X", The
photographs of Figures A3 and A5 were obtained from the synchronous satellite
ATS-3; those of Figures A4 and A6 were acquired from the polar-orbiting DAAP
(Data Acquisition and Processing Program) satellite. The photographs for the
storm of 2 February 1973 were taken about 10 min prior to launch and about 3 hr
and 30 min following launch. Those for the storm of 27 February 1973 were taken
about 3 hr after launch and about 6 hr after launch.
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SFC 12002 2 FEB 1973|SFC 15002 2 FEB 973| SFC 1800 Z 2 FEB 1973

FFigure Al. Surface Weather Maps for the Eastern United States for 1200, 1500,
and 1800 GMT, 2 February 1973

SFC 09002 " 27 FEB 1973 SFC 12002 27 AEB 1973] SFC 15002 27 FEB 1973

Figure A2, Surface Weather Maps for the Eastern United States for 0900, 1200,
and 1500 GMT, 27 February 1973
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Figure A3, Photograph Obtained From the Synchronous
Satellite. ATS-3, Showing the Cloud System Associated
With the Storm of 2 February 1973, 14007

Figure A4, Photograph Obtained From the Polar-Orbiting
Satellite DAPP, Showing the Cloud System Associated
With the Storm of 2 February 1973, Approximately 17302
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Figure A5, Photograph Obtained From the Synchronous Satellite

ATS-3, Showing the Cloud System Associated With the Storm of
27 February 1973, 135627

Figure A6. Photograph Obtained From the Polar-Orbiting Satellite
DAPP, Showing the Cloud System Associated With the Storm of
27 February 1973, Approximately 16307
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Time-altitude cross sections are shown in Figures A7 and A8 which depict the
general cloud and precipitation structure of the two storms that passed across the
Wallops Island location, The cross sections pertain to 24-hr periods beginning at
00 Z on the days of the missile firings, and ending at 00 Z on the days after the
firings. Time increases from right to left across the abscissa scales of the figures
and the particular times of missile launching are indicated by drafted arrows. The
isotherms, winds, and surface weather reports are also shown on the figures; the
latter two being coded in accord with standard meteorological convention (see
Federal Meteorological Handbooks of Surface and Winds Aloft Observations, Cir-
culars N and O, U.S, Department of Commerce, Washington, D.C.),

Aircraft observations and measurements were obtained for both storms of the
1972-73 season. Two aircraft, the AFGL. C-130A and the MRI (Meteorology Re-
search, Inc.) Navajo, were flown in the storm of 2 February 1973, .Just the Navajo
aircraft was flown in the storm of 27 February 1973, Summary information and
certain of the data results of these flights are presented in Appendices E and F,

The general characteristics of the two storms of the 1972-73 season may be
summarized as follows:

The storm of 2 February 1973 was associated with a cold-frontal occlusion. The
primary low center at the surface level at the launch times of the two misasiles fired
on this day was located in central Michigan, The cold front extended outward from
this low center and passed through Lake Erie, central West Virginia, and eastern
Georgia., The warm front at the surface level began in southern Virginia and ex-
tended northeastward through New .Jersey and Massachusetts., This warm front, at
the firing times of the missiles, was located about 150 miles WNW of Wallops Island.

The cloud shield associated with the storm was very extensive, as can be seen
from Figures A3 and A4, The clouds covered most of the eastern seaboard from
Florida to Maine and had an east-west extent of some 500 miles, or so.

The storm top at the launch times of the missiles was about 33, 000 feet. The
top structure was uniform and the interior of the storm was very homogeneous in
character, at least down to the base level of the melting layer at 9200 ft (2.8 km).
Below the melting layer, in the rain region, there were streamers of precipitation
that caused the surface rain rates to be somewhat variable in space and time (from
about 2 to 6 mm hr'-1 during the general pre-launch period of the missiles, see
Appendix D). This storm, except for the variability in the rain region, was the
most homogeneous one of all previous Wallops storms of SAMS missile launchings.
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Figure A7. Time-Altitude Cross-Section for the Wallops Storm of 2 February
1973, for the Time Period 00 GMT to 2400 GMT. The time-height cross-section
depicts a vertical section through the storm as it passed over the Wallops Island
area, Although not all of the data used to perform the analysis of the cross-
section are shown, certain of the more pertinent data are plotted. The wind
direction and speed, the ambient temperatures, and the dew-point temperatures,
taken from the radiosonde data are plotted. Isotherms for each 10°C are shown
plotted as dashed lines, Cloud coverage and types, frontal zones, squall lines,
precipitation areas, and type and hydrometeor type are also entered. The
nvmerical values shown in addition to the radiosonde values represent average
liquid-water-contents (in gm/m3) within the clouds. The three-hourly synoptic
data are shown plotted beneath the cross section
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Time-Altitude Cross-Section for the Wallops Storm of 27 February

1973, for the Time Period 00 GMT to 2400 GMT, The time-height cross-section
depicts a vertical section through the storm as it passed over the Wallops Island
area, Although not all of the data used to perform the analysis of the cross-
section are shown, certain of the more pertinent data are plotted. The wind
direction and speed, the ambient temperatures, and the dew-point temperatures,
taken from the radiosonde data are plotted., Isotherms for each 10°C are shown
plotted as dashed lines. Cloud coverage and types, frontal zones, squall lines,

precipitation areas, and type and hydrometeor type are also entered. The

numerical values shown in addition to the radiosonde values represent average
liquid-water-content (in gm/m3) within the clouds. The three-hourly synoptic

data are shown plotted beneath the cross-section
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The precipitation area of the storm at the surface level at the synoptic scale
(see Figure A1) was widespread and virtually continuous along the entire Atlantic
seaboard, Light rain began at Wollops at about 0515 IEST at an average rate of
0.5 mm hr-l. The rain rate intensified to 2 mm hr™ ' at 0625 EST and to 4 mm hr”
at 0715 EST. The rain rate remained moderate for several hours thereafter,
although there was appreciable variability, as shown in FFigures D2 and D3 of
Appendix D, At the launch time of the first missile, at 0908:00 ST, the rain rate
was 3.9 mm hr™! and the liquid-water-content of the precipitation was 0, 245 gm m”3,
At the launch time of the second missile, fired 30 sec later, the rain rate was

4.2 mm hr"!; the liquid-water-content was 0. 26 gm m3,

1

The rain rates at the launch site and ''South site'' gauges on this day increased
and decreased more-or-less in concert with time. Thueg, the horizontal scale of
the precipitation streamers in the rain region was something in excess of the one-
half mile spacing between gauges. (Radar data, see Figures Bl and B2, revealed a
spacing of the order of one mile,)

The second, and last, storm of the 1972-73 season occurred on 27 February
1973, The storm clouds and precipitation occurred behind a cold front that had
passed Wallops about 2200 EST on 26 February 1973, The front, at the launch times
of the missiles, was oriented NE-SW und was located about 100 miles SE of Wallops.
There were bands of cumulus congestus clouds and precipitation behind the front that
roughly paralleled the front and the two missiles were fired into one of the largest,
most-active of these bands., The trailing edge of a cirrostratus deck was also pre-
sent above the lower, cumuliform clouds at the launch times of the missiles. Hence,
the missiles penetrated both the cumulus congestus clouds of the precipitation band
and the overlying ice crystal clouds of the cirrus deck. (The cumulus congestus
bands and overlying cirrus deck can be seen in the DAAP photograph of Figure A6.
This photograph was taken about 6 hr after the missile launch times and the frontal
displacement during the intervening period is estimated to be about as indicated by
the dashed arrow shown drawn on the photograph. In view of this displacement, and
assuming no major temporal changes, the cloud situation over Wallops at the launch
times would presumably have been approximately that illustrated at the print "'®",
also shown drafted on the photograph.)
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The radar RHI diagrams and photographs for 27 I'ebruary 1973, which were
taken during the general launch period (see Appendix B),show that the echo structure
of the clouds and precipitation was quite varirble in space and time. Convective
cells were present which had appreciable vertical development. The missiles were
fired into a trough between convective cells, The cloud top at the exit points was
about 21, 000 feet. The miasiles next passed ‘hrough a clear-air layer (as best
could be ascertained) and then intersected the cairrostratus deck in the altitude range
25,000 to 28, 000 feet. The surface rain rate it the time the first missile was fired,
at 0540:00 EST, was 1,3 mm hr"1 and the liquid-water-content of the precipitation
was 0, 095 gm m's. These same rain-rate and liquid-water-content values also
prevailed at the time of the second missile firing 30 sec later.

It should be noted that the time cross-section of Figure A8 fails to depict the
details of the storm situation of 27 February 1972, The convective nature of the
situation is not indicated and the clouds, at least near the launch times, are incor-
rectly identified as nimbostratus, rather than cumulus congestus.
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Appendix B

Radar Structures of the Storms at the Missile Launch Times

The radar equations and measurement techniques used in the SAMS rain ero-
sion prograin at Wallops Island, Virginia were summarized in R No. 1. The radar
and video-integration procedures employed during the 1972-73 season were indi-
cated in Section 4, 3 of that report. The calibration methods were explained in
Sections 3.3 and 3.4 and calibration data for the 1972-73 season were supplied in
Tables 4, 6 and 9,

Photographic and tape-recorded video-integration data were obtained with
the FPS-18 radar for both of the missile-launch storms of the 1972-73 season. The
polaroid RHI photographs for the first storm of 2 February 1973 were unusable,
however, because of integrator problems; hence all launch period information for
this storm had to be acquired from the tape-recorded data, Good quality data of
both types, photographic and recorded, were acquired for the second storm of 27
February 1973,

The tape recorded data were processed by computer and ''reconstructed RHI dia-
grams'' were produced for the radar antenna sweeps made just prior to the missile
launchings and during, or just after, the launchings. These diagrams for the storm
of 2 February are shown in Figures Bl and B2, The diagrams for the storm of 27
February are shown in Figures B3 and B4, The trajectory paths (approximate) of
the first missiles fired into the storms are indicated on the first of the respective
figures; the trajectory paths of the second missiles are indicated on the second
figures,
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Figure Bl. RHI Diagram With Colored, Contoured Regions
of 5§ dB Signal Differential Which Illustrate the Radar Struc-
ture of the Storm of 2 February 1973 in the 146° Azimuth
Direction About 30 sec Prior to the Launch Time of the First
Missile Fired on This Day. The approximate trajectory
path of the missile is indicated by the arrow. TheTand dBZ
values of the nine signal levels of the color code are speci-
fied in Table Bl
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Figure B2, RHI Diagram With Colored, Contoured Regions
of 5 dB Signal Differential Which Illustrate the Radar Struc-
ture of the Storm of 2 February 1973 in tte 146° Azimuth
Direction at About the Launch Time of the Second Missile
Fired on This Day. The approximate trajectory path of

the missile is indicated by the arrow. TheT, and dBZ,
values of the eight signal levels of the .olor code are
specified in Table Bl
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Figure B3. RHI Diagram With Colored, Contoured
Regions of 5 dB Signal Differential Which Illustrate
the Radar Structure of the Storm of 27 February 1973
in the 146° Azimuth Direction at About the Launch
Time of the First Missile Fired on This day. The
approximate trajectory path of the missile is indi-
cated by the black line, The dBZe values of the color
code (the "water equivalent' Z values in dB) pertain
specifically to the boundary lines separating the
colored regions
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Figure B4, RHI Diagram With Colored, Contoured
Regions of 5dB Signal Differential Which Illustrate
the Radar Structure of the Storm of 27 February 1973
in the 146° Azimuth Direction About 1 min and 30 sec
After the Launch Time of the Second Missile Fired
on This day. The approximate trajectory path of the
missile is indicated by the black line. The dBZ,
values of the color code (the "water equivalent"

Z values, in dB) pertain specifically to the boundary
lines separating the colored regions
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No additional RHI information (other than presented in Figures B1 and B2) is
available to illustrate the radar structure of the storm of 2 February 1973. Com-
puter RHI diagrams were prepared only for the missile launch times. No useable
polaroid photographs were acquired for the storm,

Table Bl, Color code of Signal Intensity Used With
the Computer RHI Diagrams of Figures Bl and B2,
The I, values of integration signal are dB above
-92,3dBm. The dBZ_ values are the ''water
equivalent' values of Z, in dB

—
Signal dB Range of Signal Level
Level
G- dBZe
dB dB
1 45, 8-47 3.2t0 4.4
2 47-52 4.4 to 9.4
3 52-57 9.4 to 14,4
4 57-62 14.4 to 19.4
5 62-67 19.4 to 24.4
6 67-74 24.4 to 31.4
7 74-179 31.4 to 36.4
8 79-84 36.4 to 41.4
9 84-89 41,4 to 46.4
10 89-94 46.4 to 51. 4

Polaroid RHI photographs for the storm of 27 February are shown in Figures
B5 through B7. Photographs for the missile launch times are presented in Figure
BS. These photographs pertain to the same times, th=t is, to the same upsweep-
downsweep scans of the radar antenna; as the RHI diagrams of Figures B3 and B4,
The trajectory paths of the missiles across the photographs are indicated, The
threshold settings of the video integrator and the ''gray scale shading information"
pertaining to the photographs are noted in Table B2,

The photographs of Figure B7 illustrate the general echo conditions that pre-
vailed along the launch azimuth on 27 February during the period of aircraft mea-
surements following the missile firings. The first photograph illustrates the typical
conditions at a time about mid-way through the aircraft measurement period. The
second reveals the conditions at a time near the end of the aircraft measurement

period.
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Figure BS. RHI Photographs Obtained
With the FPS-18 Radar on 27 February
1973 at the l.aunch Times of the Two
Missiles Fired on This Day, The first
missile was launched at 1040:00 GMT:
its trajectory path is indicated by the
arrow of the upper photograph. The
second missile was launched at 1040:30;
its trajectory path is shown by the arrow
of the lower photograph. The photographs
were obtained using video integration of
the gray scale type "45-U-70", specified
in Table B2

Figure B8. RHI Photographs Obtained
With the FPS-18 Radar on 27 February
1973 Which Were Taken in the Launch
Direction Approximately 8 min Before
Launch (upper photograph) and 5 min
After Launch (lower photograph), See
Table B2 for specification of the type of
gray-scale integration used (45-U-70)

45



K(ft) 20

0=
U“I-

0 I5NM.
1135:00Z  146° 45-U-70

|
10 ISNM.
45-U-70

1205:00Z 146°

Table B2,

Figure B7. RHI Photographs Obtained
With the FPS-18 Radar on 27 February
1973 Which Were Taken in the Launch
Dire~tion at the Approximate Mid-Time
Point of the Aircraft Measurement
Period (upper photograph) and Near the
End of the Aircraft Measurement Period
(lower photograph). See Table B2 for
specification of the type of gray scale
integration used

Shading Code Used With the

Video-Integrated RHI Photographs of

Figures B5 through B7,

The dB values

listed are dB above -92.3 dBm

Gray Shade
on RHI
Photograph

Threshold Signal Levels
Employed for Gray Scale

Type 45-U-70
dB

Black
Dark Gray
Light Gray
White
Black
Dark Gray
Light Gray

£45
55
65
70
75
80
=80
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The radar structure of the two storms of the 1972-73 season may be summarized
as follows:

The echo structure of the storm of 2 February 1973, as shown by Figures Bl
and B2, was quite uniform and horizontally homogeneous during the launch period
of the missiles, particularly in the upper portions of the storm above the bright
band. The storm top was located at 33, 000 ft (10, 06 km), from observations made
fromthe AFGL C-130A aircraft. The radar echo tops (ATPVITS)* extended to
about 24, 000 ft (7.3 km). The base level of the bright band in the storm ranged
from about 9100 to 9800 ft (2.8 to 3.0 km); the top level varied from about 9800 to
10,500 ft (3.0 to 3.2 km). Sloping ''echo streamers'' existed in the rain region
below the bright band, some of which extended from the base of the bright band to
the surface level. It can be seen, with reference to Figure Bl, that the first
missile launched on 2 February passed through a portion of one of the smaller of
these streamer echoes. This explains the maximum of liquid-water-content that is
shown at about the 1, 8 km level in the profile plot of Figure 1 of the main text. The
second missile, see Figure B2, also passed through a small echo region having
signal intensities larger than the surroundings. This caused the maximum of liquid-
water-content shown near the 0,5 km level in the profile plot of Figure 2.

The radar echo structure of the storm of 27 February 1973 was considerably
different than that of 2 February. The storm portion that passed Wallops at launch
time was essentially a squall line and there was substantial spatial-temporal vari-
ability of the radar echo patterns both within the squall line and associated with its
passage across the 146° launch plane of the missiles. The missiles were fired into
a trough between convective cells. The cloud tops, in the trough at the missile exit
points, were about 6.5 km (21, 000 ft). There was an apparent clear region, devoid
of detectable radar echo, along the trajectory paths of the missiles in the altitude
zone from about 6.5 km to 7.6 km (25,000 ft}). Above this, likewise along the tra-
jectory paths, there was an overlying cirrus deck, with top eatimated to be about
8.5 km (28,000 ft), This estimate was obtained from specially-processed radar
data. It could not be verified by aircraft observation, since the ceiling altitude of
the MRI Navajo aircraft was only about 23, 000 feet.

A radar bright-band was present at the launch time of the missiles which had
a base variable from about 3 to 4 km (9800 to 13, 000 ft) and a top ranging from
about 5 to 6 km (16,400 to 19, 700 ft),

The echo structure of this storm changed appreciably along the 146° azimuth
direction from the time of the missile launchings until the end of the aircraft

*ATPVITS stands for "at the particular video-integrator threshold settings''. The
echo tops of the storm will be higher or lower, within an approximate 5 dB signal
sensitivity range, dependent on the threshold settings and dB spacing of the parti-
cular "integration gate'', or ''gray scale level'; which is the receptor of the
weakest storm signals of minimum detectability.
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measurement period following the launchings., This can be seen by comparing Fig-
ure B7 with Figures B5 and B6, The radar echo tops of the storm clouds
(ATPVITS) varied considerably throughout the period, dependent on which
convective clouds of the storm band were intersected by the radar. In general,
though, the echo tops decreased during the aircraft measurement period and the
intensity of the radar echoes also decreased. There was little correlation or con-
sistency between the echo patterns present at launch time and those present later
on, It may be reported that the MRI Navajo aircraft on this day was barely able
to make measurement passes and descend rapidly enough to "keep up with" the
advective or dissipative diminishment of the cloud top altitudes along the 146°
azimuth line of the measurements. Consequently, the aircraft measurements,
level for level within the storm, were generally made in regions of less intense
radar signal than had been present at the firing times of the missiles, The mea-
surements were simply non-representative of the launch time conditions.
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Appendix C

Computation of Hydrometsor Psrameters from the
Radar Dats

The trajectory values of the radar integration signal, T,, in the 1972-73 season,
were obtained from computer-processed RHI diagrams that were acquired from
tape-recorded video-integrator data for the radar antenna sweeps made immediately
before and after the missile launchings. These diagrams and the methods whereby
the trajectory, T, values were determined from the diagrams were discussed and
illustrated in R No. 1.

Portions of the RHI diagrams for the four missile launches of the 1972-73
season are presented in Figures C1 and C2 which show the detailed T, signal-
structure of the Wallops storms in the immediate vicinity of the trajectory paths of
the missiles, The paths are shown superimposed over colored, contoured regions
of 1 dB signal differential, The diagrams reveal the micro-structure that was in-
tercepted by the missiles during their travel from the launch pad to near the storm
top level. It should be noted that the clouds and hydrometeors of the storm of 2
February 1973 extended continuously upward from the surface to a storm top level
of 33,000 feet. In the storm of 27 February, on the other hand, the missiles were
fired through a particular convective element of the storm, which at the time of
firing, and along the trajectory lines, had a top at about 19, 500 ft that was sur-
mounted by a cirrus layer that extended from about 26, 000 ft to 29, 000 feet, It was
presumed, from the MRl Navajo observations, and from the fact that the radar re-
turns were below the minimum detectable by the video integrator, that the layer be-
tween 19,500 ft and 26,000 ft was a ''clear layer'.
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Figure C1. Portions of the RHI Diagrams for the Two Missile Launches of 2 Feb-
ruary 1973 Which Show the Detailed I, Signal-Structure of the Storm in the Immediate
Vicinity of the Trajectory Paths, The paths are shown superimposed over colored,
contoured regions of 1 dB signal differential. The dBZe (the "water equivalent' Z
values, in dB) are related to the J, values of the color code by a dB constant of
-42,5, In other words, I, -42.5 = dBZe
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Figure C2, Portions of the RHI Diagrams for the Two Missile Launches of 27 Feb-
ruary 1973 Which Show the Detailed I, Signal-Structure of the Storm in the Immediate
Vicinity of the Trajectory Paths. The paths are shown superimposed over colored,
contoured regions of 1 dB signal differential. The dBZe (the "water equivalent" Z
values, in dB) are related to the T, values of the color code by a dB constant of
-42,3. In other words, 1, -42.3 = dBZ,
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The particular "profile values" of T, that existed along the trajectory lines of
the missiles are shown in Figures C3 through C8, The solid, middle portions of
the profiles show theLvalues that were determined from the RHI diagrams within
those altitude regions of the storms extending from above the radar ground-clutter-
layer near the surface level to the storm altitudes aloft, where the T, values be-
came minimum detectable, The dashed portion of the profiles, at the bottom, show
the T, values which are presumed to be representative of the ground clutter layer
{with the non-hydrometeor, clutter-part of the signal eliminated) and which are also
consistent with the measured precipitation rates at the launch times of the missiles
(see R No. 2), The dotted portions of the profiles, at the top, show theT, values that
were assumed to apply to the uppermost part of the missile trajectories where the
radar returns were below the minimum detectable by the video integrator, (A linear
decrease of T, with altitude was assumed for the storm of 2 February 1973, from
the altitude points of first minimum detectability to the storm top altitudes, as dis-
cussed in R No, 2, The T, values for the upper cirrus layer for the storm of 27
February 1973 were obtained by ''special processing' of the recorded radar data,
as also discussed in R No, 2, It should be emphasized that ms.I, values for this
upper cirrus layer —those shown in Figures C5 and C6, and listed in Tables C3 and

C4—are the maximum possible values, The actual values are something indeter-

minately smaller than these maxima,)

Two abscissa scales have been drafted on the diagrams of Figures C3 through
C6, The second, lower scale indicates the decibel values of the radar volume
reflectivity, j‘ , defined in R No. 1. The scales °fI andjJ are related as des-
cribed by Eq. (47) of R No, 1. The scale relationships differ from one storm day
to another, dependent on the calibration constants of the radar.

Profiles of the radar reflectivity factors Zw and ZI' for water and ice hydro-
meteors, are presented in Figures C7 through (10, The profile values were com-
puted from those of‘_T, using Eqs, (70) and (71}, of R No, 1. The melting zone of
the storms are indicated in the figures and both the Zw and Zl profiles are shown
extended across the zones. The reflectivity factor is indeterminant within the
melting 7zone, as explained in R No. 1, pp 66, but the two profiles provide some
indication of this indeterminancy,

The hydrometeor regions and transition zones of the Wallop's storms of the
1972-73 season are identified in Figures C11 through C14, The regions and 7ones
for the storm of 2 February 1973 were determined from measurements and obser-
vations made from the AFGL C-130A aircraft (see Appendix E). The regions and
zones for the storm of 27 February 1973 were established from the observations of
the MRI Navajo aircraft (see Appendix F), Radiosonde temperatures and radar
data were also used in decisions regarding the altitude limits of the different regions
and zones, The symbol code used in Figures C11 through C 14 (also in Tables C1
through C4) was specified in Table 2, R No, 2. Rain is ""R"; large-snow is "LS";
small-snow is "'SS''; ice-crystals are "'C'. The subscripts indicate the
observed or assumed types of these hydrometeors.
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Figure C5. Profiles of the Radar Integration
Signal, T, (upper abscissa scale), and of the
Radar Volume Reflectivity, 7, (lower ahscissa
scale) for the Missile Trajectory of Flight

No. Q2-8362 (Unit No. R487103) of 27 February
1973, lL.aunched at 1040:00 GMT. The missile
was launched through a convective cell which
had a top at approximately 6.5 km. There was
a presumed clear layer between 6.5 km and
7.6 km, with an overlying cirrus deck between
7.6 km and 8,5 km. It should be noted that
the T,values for the cirrus deck, shown
dotted, were obtained by special processing

of the recorded radar data, They are
maximum values, The actual values are
something indeterminately smaller
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Figure (6, Profiles of the Radar Integration
Signal, | tupper abseissa scale) and of the

Radar Volume Reflectivity, 5 lower abscissa scale)
for the Missile Trajectory of Flight No,Q2-61363
(it No, R487104Y of 27 February 1973, Launched
at 1040:30 GAIT. The missile was launched through
a convective cell which had a top at approximatelv
6.5 km,., ‘There was a presumed clear laver between
6.5 km and 7,6 km, with an overlving cirrus deck
between 7,6 km and 8,8 km, [t should be 1.oted that
the I values for the cirrus deck, shown dotted,

were obtained by =pecial processing of the recorded
radar data, ‘Thev are maximum values, The actual
values are something indeterminacely smaller
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