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Preface

INTRODUCTION TO THE MINUTEMAN REPORT SERIES

AFCRL has supported the SAMSO Minuteman Natural Hazards Program since

June 1973. This support has included technical assistance in defining meteorolo-

gical objectives and experimental procedures, and analysis of aircraft and radar

weather data obtained in cnnjmnction with each mission. A major part of the latter

iunction includes analysis of aircraft and ridar data taken jointly to derive corre-

lations of radar reflectivity factor Z and water content M.

Because of the number of missile tests in the program it seemed advisable to

initiate a special sub-series of AFCRL Technical Reports devoted to Ehe program.

In addition, because of the desirability of presenting the results of the correlation

data analysis in considerable detail, we intend to publish these results separately

for days on which these data were recorded. The final reports for particular

missions will only summarize the analytical results previously published, rather

than including those results in detail.
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i Aircraft and Radar Weather Data Analysis for PVM- 5

~~AFCRL ,Minuteman Report No.1

A1. INTRODUCTION

This report pres.onts the derivation of water content profiles on the PVM-5 1
re-entry trajectories. PVM-5 was the first mission in .vhich the rc-nry vc-

hicles were intentionally flown through clouds. Weather data were obtained jointly
b - th? WE-5 T" "',P- the e rec~..j.-..-'-,ace trra, .rn7 by PLCOI I tracking radar

at Roi-Namur Island. Specializcd data processing and analysis techniques were

developed for this purpose. These were adaptations and refinements of techniques

developed by AFCRI for the SAMSO ABRES program field work at Wallops Tsland. A

Virginia. A brief description of the experiment was presented by Barnes ,
4et a].

(Received for publication 20 December 1974)

1. Plank, V. G. (1974a) A summary of the radar equations and measurement
techniques used in the SAMS rain erosion program at Wailops Island, I

Virginia. AFCRL-TR-0053, Air Force Cambridge Research Laboratories,
Hianscom AFB, Mass.

2. Plank, V. G. (1974b) Hydrometeor parameters determined from the radar data
of the SAMS rain erosion prograai. AFCRL-TR-74-0249, Air Force
Cambridge Research Laboratories, Hanscom AFB, Mlass.

3. Plank, V. G. (1974c) Liquid-water content and hydrometeor size-distribution
information for the SAMS missile flights of the 197 1-1972 season at
Wallops Island, Virginia. AFCRL-TR-74-0296, Air Force Cambridge
Research Laboratories, Hanscom AFB, Mass.

4. Barnes, A.A., Jr.. Nelson, L, 1). , and Metcalf. J. 1. (1974) Weather Docu-
mentation at Kwajalein Missile Range. 6th Conf. Aerosp. and Aeronaut. I
Meteor., Amer. Meteor Soc. pp 66-69; AFCRL-TR-74-0430, Air Force
Cambridge Research Laboratories, Hanscom AFB, Mass.
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Radar weather data were recorded along the re-entry trajectories in a se-

quence of scans imnmediately after vehicle impact. The radar reflectivity factor

Z is equal to the sixth moment of the particle size spectrum, and thus is not a

direct measure of the water content M, which iq proportional to the third moment

of the size spectrum, or the vohme. Because the relation between Z and M

depends on the distribution of particle si7es within each cloud, correlations had to

be obtained close to the time of the mission in order to interpret the reflectivity

data on the trajectories. The Z-M relations were derived by correlation of radar

and aircraft measurements made at several different altitudes within approxi-

matelv two hours of re-entry.

2. AIRCRAFT DATA

Two WB-57F wcathcr reconnaissance aircraft, opera., 1 1, the 53th NNWeather

Reconnaissance Squadron at Kirtland AFB, were used in this program. The

principal cloud sensors were a formvar replicator built by Meteorology Research,

Inc. (MRI), Altadena, Calif. , and three particle detectors built by Particle

Measuring Systems, Inc. (PMS), Boulder, Colorado. The three detectors mea-

sured particle sizes in the ranges 2 to 30 u (axially scattering probel, 20 to 300 u

(optical array cloud droplet probe), and 200 to 3000 m (optical array precipitation *1
probe). The rcplicator film providcs a qualitative ectcrmiriatirn of the type of -

particles observed or, for ice crystals, the principal crystal habit. The sensors

were operated by MRI, who also computed water content (Ma, gm m -S), and re-fletiit fctr Za m6 -3} -
flectivity factor (Z a' mm m 3 from the size spectrum data, following the tech-

6nique o1 Heymsfield and Knollenberg. The subscript "a" refers to the aircraft

data. For the PVM-5 mission, MRI found a predominance of plate crystals on

the replicator films, and assumed 100 percent plate crystals in computing Ma arid

Z a . Those data were supplied as I -qec averages, but we found it necessary to
smooth the data with a 5-see running mean to reduce noise characteristics before

making the correlation with the radar data.

The reflectivity Z computed from the aircraft data cannot be identified pre-

cisely with that measured by the radar because of an uncertain calibration factor

in the radar data processing. However, correlations of M a and Z are useful in
obtaining preliminary estimates of the Z-M equation and particularly in observing

the variations of the Z-M equations on days when little or no radar data

5. Knollenberg, R. G. (1970) The optical array: An alternative to scattering or
extinction for airborne particle size determination, J. Appl. Meteor.9!86-103.

6. Heymsfield, A. J. , and Knollenberg, R. G. (1972) Properties of cirrus
generating cellp. J. Atnos. Sci. 29:1358-1366.
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are availabl,. Aircraft data from different day., have viplde~i 7. -,N equtations (lif-

fe ring b.% mnore than an order of wiagnitude in water- content wit hin thv range o!

values of interest in these studies.

r ~On the PVNI-5 mission (lay, 5 April 1974. nine aircraft passes were made

between 6. 6 and 12. 9 kmi in con junction with the radar scanning described in

Section 3. The flight path-,, shown in Fig-iire 1, were in the general area of the

re-entry trajectories. The north and] west lieadings wer-e placed so as to bring

the aircraft over Gellinani Island, where the Stanford Research Institute LII)AR

was located, Further constraints on the location of the flight oaths were that they

not be radials to the radar and that the aircraft and the radar weather sarnplinL'

gate not he at the same slant range, to avoid possible contamination of the radar

data by backscatter from the aircraft in a side-lobe.

-olNAMUR ISLAND .

I AiRCRAFT.

9*10,~~- ~

ICAFT 1.4,7

I GELLINAM ISLAND

~-- V r f -- I

ALUMLES IC 201

AALEIN ISLANG j)

Figure 1, Aircraft Flight Paths and RV Trajectories at

Kwajalein. Flight paths are nurohered starting with the
uppermost at 12.9 kmn. RiV trajectories are indicated
approximately from 15 km to the surface



The cloud li11)e 11alfunctiiowd during thle mii-sion, and NiH! deleted these data

f-c'c. !heircoitiw. 'Thef r'.'Mnltirng vzilues of M ZIand 'are based essenltially

oil data fz'r thlt p rec ipitation prohe,0 as the cntribution Om rm 1all partdes,

measured by- the 5 catte Iing plrobe, was very siimall. Our tentative conc lusion is

that thle am ission of the (loud probe dha (Wdes net a ffect the results signi ficantlv,

except at low values of Mi aui am!Z , hut we i iieNi to rem ovv this pro!leni by analy-

si a of data fromi other days,

A. RM\)AR DATA

M C(Ml, no nf tho I inolnr I nhorwrtn rnd''irq ni IKwa a em Mm s I H A'e.

was used to record weather data at C -band (5. 3 cmi %%avelenrth) iu conjunction with

the aircraft operation. The s'Ame~nng K"Ku~vu a ''iin-or~sm" wcde developel by

AFC11I. for use with this rlarlaT. 
1

.aircralt ti.iMknv daa (ow Inc Mll0>-ti

radar at Kw.'aalein) werec fed 1c Aw' conqyur o" tr 'llin Ql MR(I, nnd anl as't -

able offset distance (norm ally 3 km) was added sc that the weather data were re -

cariloj a! ad Mf the a ic raf pos~toni alon; an path. A1 preli:mnary test in Doccim-

her INP3 us jug the T1TR -4 radar operated by RU.A at Kwa alein and one of the

T, 2-571'. had Mon. r Hot thc t~ziqut.:hc an *.'.ould provi'fle usz with u

better correlation data thun the constant aIi ttudi rMar scan ni ethud adapted irono

ine Vzialops is land proc ran. ano~ usvu inl support of PVMi-S 'And 1T' -S he ln--

offset miote was; incorporated at KRENIS and was successfully test ed prior to

F'%l -5 using a C -54 supplied by KIR.

The ALCORI cross -setion data fromn the radar trackinj Rate wvere recorded

on the 13-6 tape at the I'RESS computer. The wraximwn cross-section in the four

gates closest to the tracking cloint was sent f;roir Al CORl to PRESS at a r-ate of

10 per sec (1/20 of the artual EPRP) and averaged over I1-sec intervals. This

averaging would be inadequate for a con-ventional pulsedl weather radar, but the

pulse ompression appliedi to the frequency -nondulated "chirp" radar pulse

effectively siiiooth~i thle noise norm ally encouiltered when using constant -frequency

weather radars. 'rhe radar signal data were processed to yield values of reflect-

iv ity factor Z. ri O m n 6" for correlatioin with the a irc raft data. TIhe subhsc;ript

r ' denotes, the r-adar data. Btecause this computation involved anl approximlation

for the equivalent pulse leng-th for the chirp radar. the actual values of 7. m ay

be in error by a factor as large as 3 or 4. We are currently working on tIs

problem. qo as to specify Z rprecisely and be able to compare these values with

z7 coinpute'l fromn the aircraft (lata.

Rmlaar weather dat a were taken along each of the re -entry trajectories imn i'!-

iantclv ol lowing vc Iic (ICiopact. 'These were recorded both an the I'll BK:1-6 tapec.

12
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in the manner described above. and on ALCOR data tapes. Th LOIae

contain t-oss -section values at 170 range gates spaced across a 2. 5-km interval zf

around the tracking point which is !ocated between gates 52 and 53. These provide
a quasi -cross -ectional view of the weather in he vicinity of the trajectories, in

addition to providing a comparison with the refleck'ivity values computed from the

13- data. Reflectivity profiles computed from the B-6 data are shown in Figures

2. 3. and 4 for RV's 1, 2. and 3 *The sequence of scans on each trajectory pro-

vides a measure of the time variability of the reflectivity, and thus allows an

evaluation of the accuracy of the profile actually encountered by the RV's. The

interpretation of these profiles in terms of water content is described in the fol-

lowing sections.

[5 -F T7 7 -~1-7-T1 FT- T T

RADA4R 1.A.EATHER DATA
PVM5 3 V-I

.... CANJ 2

Fig-ure 2. Reflectivity

The and n 020:34GM

A --- -1- 1i

-30 -20 .10 0 '0 26
REF ECTIVITY. 0 log Z mm6 nv 3

RV numbers denote the order of deployment, and have been corrected from the
erroneous designations used in the draft of this report (29 May 1974) and in
correspondence dated prior to 4 November 1974.
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RADAR WEATHER DATA -
PVM-5 RV-2

-SCAN
..... SCM 2

i : -.--- q-

I- _-* 4,

10~

14

7 .1. ......-- - - -- - --

L!

LWU- -4~JL~i 1 LJ A

-50 -20 -10 0 0 20
PEFLECTIVITY, 1OlgZ, mm' m-1

Figure 3. Reflectivity Profiles for PVM .5, RV 2
Trajectory. Three scans were taken, from 20 km
to 1 krn, starting at 0156:42, 0201:25, ,nL 0205:53
GCMT

GrI

14Ai,LI -- =i



', RADAR WEATHER DATA
PVM-5 RV-3

,SCANI

------ SCAN 2

_--...... SCAN 2

,..........................................CN

--
10l

5 I t I~-

-30 -20 -10 0 10 20

REFLECIIVITY, $O1ogZ ,mm m-
3

Figure 4. Reflectivity Profiles for PVM-5, RV 3
Trajectory. Three scans were taken from 20 km
to I kin, starting at 0154:03, 0158:45, and 0203:14
GMT

4 CORRELkTION DATA ANALYSIS

Correlation of the aircraft and radar data was accomplished for each of the

nine aircraft passes. While the offset distance vas held constant, the offset time

varied inversely with the aircraft speed, wnich was generally about 100 m sec-1

but lower at low altitude. The radar data from each pass were delayed in time

relative to the aircraft data so as to maximize tle correlation of log Za and log
Z A correlation line was then computed for lcg Ma and log Z in the forin

r ar

Ma =A Z r

15
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or i-
lgM log A + B logZ aI

w3  6 -3

where Ala is measured in gm, m and Z r in mm m . This relation was applied

to the individual values of Zr to obtain values of water content, designated Mr I
for comparison with M derived fronm the aircraft data. Data and analysis fora
each of the nine passes are presented as follows (all plotted in logarithmnc coor-

dinates);

I. M and Z computed from the aircraft particle size spectrum data,a a i
2. Correlation of P a and Z -A

aa
3. Z measured by radar and N inferred from radar data, v-irr

4. Correlation of M and Z .
a r A

4.1 Pass I

This pass was made on a westerly heading at a mean altitude of 12.9 km de-

terniined by ALCOR, or an aircraft pressure altitude of 40, 000 ft. The values of
Ma and Z a (Figure 5) are generally small, but they do fit onto a straigh line with

very little spread (Figure 6). The Z-M relation derived from the aircraft data 4

seems fairly reasonable, although the coefficient 0.0051 is somewhat smaller than

we would expect at this altitude. The values of Z (Fiuure 7) are close to the radar
I"

noise level, with very little variation along the scan. The variation of 1 is evenr
less. The reason for this can be seen in Figare 8, where the tight grouping of the

data yields an unreasonable Z-M relationship. We did not use this Z-51 equation

in our analysis of the trajectory reflectivity data.

IA
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pip ..S M.:Ss!ON DA! 4'[ .L'4/0S AIC, 'I M 0.1 C14A 10 C)I 0SI28 BT 0! 5ECOD VYERACES

r ,,, - - [ [ , '' BR-'30,{ Y S S .,C0Nf3 e NING LOG MEA

t - lkL_ RNI'iLY55 ON 74/05/10 PA 5 "

2+

__ ___
01000 03110 03020 O),1 40 010S 03,C6603 0310IlCo 0]160600 0,109100 031|10100 !-a

_ __*0 0)010 _ . I -,_ _ _ - _i_ _~ -- |. I) a

°; _ . ... I ____ -

]0 01 } G..r C ,:C C).0 0 0I .3,0 UID ) .O .O ( 041 0 (S IQ0 C3.O61DO 03-i01.I0 Cll061 O 03#09100 03110600

A/C 1IME I MRIMINISCCI

Figure 5. Water Content and Reflectivity Computed From Aircraft Data for Pass
1 at 12. 9 km'

M 1:0 .0051 z0 228 ., E 1.PA912 SS I PVM-5

PVM-S MISSION DOAT "4/04/05 A/C TIME 03100144 TO 03105128 BY 0I SECOND AERAQGE5

A/C DATA PRE -SMOOTHED BT 5 SCOND RUNNING L0 PEAN

AFCRL AflNLYSIS ON '74/05/10

6 4 r - 4 3-2.2

1 of I

A L/L LOG Z IMM_6/__

} Figi re 6. Correlation of N1 and Z a From Figure 5
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FvMi-h MISSION DATE 7/04/05 /C TIME 03,00,44 10 03IObI?28 OT O SECOND 1YERA S

0 -= I- - 0/A I ORA" PRE-SM OhIU U0 SCC5CO RUNNING LOG MELAN
_______ FCRL ANALYSIS ON 74/05/10 PASS I

rr.z-cz 117
03W0100 03101600 0310t000 03.03.00 010.0 0 03,0S.00 03506-00 03107100 034000 03-0100 0,1O0O00

C. .003 .5. o lnCO 0 , O 0 40 ,0 0 ,00

01

t' 1 I N I SE C I
__ I--i--

Figure 7. Reflectivity Measured by Radar (lower) and Water Content Inferred
From the Reflectivity (upper) for Pass 1

t

M .0017 Z A .. 46 €.oi '
3 . 

" PASS I PVM-5
PVM-S MISSION DATE 74/34/05 15/( TIME 03100544 10 0310128 By 01 SECOND AVERAGES

AFCRL ANALYSIS ON 74/05/10

=- p

* r

( 5 1

x

5CIL

- -5 -4 -3 -2 -I 0
TME OFFSET ALCOR LOG I IM?1.6/M.31)

Figure 8. Correlation of Ma From Figure 5 and Z r From Figure 7
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4.2 Pas 2

This pass was made on a northerly heading at a mean radar height of 12. 1 kin,

or 37. 500 ft pressure altitude. The aircraft data (Figure 9) show maximum Ma
-3 6 -3 a

values above 0.02 gm rn and maximrr, Za above 1.0 mm m . Figure 10 shows

that there was good spread in the data, but the correlation line seems too steep.
We feel that the steepness is. to a minor extent. due to the absence of the cloud I
probe data, and that there is hope of obtaining the appropriate corrections by

careful analysis of data collected on other days. The radar reflectivity data

(Figure III show striking similarity to the Za values in Figure 9. Figure 12

shows the Z-M equation derived from this pass. This relation seems reasonable,

although it is somewhat steep. We applied this relation to the uppermost part of

the clouds.

PVM-5 M:SSION OATE 74104,05 A/C TIME 0 ,I101,7 TO 03112110 By 01 5f OrNo AVE ,IR S
7" R i A li PPE -SM007 HE 0 et 5 suCOh0 RUN"Yc -LOG"1AWR

_ AFCRL PNALYSIS ON 74/05/i0 -PASS 2,

r9

030|01C0 01111100 Cl'iZ-00 0310.00 G311e;-00 0)lisl0
0  

03116100 03II7,00 03ll't00 0319 - 00 03#20100

= I

IA

____ ___r .I __i_ -_ _::_[____ ___ ____
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Figuire 9. Water Content and Reflectivity Computed From Aircraft Data
for Pass 2 at 12. 1 km
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Figure 10. Correlation of Ma and Za Data From Figure 9
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Figure 11. R eflectivity Measured by Radar (lower) and Water ContentInferred From the Reflectivity (upper) for Pass 2
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Figure 12. Correlation of M a From Figure 9 and Z r From Figure 11 :

ar
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4.3 PasA 3

The third pass was through thin clouds. on a 135 ° heading. The radar gave

a mean height of 11. 4 kmn, while the aircraft pressure altitude was 35, 000 ft.

Figures 13 -nd 14 both show that the aircraft did not go through heavy clouds.

The radar data in Figure 15 indicate that the clouds were just above the radar

noise leve!. This is dramatically evident in Figure 16, where all of the data

points are in a small group. The Z-11 relation therefore is of no significance k nd

was not used in. our analysis.
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Figure 13. Water Content and Reflectivity Computed From Aircraft Data
for Pass 3 at 11.4 km
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Figure 14. Correlation of M and 7 Data From Figure 13
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Figure 16. Correlation of 1 From Figure 13 and Z From Figure 15
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4.4 PaAA 4

Tits pass was flown at a pressure altltude of 32, 500 ft, or A niean height of

10.4 km measured by ALCOR. This was the longest of thv nine passes, lasting

almost ten minutes. There was consiuerabie evidence that there were s.jni,

rather thick clouds over the lagoon -'o the east-to-webt pass over Gellinan, waq I
extended. As carl be seen in Figures 17 and 18, the aircraft a 'Values cover

three orders of magnitude and the Za values range over 4-1/?' orders of magnitude.

These variations indicate that the flight penetrated some convective clouds. Note

there is more spread of the points about the line in Figure 18 than in the analogous I
plot for any other pass except for Passes 5 an;] 6 which also passed throurh con-

vective cells. This spread is due to the different particle size distribution? in

different parts of the same convective cell and at different times in the Life: cycle

-f the convective cells.

PV"I-S ISSIO1N CATE 14'34/05 , I IME 2b 1 '?0 0 93 3. "in 1 EZONQ AvERRGCS
D'"- A PRE S.- )Ol' B. S SECO- INI.N LOG REAN| I I ¢t A ,'I R , N'L .A N 741 /1

'  
PASS

*0-' __ ___ _~~0,7/slo ps

r. ___

;" ti~ 7 ,I,.' . . 0| | , .. , I I , ,, O 030 14t0 0313S100DO

I / L I ;M E ' R ) M iN I S EC I

Figure 17. -ater Content and Reflectivity Computed From Aircraft ata
for Pass 4 at 10.4 km
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M-.0.0182Z °
'' 7 253.9 r, . il P SS 4 PVM-5

P¥V -5 MISSICN 00:E 74/CI /C5 fl-C II Pt 031251 8 O 0313S10C 8I 01 SECOND AVERAG(5

A/C DATA PRtE-5 00140 BY '5CC-0 AuP 4 00 LO AN "

.- C RL flNfALYSS ON 74/05/10 I

A/C L WG mr.1I6/m I3

F'igare 18. Crrelation o- Na and Za Dta From Figure 17

Because the airc:af and the radar- tracking ;ate were at nearly the same

range, the radar data from 0332:V' to 0334:31 were omitted from the 'rialysis.

The general features of Figures 17 and 19 are remarkably similar, but the deep

minimum values obtained by the airvcraft are not seen in the radar data. This ib

probably due to the difference in the sqmpling volumes of ihe radar and the air-

craft. Figure 20 also shows the large spy-ead we attribute to the variations of the

size dibtributions. it should be noted that the spreaa is le9s at the upper end of

the curve where the valves are most reliable.
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t Figure 19. Refle,tivity s Ncasuredby Radar (lower) and Water Content Inferred
i From the Reflectivity (upper) for Pass 4
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Figure 20. Correlation of Ma From Figure 17 and Z From Figure 19
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4.5 P&n 5

This pass was made at 9.7 kin, or 30, 000 ft pressure altitude, on a northerly

heading ov'er Gellinam. The WB-57F was in and out of convective cloudc, as can

be seen from the aircraft data record of Figure 21 and from the spread of the data
points about the correlation line in Figure 22. During the pass the ALCOR offset

distance was changed temporarily. Because our analysis techniques do not cor -

pensate for such a variation we were forced to delete the radar data between

V 0344:51 and 0346:09 In Figure 23. most of which, fortunately, was in the region

of low reflectivity. Thus only the higher values of Z and M went into the cor-.r a
relation shown in Figure 24. This Z-M relatioi. falls close to those derived for

Passes 2 and 4.

VPV-S MiSSION DRTE "4/04/0 A/C TIME 03143157 10 03147627 8Y CI SC M A¥ERAGEr S
A/C DAIA PR(*SMOO0 ( T COOR;919 0

"_.RFCRL ANALYSIS ON 74/05/10 PnSS 5

03 3100 03444100 03145100 0 _____C 03147.100 031181003 113001100 0 11 00 03113o1

-- -- I _ _

C.LAI

C)..3400 03.Do
l i l  

03.15.V
l  

O)III :O UC-01O 0) 1100 CO O ; .0 0 03-5000 D03lI.,1 0,)621 00 0311)100

A/C TItlE IHRI iTNIS C

Figure 2 1. Water Conteint and Reflectivit Computed From Aircraft Datafor Pass 5 at 9.7 km
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__ __ 12-
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Figurc- 22. Correlation of M and Z Data From Figure 21
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Figure 23. Reflectivity Measured by Radar (lower) and Water Content
Inferred From the Reflectivity (upper for Pass 5
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I
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lIME OFFSET PLCOR LOG Z IMM NE/M-1

Figure 24. Correlation of Ma From Figure 21 and Zr From Figure 23

4.6 Pass 6
I

This pass was flown on a 135 ° heading, at a mean height of 9.0 km deter-

mined by ALCOR or 27, 500 ft pressure altitude. The aircraft and rada- data both
£ indicate that the clouds were primarily convective rathtr titan stcatiform. Fig-

areu 25 and 26 from the aircraft data show many points above 0.1 gm m - 3
. Corn-

parison of Figures 25 and 27 shows thL excellent correlation between the aircraft

and radar data. The correlation of Z and M over several orders of magnitudeSr a
is also shown in Figure 28. Figu.'e 28 suggests that there is an upper limit affect-

I ing the aircraft data, so that the value of Ma remains nearly constant as Z in-
ar

creases above 100 (log Zr > -2). This ancn-.aly is due to the finite sampling length

of the probe array, which does not detect all of the largest particles in the cloud.

I In the present case, the omIission of the data points with log Zr > 2 would not

change the relationship significantly.
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PVMq-5 YiSSION DATE i4/04/05 A/C TIE 03156102 tO 04101109 BY 01 SECOND AYERAGES
A/C DAA PA(-SOOrNEDB 6 5 WON0 RUNNING LOG MVIN
AFCRL ANAL.YSIS ON 74/05/10 PASS 6
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Figure 25. Water Content and Reflectivity Computed From Aircraft Data
for Pass 6 ax 9.0 km
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Figure 26. Correlation of Ma and Z a ta From Figure 25
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Figure 27. Retlectivity Measured by Radar (lower) and Water Content

Inferred From the Reflectivity (upper) for Pass 6
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Figure 28. Correlation of hlaFrom Figure 25 and Z rFrom Figure 27
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4.7 Pa -s

This pass was on a westerly heading over Gellinam at a pressure altitude of A
25,000 ft, or 8. 1 knm as determined by ALCOR. The clouds on this pass seemed
to be more uniform than on the previous passes, as can be seen 'n Figures 29 and

30. Only a snall amount of radar data was obtained as the transmitter was down

between 0406:08 and 0409:59. Figure 31 shows the relative uniformity of the

available radar data. This small amount of data and the lack of spread caused

the clustering of points in Figure 32. The Z-M relation thus has very little merit

-nd was not utilized in our subsequent analysis.

PVM-5 ''5S; N CQ.E 74/04/05 A/1 TIME 041 5109 T0 04110135 8 01 5[.0NO AtRARGE5

A': . .. . PRE SiOM 8, S a' co. .'I.kING LOG nn5j

____ j AFCRL ANALYSIS ON 74/05/10 PASS 71

I *1--. .

• - . ...a 7 -- ----- , ... I .. .

o/ ,II !

Figure 29. %kater Content and Reflectivity Computed From Aircraft Data
for Pass 7 at B. I km
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Figure 30. Correlation of N1 and Za Data From Figure 29
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Frigure 3 1. Reflectivity Measured by Radar (lower) and Water Content
. Inferred From the Reflectivity (upper) for Pass 7
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Figure 32. Correlation of Ma From Figure 29 and Z From Figure 3 1

4.U Pass 8

The next-to-last pass was taken on a northerly heading at a radar height of

7.3 kin, or 22, 500 ft pressure altitude. The aircraft data in Figures 33 and 34

and the radar data in Fig-are 35 indicate a more stratiform situation than that

founkd or Passes 4, 5, and 6. The omission of data at 0417:12 in Figure 35 was

due to a temporary loss of the aircraft track file by ALCOR. The Z-M relation

shown in Figure 36 seems reasonable, but a larger range of both Z and Ma would
r a

have piovided bet+er definition of the correlation for this level. This relation was

used for the bottom levels bccau:c the rcltiosn from Passes 7 and 9 were un-

realistic and this relation seemed compatible with the others that we used.
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PVM-S MISSION DOATE 741O/OS A/C TIME OAIISIO Tt 0411910(. By 01 SECOND AvEfAGES
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Figure 33. Water Content and Reflectivity Computed From A.rcraft Data
for Pass 8 at 7.3 km
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Figire 34. Correlation of M a and Z Data From Figure 33
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Figure 35. Reflectivity Measured by Radar (lower) and Water Content
Inferred From the Reflectivity (upper) for Pass 8
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1 4.9 Pn 9

The last pass was taken on a 1350 heading at 6.16 km. or 20.000 ft pressure -

altitude. Figures 37 and 38 show that the Ma and Z a values were substantially

F out of the noise. The Za -Ma correlation has some merit, but because of the loss

of two and a half minutes of radar data (Figure 39) and because of the lack of range

of both Z and M1 we found it necessary to reject the Z-M relation shown in

PVM- llS ISSION DATE 74/0./05 A/C TIMlE 04123100 70 04120148 1 01 5E,040 RVERAG0
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-Figure 37. Water Content and Reflectivity Computed From Aircraft Data
for Pass 9 at 6.6 kn
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Figure 38. Correlation of M. and Za Data From Figure 37
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Figure 39. Reflectivity Measured by Radar (lower) and Water Content
Inferred From the Reflectivity (upper) for Pass 9
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SFigure 40. Correlation of M%1 From Figure 37 and Z From Figure 39
r

5. INTERPRETATION OF THlE RV TRAJECTORY RADAR DATA

[r

The nine Z-M relations derived for PVM-5 mission day are shown in Figure

4', labeled by pass number, together with two standard Z-M relations fer corn-

t< parison. The upper dashed line shows a Z-M relation applicable to bullet and

column crystals measured in mid-latitude cirrus over the U.S. 7 This relation
Lwas used to obtain the quick-look values of ice water content and weather severity

index (WSI) for the SAMSO time-urgent briefing on 16 April 1974. The lower

dashed line is a Z-M relation for aggregates of plate crystals, measured at

Wallops Island, Virginia. The fact that these Z-M relations bracket the correla-

tion lines derived from the present data increasen our confidence in these results.

In this figure the nine Z-M relations we derived are plotted only over the ranges

of the corresponding data points. The figure shows that. while the small varia-

tions of Zr and Ma encountered on Passes I and 3 result in Z-M correlations

which are markedly different from the others, the actual magnitudes of the num-

bers are generally consistent with thosL± computed for Passes 2 and 4. Similar

conRiderations apply to the correlations :rom Passes 7 and 9, where again the total
t

t7. Heyrasfield, A.J. (l73) The cirrus uncinus generating cell and the evolution
of cirriform clouds, Ph. D. Thesis, The University of Chicago.
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range of Z and M was quite small. Of the remaining passes, all are fairly closer a
together except Pass 8, which is parallel to the other relations but gives lower

-water content values for the satne Z values. As noted in the discussion of Pass 8,
r

the clouds seemed to be more stratiforn on this pass, while the clouds were more

convective on Passes 2, 4, 5, and 6. Radar theory and observations indicate that

when snow crystals begin to aggregate the Z values increase for the same values

of M. If aggregation were occurring on Pass 8, one would expect the Z-M rela- 4

tion to be moved to the right of the others in Figure 41, as is seen.

I-M RELATIONS AT KWAJALEIN APRIL 1974 i

BULLET a COLUMNS, U.S. CIRRUS - .

4 21
:E2--

0 \PLATE AGGREGATES

-4L.-

5 1
-- I I I _ II

-4 -3 -2 -1 0 #I -2 .3 +4

ALCOR LOG Zr (mm
6

/m
3

)

Figure 41. Composite of Z-M Equations Derived
From PVM-5 Correlation Data. Equations appro-

r priate to bullet and column crystals, measured
in Continental U.S. cirrus, and plate aggregates,
measured at Wallops Island, Va., are shown for
comparison

The parameters of the derived Z-M relations are listed in Table 1. The

values of the exponents for the equations of Passes 1, 3, 7, and 9 are distinctly

less than those for the other pa3ses. We used the Z-MN relations from Passes 2,

4, 5, 6, and 8 to interpret the values of Z r measured by ALCOR along the RV

trajectores following the mission. Each was initially applied to the height incre-

ment between the next adjacent measurements above and below, w ith that fro in

Pass 2 applied from the top of the scan to the height of Pass 4, and that from

Pass 8 applied from the height of Pass 6 to the bottom of the scan. These height

increments are also listed in Table 1.
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Table 1. Z - I Relations, April 1974r a

-3 6 -3 BM (gn m " )=AZ (mm m
a r

Range of
Pass ileight Applicability

Number (kim) Coefficient (A) Exponent (B) (kin)

1 12.9 0.0017 0.2594 NOT USED

2 12.1 0.0106 0.6334 Above 10.4

3 11.4 0.0010 0. 1596 NOT USED

4 10.4 0.0114 0.6878 9.7 - 12. 1

5 9.7 0.0147 0.6632 9.0 - 10.4

6 9.0 0.0139 0.6092 7.3 - 9.7

7 8. 1 0.0223 0. 4002 NOT USED

8 7.3 0.0083 0. 5734 Below 9. 0

9 6.6 0.0279 0.3178 NOT USED

The resulting values of Al, that is. M computed from Z r were interpolatedr r°

between flight levels so that each Z-M relation was applied exactly at the height

*oi its measurement, with a smooth transition from one relation lo the next. The

resulting profiles of M are shown in Figures 42, 43, and 44, for RV's 1, 2, and

3, respectively. The first post-impact scan of each traiecto *, interpreted in

the manner junt described, is shown in each of these figuree. Profiles of M r

previously computed using the "bullets and columns" Z-M e Ation are shown in

Figures 42, 43 and 44 for comparison. Figure 41 shows 1t t :his earlier approxi-

mation yields higher values of M than the equations we t ; d from the PVAI-5
r

correlation data by a factor of 1. 6 (2 dB) to 6. 3 (8 dB). Tht a ves of WSI com-

puted for the layers in which the radar returns were above noise, that is, the

layers in which the M profiles are drawn, are given for each computed Mr-- rr

profle.
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Figure 42. Water Content Profile on PVM-5. RV 1 Trajectory.
Preliminary estimate was based on 'bullet and column" Z-M equa-
tion (Figure 4 1) and was high by a factor of about 3

20 ' -I'' T-r--,rl

PVM-5
* RV-2, Scan I

- , REVISED IWC 0.5

- P__RELIMINARY IWC I T

01 - - - - - - - -- - - - ----- - - - -

.0001 .001 01 01 40D
ICE WATER CONTENT (gmrK- S)

Figure 43. Water Content Profile on PVM-5, RV 2 Trajectory.
Prelimrinary estimate wati based on "bullet and czolumn" Z-M
equation (Figure 4 1) and was high by a factor of about 31
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PVM-5
RV- 3, Scon 1

- REVISED IWC 0.3
-. PREUUINARY IWC 0.9
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Figure 44. Water Content Profile on PVM-5. RV 3 Trajectory.
Preliminary estimate was based on "bullet and couIZijm" ,-70

r equation (Figure 41) and was high by a factor of about 3

6. CONCLUSIONS

'Ihe quantitative reliability of the ice water content analysis is primarily de-

pendent on the reliability of the M values obtained from the aircraft data and

supplied to AFCRL by MIRI. This involves the selection of crystal habit from the

replicator films by MRI, and the uncertainties noted above due to the missing cloud

probe data and the apparent high-M cutoff of the PMS probes. The absence of the

cloud probe data tends to decrease the valu s of N1 at the lower end of the curves.

The upper limit on the M values obtained b" the aircraft, noted in the dissiasion

of Figure 28, has also been observed in PMS data taken at Wallops Island and is

currerntly under investigation.

An independent check on the validity of the aircraft data could be obtained by

comparing the values of Z aerived from the aircraft data and Z measured by theSa r

radar. Such a comparison requires that Z be known accurately. For this pur-

pose we conducted an experiment with the TTR-4 radar in December 1913 involv-

Ing weather observations in chirp and constant-frequency niode-. Results of the

analysis of these data will be presented in a future report. Our preliminary esti-

Vmate of the absolute accuracy of the ALCOR Z is 6 dB, or a factor ot 4. We~r
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emphasize, however, that with the analysis technique described in this report.

- any error in Z drops out in the computation of Mr on the trajectories.rr
All of the data points taken during the correlation passes fell within reason-

able upper and lower bounds on the Z -M plots. The Z-M line for bullet and

column crystals, which is slightly high for these data, is essentially an upper

bound. The lower bound is the curve for aggregates of plate crystals. From the
available data, we feel that the values of M and WSI derived for the trajectories

are essentially correct. We also feel that any corrections applied to account for

the absence of the cloud probe or the high-M cutoff of the PMS probes will not

change the M values by more than 2 or 3 dB (a factor of 2).
The link-offset mode of obtaining the correlation data proved to be quite good, I

from both the operational and tt.e data-reduction points of view. It is possible to

obtain the radar data as litsle as 30 se- prior to the aircraft sampling of a given

point, and the resulting series of values of M and Zr are fairly easy to handle in

the computer.

I!
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PAM-

Symbols

ABRES Advanced Ballistic Re-Entry Systems

AFCRL Air Force Cambridge Research Laboratories

ALCOR ARPA-Lincoln C -band Observables Radar

ARPA Advanced Research Projects Agency

KMR Kwajalein Missile Range

KREMS Kiernan Re-Entry Measurements Site

LIDAR Light Detection and Ranging (optical analog of RADAR)

M Water content (liquid or ice), gm m

MRI Meteorology Research, Inc., Altadena, Calif.

PMS Particle Measuring Systems, Inc. . Boulder, Colo.

PRESS Pacific Range Electromagnetic Signature Studies

PRF Pulse Repetition Frequency

PVM Production Verification Missile

RV Re-Entry \ zhi "le

SAMSO Space and Missil, Systems Organization

WSl Weather Severity Index (height-weighted Integrated water content)

Z Radar reflectivity factor, mm 6 m-3
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