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1. INTRODUCTION

The Air Force Geophysics Laboratory (AFGL) has been tasked by the
Space and Missiles System Organization (SAMSO) to provide meteorological
analysis in support of the Advanced Ballistic Reentry Systems (ABRES)
Program. The primary objectives of the work carried out under this con-
tract by Environmental Research & Technology, Inc. (ERT) have been to
assist AFGL in (1) the analysis of surface, upper air, and satellite
data leading to the computation of liquid water content profiles, (2)
the analyses of special observational data obtained from aircraft flight
experiments, (3) computer analysis of radar data, (4) development of
display techniques for the AFGL Liquid Water Content Analyzer, (5) the
evaluation of the uncertainties in the estimation of hydrometeor mass
concentrations using radar and aircraft measurements, and (6) the assess-
ment of thin cirrus cloud over the tropical Pacific.

Throughout the three-year period of the contract, there were six
major tasks which were identified as contributing to the support of the
ABRES program. These tasks varied widely in their complexity and in
their level of effort. This report is intended to provide a summary of
each of these tasks.

As a result of the research and analyses on the program, three
scientific reports have been published (Crane, 1978; Burke et al, 1978;
and Bussey, 1979). These reports provide the details of the most signi-

ficant scientific contributions accomplished under the contract.




2. ANALYSIS AND SUPPORT

2.1 Task 1 - Support for the AFGL Liquid Water Content Analyzer

Through a contract with Raytheon Company, AFGL developed an instru-
ment to derive real-time estimates of the liquid water content using
weather radar data. Support for the maintenance, operation, and for the
development of new or improved computer programs for the water content
analyzer was provided by ERT for two winter seasons at Wallops Island,
Virginia, The analyzer was a key instrument in the assessment of the
hydrometeor environment for the Sandia Air Force Materials Study (SAMS)
Program.

Documentation of the work completed under this task was given in
two working reports. One report was entitled WETHRAD (Weather Radar
System) and documented some of the operating system of the analyzer as
well as the new programs developed during the 1976 winter season at
Wallops Island. The second working report detailed all the changes made
in the system during the 1977 winter season and provided an accurate
description of all aspects of operating and using the analyzer. Work on
the task was terminated at the end of FY 77 when there was no further

requirement for use of the analyzer at Wallops Island.
2.2 Task 2 - Support for the McIDAS

This task involved support for the maintenance and modifications to
the Man Computer Interactive Data Access System (McIDAS) at AFGL. The
primary work accomplished was (1) the completion of the antenna installa-
tion including the tests for all drive systems and for printing accuracy,
(2) the installation and testing of a sensitive receiver, (3) develop-
ment of an improved antenna tracking circuit, and (4) modifications to
the automated handling of satellite meteorological data in order to
acquire information from the mid-west United States. Support on this
program was provided for a six-month period and was terminated in July
1976.
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2.3 Task 3 - Cloud Data Analysis

The major portion of the work in this task was the analysis of air-
craft measurements of cloud and precipitation particles and the incor-
poration of these measurements with corresponding observations of the
radar structure of the storm as observed with the radar systems at
Wallops Island. Extensive studies were completed on relating the ice
crystal area to ice crystal mass which was then used to determine the
particle distributions and the cloud liquid water content of the ice and
snow crystals. The final matching of the water contents with those
derived from the radar measurements was accomplished through a series of
analysis techniques which had been developed throughout the first year
of the study.

During the third year of the program, the work concentrated on the
mass versus size and mass versus area relationship from Knollenberg's
ice crystal data to find the logarithmic regression equations and the
standard errors to fit Knollenberg's linear functions. Work proceeded
on the derivation of weighting functions of the average projection ratio
channels and the equivalent circle ratio channels for eleven different
ideal crystals.

Particle size data from several aircraft altitudes were processed

and used to compute precipitation growth, and a computer program was set

up to create the appropriate input for computations of ice crystal growth.

Cloud data from twenty-one experimental tests carried out at Wallops
Island and Kwajalein were processed.

A significant part of the effort on this task involved the develop-
ment of computer programs to estimate the probable liquid water contents
of clouds and precipifation using radiosonde data along with visible and
infrared (IR) data from satellites. The liquid water content was then

multiplied by the height and integration of this product was computed to

obtain a parameter called the Environmental Severity Index (ESI). Using a

data base of eleven radiosonde stations, the mean, median, and accumu-
lated frequency tables of ESI were obtained.

Further development on the ESI studies involved taking an existing
computer program (ANYPT), which extracted the mean atmospheric profiles

of temperature, pressure, humidity and density over any point on the




globe, and modifying it to extract the mean temperature profiles over :
the NMC grid points covering the Eurasia area. This new program,

entitled PROFIL outputs the profiles generated by ANYPT Program ESRESI

was then developed to computer wintertime ESI values; in this program

the mean temperature profiles from program ANYPT were used to assist in

the discrimination of ice and snow from clouds. Adidtional programs,

i called PROBMP and TSTATS, have been used operationally to derive statis-
tics of ESI values over Eurasia for the months of May through September
1973.

During the last six months of the project, work involved the pro-
cessing and analysis of aircraft and radar data from Kwajalein. Major '
i accomplishments were as follows: (1) an organization of both crystal ?»
| size relationships and crystal area relationships for various particle ,
& types was completed, (2) Knollenberg's 2-D crystal data were evaluated %1

manually and a format was developed which made it possible to compare !;

9 the results with a computerized version of the 2-D data anslysis, (3)

' the processing of both the AFGL-2 and the satellite data comparison
models for the three months of May, July and October 1973 was completed,
and (4) a computer program to generate a non-dimensional particle-size
distribution, which was subsequently used to obtain the liquid water

content, was developed. |

2.4 Task 4 - Cross Section Analysis and Liquid Water

Content Assessment at Kwajalein

Bussey (1978) has prepared a scientific report which describes the
methodology for cross section analysis and liquid water content assess-
ment. Since the details of this task are included in the report, only

the abstract is given below.

"Analyzing surface and upper air meteorological observations ¢ i
in the form of a time cross sectionis a concise form of sim-
ulating atmospheric conditions over a particular location.
Using these observations and DMSP satellite data, procedures

"‘ for estimating the liquid water content within regions of cloud

ST . . -
and precipitation have been derived. The procedures for deriv-

ing the liquid water content profiles have evolved over a




five-year period, and it is the purpose of this report to
describe the current methodology. The profiles of liquid
water content are used as input for a determination of the
environmental severity index (ESI). The advantage of the tech-
nique described is that estimates or a climatology of ESI can
be obtained in any part of the world through an analysis of
readily available meteorological observations."

2.5 Task 5 - Evaluation of Uncertainties in the Estimation of

Hydrometeor Mass Concentrations Using SPANDAR Data and

Aircraft Measurements

i: A major effort under the project was the detailed assessment of

’ uncertainties or errors in the radar and aircraft estimates of cloud and
E precipitation liquid water contents along the trajectories of reentry
test vehicles. Crane (1978) has described the complete results of the

* work completed under this task. Since this was a major and important
part of the overall project, a more detailed description of the task is

4 provided than the descriptions for the previous tasks.

2.5.1 Objectives of the Error Analysis

The Air Force Geophysics Laboratory (AFGL) was tasked by the Space

and Missiles Systems Organization (SAMSO) to forecast, sample, and report
the ice, snow, and water particle environment for erosion testing of pay-

loads launched from the NASA Wallops Flight Center. The mass concentra-

e ]

tions of hydrometeors along the payload trajectory were estimated using
radar data obtained from the NASA Space Range Radar (SPANDAR) at Wallops
Island, VA. The radar reflectivity-to-mass concentration conversion rela-
tionships required to'intefpret the radar data were obtained from aircraft
measurements made in the vicinity of the payload trajectory pridr to launch.
The objective of the uncertainty (or error) analysis reported herein
is to review the radar and aircraft measurement procedures and provide
estimates of both the possible (maximum) and probable (most likely) error

bounds (uncertainties) for the mass concentration estimates. This report

does not provide error bound estimates for a particular launch but con-
siders the kinds of uncertainties that could occur and provides estimates

of their expected values. This analysis only considers uncertainties
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that can occur when the equipment is operated correctly and does not mal-
function. In some cases, it is possible to detect operator or equipment
error but often it is not. Possible areas for improvement are pointed

out in the report but conscientiousness was expected of those involved in

the measurement program and is not questioned further.

2.5.2 Brief Description of the Measurement Program

Mass concentrations of ice, snow, and water particles encountered byj
the test vehicle as it passed along its trajectory are required to cvaluate
the susceptibility of nose tip and side wall materials to erosion. In '
situ observations of mass concentration are not possible during vehicle
traversal. Remote observations by radar were obtained immediately prior

to, during, and after vehicle passage to best describe the hydrometeor
environment. These observations were converted to mass concentration
estimates using reflectivity-to-mass relationships derived from aircraft

samples of the hydrometeors prior to launch.
Measurements with SPANDAR were made to support the Sandia Air Force

Materials Study (SAMS) program during the 1975-1976 time period (SAI, 1976)
and to support the Materials Screening Vehicle (MSV) program during the
1976-1977 time period (Cockayne and Fletcher, 1976). For this report,

the differences between the two measurement programs are best described

by noting that the SAMS observations were made close to the radar (5-25

km range) while the MSV observations are made at significantly longer

ranges (v150 km).

Four separate types of radar observations were required for the ero-
sion measurement program: elevation scans over disdrometers and rain
gauges to provide primary radar calibration during a mission, sphere
tracks to provide secondary radar calibration, link-mode observations
with aircraft flights made just before launch to provide reflectivity-to-
mass conversion relationships, and volume scan observations along the
expected vehicle trajectory immediately preceding, during, and after

E vehicle traversal through the erosion test region. These measurements

were supported by three digital processor systems attached to the radar
each of which must be separately calibrated. The radar operator (the
| John Hopkins Applied Physics Laboratory-APL) maintained and operated a

minicomputer processing system that controlled the antenna and was used

" e e L —

NCEV ; R P L
st et atnuia it O TN i i e s Fodiie . i T i ROV S B (e L e




R A S S —
b v —-—— , et ———————

to record the link-mode observations. AFGL maintained and operated the
two other processors, one to provide primary data recording for post
test analysis and the second to provide on site, near-real-time liquid
water content estimates for mission control. The second processor also
provided backup data recording for post test analysis.

The aircraft measurement program entailed the use of two aircraft
operated by AFGL to obtain hydrometeor size, phase, and type distributions.

Size distributions were obtained using PMS l-dimensional (1-D) cloud and

precipitation particle probes (Knollenberg, 1970). Crystal habit or
pérticle phase and type information were obtained using PMS 2-D cloud and
precipitation particle probes. The aircraft also recorded temperature,
humidity, air speed and time data to aid in post test analysis.
Link-mode observations encompassed the simultancous use of one of the |
aircraft and the radar to provide particle distribution and reflectivity
measurements. SPANDAR automatically tracked the aircraft using its conical f

scan tracking system and sampled the reflectivity values one range
interval closer to the radar than the interval occupied by the aircraft.

In post analysis the aircraft and radar data were statistically compared.
Although the data were taken simultaneously, the data sets were obtained
from significantly different sampling volumes. The sampling volume for
the aircraft probe is determined by the instrument capture area times

the distance traversed by the aircraft as it obtained a sample. The
radar sampling volume is determined by the antenna beam cross section
generated as it rotated about the aircraft position while scanning to
track the aircraft times the distance along the beam defined by the pulse

length of the radar and subsequent radar integration.

The final link in the chain of observations and analyses required to
produce mass concentration estimates from SPANDAR data was the analysis
of the PMS 1-D probe observations to provide equivalent melted sphere
size distributions from the observed particle shadow lengths. Given the

equivalent melted sphere sizes and postulates about particle shape and

orientation, the mass and reflectivity values may be calculated for use
in generating the reflectivity-to-mass conversion relationships. The
PMS probe does not directly sample the equivalent melted sphere diameter;
it only records an estimate of the maximum size (length) of the projec-

tion of each particle onto a horizontal line perpendicular to the direc-




SPPTSIRIIELS VIS S SLEUSE A DS SRS

tion of aircraft motion as the particle passes through the sampling head.
The probe does not provide any information on the other physical dimen-
sions rquired for the calculation of a volume estimate or on the particle
density required for the calculation of a mass estimate. Except for the
PMS 2-D probe, the 1-D probe provides more relevant information about
hydrometeors than any other instrument currently available.

The length-to-melted diameter (mass) conversion relationships for
the PMS probes have been statistically determined using a two step pro-
cess. First, the response of the particle measurement system to ideal-
ized particle shapes was simulated to provide corrections for habit,
orientation, and size (Knollenberg, 1975). Second, a large number of
observations of naturally occurring crystals were analyzed to determine
the expected relationship between the maximum (horizontal) crystal dimen-
sion and particle mass. Separate relationships were developed for each
crystal habit. To reduce the sensitivity of the reflectivity-to-mass

conversion relationships to possible uncertainties associated with the
identification of crystal habit and with the use of a limited number of

observations to generate the required length-to-mass relationships, the
PMS data were used only to calculate a multiplier to be used with the
square root of the radar reflectivity values for the estimation of mass
concentration (the "k" factor) and not to provide direct estimates of
either mass or reflectivity ("«x" is equal to the ratio of mass to the
square root of reflectivity). The resultant reduction in sensitivity
to sizing error however, depends upon the breadth of the particle size
distribution.

Reduced to bare essentials, the radar was used to provide an esti-
mate of the radar reflectivity factor, Z, and the aircraft measurements
were used to provide the relationship between Z and the mass concentra-
tion as expressed by an equivalent liquid water content, M. The liquid

water content was determined by

M=d7 g (1-1)
Uncertainties in the estimation of liquid water content arise from
two basic causes: equipment calibration and data interpret-tion. The
total uncertainty for an M estimate is caused by both aircraft system and

radar system uncertainties. In general, the largest contribution to the
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total uncertainty budget is caused by data interpretation. In the extreme,
the M value for pristine ice plates may differ by more than an order of
magnitude from the M value for needles with the same Z value. For the
widespread storms encountered during the measurement period, the occur-
rence of large regions with pristine crystals was rare and uncertainties

°f,E§is magnitude are not anticipated.

2.5.3 Total Uncertainty Budget

The possible uncertainty sources and their contribution to the total
liquid water content estimation uncertainty budget are listed in Table 1.
The uncertainties are separated into radar and aircraft categories and
further segregated into calibration and interpretation classes. The uncer-
tainties for each category are listed by contribution to M using M = Az,
These categories are then subdivided into identifiable subclasses which
are described in detail in this report. Uncertainty estimates are pro-
vided for SAMS and MSV missions. The difference betwecn the two are due
to differences in distance between the radar and the path of the vehicle
through the erosion test region. In addition, uncertainty estimates are
provided for observations at 4 heights. The crystal habits were assumed
to be bullet rosettcs at a 10 km height, small snow at 6 km, and large
snow at 3 km height and wet snow at 2 km height (just above the melting
layer).

The measurement uncertainties are assumed to be multiplicative and
are given both in decibels and in percent (increase) of the estimated
value. Three types of uncertainties are treated, bias (not subject to
change over the entire observation period), slowly varying (not expected
to change during a mission), and random (expected to change from one
sample to the next). Slowly varying uncertainties are caused by such
problems as not precisely setting or monitoring power levels in the radar
set, not estimating the correct calibration constant, or not estimating
the correct particle habit and size distribution for a given height re-
gion. Bias errors are of two possible sources: uncertainties in the
values of absolute constants such as antenna gain that may exist even after
a number of measurements to determine their values, and the use of incor-
rect values for constants in the calibration or data analysis procedures.

Bias errors caused by the use of incorrect constants or procedures may be




= e T = v P =S

Burdetoae Aq paAomwel u9dq dAEY SIOIIS mWOpUERY,
3xau ay3 o3 3y3ray suo woxy vouﬁo.ﬁouo

S SPT 6°S s zZ'0 S o= 8s 0°Z s z0 = 98 L°Z s z0 = T LSS 9°9 s z0 Z™ = W - TvIoL
=0 .= 9z 0°t = = = s 9z o't = - s 9z 0°'1 = £ T 9z 0'% - - z/>
e z 1o = = R S z°0 = - il L €0 = s = $6  6°C = = Burduweg
- - z 1’0o - - B z 1°0 TR = 4 1o e = g 9 'z - - uoy3edun1y
= ort 9°€ = = o 8s ¥l = - = [ A | = e = % 21 - - | 31qeH 1E3SAI1)
e 0z 8°0 = = = R /4 €0 = = S S z°0 = = S S 0 = = rﬁnx-ou-guucoa
uorlelaadiajuy
s r4 10 = = == z 1°0 = = G z 1°0 = = 2 z 10 - ~ uorleaqrie)
X - LIVIDNIV
T - - - - e - = = - S = = = = == - - - - siolxz aduey
el Zt S0 = = = ST 970 = = SRS 0z 8°0 - - SR 8 ¥'I - - uor3ldeIIay
= = z 1°0 = = S z 1°0 = - =T 8 0°2 ~ :: e 91z 0°S = = $2Q01 ap1s
i Zt S°0 = = St 2L s'0 - - &SPt - - - - - - - - - - uotr3eziIe[og
SR < oﬁ.c * e N o ¢z ro < < SREa S ou.c * ¥ o L £ - - uorlenually
uor3elaxdiajug
s 20 500 s 70 s 20 L S0 s 0 s 20 L s0) s T0 s 20 2L S0 s Z0 uorjeaqire)
_Zp - ¥vand
s 4P $ ap $ 4P s €p $ ap s 9P s @p s 9 [ s @p s 4P $ aPp $ €p
mopuey | Axep Amo1s | ,Serq ‘3 | mopuey BA A[Mo1S | JSerg '3 | wopuey | AIep AImOlS | ,serg '3 | mopuey | Axep Aymors | ,serg ‘3 A¥093LVD
s1e3sA1) 3] - IY3TdH uy 01 MOUg Trems - JYITAH WY 9 Moug 33IeT - JYITSH Wy ¢ MOUS 93JeT - JYITIH Wy ¢

Al

e g e e

S9TIUTEIIIOU( FUSIUO) J93ey PINbIT 03 SUOTINGTIIUO)
:(aBuey WY 0S1) SUOTISSTH ASH

qr 318vVL

i




e A ke il WO . ‘ i - "

{ ; BurBeloAe Aq pIAOESI UIIQ SABY SIOLID wWOpuRY,
Ixou ay3 o3 3yB3ray auo woay paleraiIo)

e3ep ay3l Burssedoxdox Aq. pasowsar aq Aemw AJurelIadUf,

= Syl 6°s | 92 o't = aF §S 61 6z I°1 - e 8y L1 €2 6°0 == IST 0'v | 0z 8°0 Z)* = W - TVIOL
= e 9z 01 = - = 9z 0T = = . 9z 0°1 = = = aE 9z 0°I = = uotrl
-erode1ixg z/»
| S z I'o = - = & S z°0 = = =R L €0 = - Ea S6 6°C = = Buyydueg j
# g z 1'0 - - £ e z I'0 - 5 SR z 10 = = S 9 z°Z - = uorjednr}p
M - o ort 9°¢ - - - o I A | - - =L = IS A - = i ZE T £ = 31qeH [e3sL1)
M - e 0z 80| - - - e L. g0 | = - - e" Sy B0 o= s - . s 70| - - |sseq-03-y3duaq
* uorlelaxdiajug
M e T 4 o 7 & s 4 10 = = = z 1°0 - = - - z 1°0 = - uorjeiqrre) =
“ 3 - LAVMDEIV
| - ; : : gfred - . ok . .
M - - s ,00 ST, .9°0 - - £ L, Lo z Lo ot v°0 z L, ro L +£°0 sio113 asuey
i - - - - - - - - - - - - - - - - - - - - - - - - uotT3odeI3yaYy
| - - - - - - - - - - - - - - - - - - - - - - - - $9Qo07 3pIS
i S 21 s°0 - - SO 21 S0 - - = - - - - - - - - E = uoT3eZIIR[O4
w &= - 200 S #2°0 | - - - 20°0 S #2°0 SRS ‘T #0°0 L #£°0 2 T ,so'0 L +£°0 uoTienuaily
uorie3zaxdiajug
S Z0 s s 20 S 2°0 (4 SN g 2015 zo ;50 s 20 § 20 2 5% s 0 uorjeiqre)
Z) - ¥vawvd
$ qr s 4P $ 4p s 9P % ap $ 4p s €p % ap s 4P $ 4P % ap $ ap
wopuey | Axep A(Mors |,serg °g wopuey | Axep L[mois |,se1g °3 wopuey | Axep A[mols |.se1d ‘'F wopuey  |Kxep A[mols |.Selg '3 A¥093LVD
S1BISAI) 331 - Iydray wy 01 Moug Trews - JY3TH wy 9 Moug a3xeT - JYSTOH uy ¢ Moug 331e7 - JYSTOH Wy g

S9TJUTBIIAOU JUIIUO) J33EM PInbIT 03 suorIngrauo)
:(oBuey Wy SZ) SUOTSSTW SWVS

el 374Vl

£ AR AS -




ey

eliminated but bias errors caused by uncertainties in aboslute constants
cannot be. Uncertainties that can be eliminated by reprocessing the avail-
able data are identified by asterisks (*) in the dB columns of Table 1.

Slowly varying uncertainties are statistical in nature and are
assumed to have a log-normal distribution (log-normal since the uncer-
tainties are multiplicative). The uncertainties for any category are
considered to have a log-normal distribution which is described by the
standard deviation of the logarithm (decibel value). The composite
uncertainty is the sum of a number of independent uncertainties, hence,
is calculated using the sum of the variances for each category (expressed
in decibels).

The bias uncertainties are not random and must be treated in a dif-
ferent manner. Following Crane (1971), the maximum possible uncertainty
for each category is summed to provide an estimate of the total maximum
possible uncertainty. Again the logarithm of the uncertainty is used
(decibel value) since the uncertainties are multiplicative. The maximum
possible uncertainty is interpreted as being the equivalent of the 3-¢
or three standard deviation value. To express the bias uncertainty as
an expected uncertainty, one third the maximum possible value is used
for entry in Table 1. The one third value is labeled E Bias for expected
bias value to indicate that it does not correspond to the full maximum
possible bias error value. The total error bounds for the measurements
are obtained by combining the expected uncertainties using the sums of
the squares of the statistically estimated components. The resultant

error bounds are summarized in Table 2.

2.5.4 Uncertainties in the Estimate of the Environmental

Severity Index

The analysis of uncertainties presented in this report primarily
address the problem of estimating mass concentration values. Rain ero-
sion analysts use the mass concentration estimates to model integrated
effects. Their interest is not in the error at a point but in the error
of integrals such as the Environmental Severity Index (ESI). ESI is
defined as .

ESI = [ M(h)hdh (1-2)
(o]
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where M(h) is thé particle mass concentration at height h (along the
trajectory). The uncertainty (error) in ESI, AE, is linearly related to

the error in mass concentration AM by

ESI + AE = [(M(h) + AM(h))hdh
by (1-3)

[
or AE = [AM(h)hdh
o

The errors in mass concentration are multiplicative and best expressed by

the ratio Sm'= AM/M (in decibels or percent). Therefore,

OE = [ (AM_M)Mhdh = [ £ Mhdh (1-4)
0 o]

The bias component of the error is constant over space (h) and does
not vary in time or from mission to mission. The bias error in ESI,

AEB, therefore, is given by

AE, = (sm)3£ Mhdh = (5 ), * ESI (1-5)

i Gglp = Gplp

-The ESI or any other linear integral function of M therefore has a bias

error equal in percent (or decibels) to the bias error in M.

‘ The random error is due primarily to sampling errors associated with
the radar measurements. This component of error is assumed to be uncor-
related from sample to sample and can be reduced by averaging. The inte-
gral for ESI can be reduced to a summation over samples

© J Ij Mj; e
ESI = Mhdh = () TJ-) h.Ah = § M.h.Ah (1-6)
o j=1 i=1 J j=1 1 ;

h

where Ij samples are averaged for the jt layer and J layers are summed

to provide an ESI estimate. The error is again given by




- A T,

Z[Z(~).—IJ]MhAh
j=1 i=1 7)

Since the errors are assumed to be statistically independent from sample

to sample, the expected square error is given by

2
J 4 5 Ao J [(_ 8
j=1 i=1 '; J-l '3
and the rms error, AER is given by
3 FE .05 !
sn, s ()7 —EEBL M.%h.%2 ah 1-7)
. | = SN SRR B |

If ﬁ% varies inversely with height, ﬁ}hj = constant = Moho and if (Em)R
and Ij = I are not dependent on h, the rms error would be given by

( ) Mh h
Ro o (1-8)

R = T
where JI is the number of samples. In general, ﬁs does not vary inversely

with height and the reduction in sampling error is not as great as ex-

AE

pressed by (1-8).
Intermediate between the random errors and bias errors are the

slowly varying errors. These errors are correlated at each height level
but may be uncorrelated from one height to the next. Errors which are
caused by uncertainties in setting radar parameters are correlated from
one height to another but vary from one mission to another. Errors
associated with the incorrect choice of crystal habit are correlated
over the depth of a layer with a particular habit but uncorrelated
between layers with different habits. The slowly varying error, there-

fore, is given by

AE = le [(Ep) ;)" M5 h; RA kzl
k#j (1-9)

En) 55 CEnd sk 515 kthkAh
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where pjk is the correlation coefficient between observations at levels
j, and k. This can be approximately reduced to the sum over independent
layers, typically 2 to 4, representative of each habit where the correla-

tion coefficient Pik is 1 within the layer and zero from layer to layer:

2 ﬁ52 hjz Ahz (1-10)

J*
8E = jzl(sm)sj
where J* is the number of independent layers (layers with different habit).

Referring to Table 1, the bias errors and the slowly varying errors
which are correlated from height to height are also errors in ESI. The
random errors may be reduced by summing over many samples, hence, do not
contribute to the error in estimating ESI. The slowly varying errors
which are uncorrelated from layer-to-layer (habit-to-habit) can be reduced
only if the mass concentration is inversely related to height otherwise,
the effect of the weighting by ﬁihj must be taken into account when
computing the error. Using the sample M(h) distribution given in Figure
1, the errors for ESI computed using the error estimates given in Table 1
are given in Table 3.

TABLE 3

ESI ESTIMATES*

Bias Slowly Varying Total

(dB) (dB) (dB) Percent
SAMS 1.0 1.8 2.1 -38, +62
MSV 0.2 2.4 2.4 -42, +74

*ESI value calculated for measurements at heights
above 3 km.

16
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2.5.5 Summary of Results

Error bounds were estimated for typical SAMS or*MSV missions. The
detailed uncertainty budget is summarized in Table 1. able 2 presents
the total error budget for mass concentration estimates at three differ-

ent heights and Table 3 presents the ESI uncertainty bounds for measure-

at heights above 3 km. Observations at a height® of 2 km are subject to
large possible uncertainties due to the presence of the melting layer
and have been excluded from the ESI uncertainty analysis. In the case
of the MSV observations, the inclusion of th? 2 km height value in the
ESI calculation would increase the slowly varying component of uncer-
tainty from 2.4 to 3.4 dB. A similar but smaller increase would occur
for the SAMS missions, from 1.8 to 2.2 dB.

The total uncertainties for mass concentration estimation at heights
above 3 km are of the order of 2 dB for the-SAMS and MSV missions being
slightly higher forAths latter. The uncertainties in ESI have a similar
magnitude. The ESI uncertainties are not smaller than the mass concen- | 4
tration uncertainties because of the correlations of the slowly varying v
uncertainties within a region with a“predetermined crystal habit and the

mass height weighting of each of these regions in the calculation of ESI.
The error budgets given in Table 1 reveal that the major source of

uncertainty in the estimatgon of mass éoncentration or ESI value arises

from the interpretation of the aircraft particle size measurements.

Although the use of the x factor in the analysis of aircraft data has

significantly reduced the uncertainties associated with distribution

measurements, crystal habit uncertainties and x/Z extrapolation from

aircraft observations to shot time remain as the dominant cause of uncer-

tainty. For the MSV missions and at a height of 6 km, radar data inter-

pretation contributes 16 percent and the aircraft data interpretation

contributes 78 percent of the total uncertainty budget. ‘ 'f
Problems still remain in the realm of data interpretation. Uncer-

tainties in the intefpretétion of the aircraft and radar data exist

because of the uncertainties associated with crystal orientation. These

problems were mentioned in passing but additional measurements and

analyses are required to better define their contributions to the total

error budget. The reported tendency for the wide arm precipitation probe
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to still undersize particles after the inclusion of recommended correc-

tions also requires additional experimental verification and analysis.
2.6 Task 6 - A Study of Thin Cirrus Over the Tropical Pacific

As part of the overall project, Burke, ct al (1978) have carried
out a theoretical study of the detectability of high altitude (>10 km)
thin cirrus clouds by various remote sensors over the tropical Pacific.
Defining the existence and probability of occurrence of thin ¢ ‘rus
clouds is important because of the requirement that there be a natural
transition from laminar to turbulent flow over reentering objects, which
normally occurs around 10 km. Microscopic roughening of the RV surface
caused by impact of isolated hydrometeors can be sufficient to trigger
transition and thereby to invalidate the experiment. According to one
estimate, there will be an intolerable risk of premature transition
above a 10 km height whenever particles larger than 80 microns occur in
concentrations of more than 1 m-3. A "severe-clear" case or the absence
of any detectable ice particles is therefore required above 10 km.

Because of the sparsity of direct measurements, it is difficult to
define the atmospheric environment in the vicinity of reentering vehicles
for the purpose of evaluating natural atmospheric effects on them. The
attempt of identifying cirrus clouds along reentry paths is further com-
plicated by the multiple of their possible crystal sizes, shapes, orien-
tations, numbers and densities. Consequently, a sensitivity study of
various remote sensing techniques for quantitative measurements of thin
cirrus clouds is required.

The advantage of using remote sensors is that they provide continu-
ous information on cirrus propertics in the vicinity of actual reentries.
Using in situ measurements in the reentry area, on the other hand, can
cause possible dangers from the reentering object. However, remote
sensors provide only certain quantities that are often difficult to
relate uniquely to standard atmospheric parameters. Assumptions have to
be made in order to retrieve all the cirrus cloud quantities: height,
thickness, ice water content, crystal size and concentrations, etc.
Theoretical estimates, based on optical properties of ice crystals and
radiative transfer computations, arc carried out to predict the minimum

detectable number density of ice crystals for various remote sensors.

19




The standard tropical atmosphere is used as ambient conditions to simu-

late Kwajalein atmosphere. The various remote sensors discussed in the

Burke, et al. report include (1) eyeball detection at surface, (2) eye-
ball detection from aircraft altitude, and (3) infrared (6.7 um wave-
length) sensor from space.

The conclusions of the study were as follows:

R s ot i e

e from theoretical computations it has been shown that thin

ik X

cirrus cloud detected from aircraft observations or infra-

red sensors on-board satellites can be invisible from the
ground;

e the required concentration of less than 1 m°3 of ice par- '

ticles greater than 80 ym is too low a threshold (by a fac-

e T

tor of 103) for virtually all the existing sensors; and '

e a probability study provided a statistical review of the ’
E severe clear cases; such severe clear cases are not estab-
3 lished from the threshold of 1 m > of particles greater ;
than 80 um but from observations of cirrus combined with

various meteorological criteria.
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