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Abstract

A method of determining the attenuation of radar signals due to precipitation was
developed, in order to make appropriate corrections to radar cross section measurements
based on radar reflectivity measurements. Previous work was reviewed, and used as a
basis for the proposed algorithm, the validity of which was tested using data from
experiments conducted at the Kiernan Reentry Measurements Site on the Kwajalein Atoll in
the Marshall Islands. Scanning procedures and timing issues were also addressed. The
relevant time scales were determined from an analysis of periodic weather scans made in
the South Pacific. These Plan Position Indicator scans were made at five minute intervals
at an elevation of 1.2° and out to a range of 120 km by NASA for their Tropical Rainfall
Measurement Mission. The algorithm was also applied to the problem of defining
meaningful criteria for aborting missions due to weather, and the results were presented in
a graphical format.
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1. Introduction

Various meteorological phenomena (clouds, rain, etc.) cause attenuation of radar
signals, thereby producing errors in precision radar cross section (RCS) measurements.
This problem has become increasingly acute as more precise, and higher frequency radars,
which are attenuated more strongly, are developed. Much work has been done to quantify
the attenuation due to atmospheric gases, clouds, and precipitation, and several expressions
for attenuation in terms of some measurable quantity, such as radar reflectivity or rainfall
rate, have been proposed. However, little has been done toward a practical application of

these relations.

This effort was undertaken in an attempt to formulate an algorithm which corrects
for the attenuation of RCS measurements due to weather, and which can be executed
directly from weather scans. Two specific wavelengths, 0.86 cm and 5.3 cm, were
considered in the development of the algorithm, for which experimental data was available
from the Kiernan Reentry Measurements Site (KREMS) located on the Kwajalein Atoll in
the Marshall Islands.

The associated issues of timing and scanning strategies have been addressed, since
some minimum number of weather scans must be made within a reasonable time of the
target track. In order to quantify this, typical time scales at the KREMS facility have been
established by an analysis of periodic weather scans of the area. These plan-position
indicator (PPI) scans were taken at five minute intervals at an elevation of 1.2°, and were
made by NASA in support of the Tropical Rainfall Measurement Mission (TRMM).
Factors affecting the actual application of the algorithm, such as identification of the
freezing level in clouds and inaccuracies in radar measurements of the weather, were also
discussed, as well as the possibility of establishing meaningful criteria for aborting RCS

measurement missions.



Chapter 2 outlines the motivation behind the project, including a description of the
KREMS facility, upon which this work has been focused. Chapter 3 details the relevant
analytic and empirical formulations which have previously been developed, and which
form the basis for the proposed algorithm. Experimental validation of the algorithm is
presente_d in Chapter 4, and implementation issues are addressed in Chapter 5. The results

of the project are summarized in Chapter 6.
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2. Background

There is a growing impetus for the use of higher frequency radars because of their
small size, and greater sensitivity. Radar systems are also becoming more accurate as
technology improves, and the requirement for more precise RCS measurements increases.
The accuracy of these measurements however, is affected by the presence of hydrometeors,

in the form of clouds or precipitation, in the path of the radar signal.

This problem has been equally troubling at the KREMS radar facility, which is
situated on the Kwajalein Atoll in the Marshall Islands at 9°N latitude and 167°E longitude.
Field tests there have often been aborted due to weather in the area, restricting the
usefulness and productivity of the facility. This project was undertaken in an attempt to
reduce the problem, with particular emphasis on the C- and Kj,-band radars at KREMS.
An outline of the facility and its radars is given below, followed by.a description of the
MOIST programs, which were developed in an endeavour to quantify the problem there.

2.1. The KREMS Radar Facility

The KREMS facility operates several radars, which may be used either for target
tracking, or for weather scans. The Target Resolution and Discrimination Experiment
(TRADEX) radar operates at L- and S-bands, and the ARPA (Advanced Research Projects
Agency) Long-Range Tracking and Instrumentation Radar (ALTAIR) operates at UHF and
VHF. The ARPA Lincoln C-band Observables Radar (ALCOR) operates at C-band, and
was later modified to include K3- and W-band, operation. The location of these radar

systems in the Kwajalein Atoll is shown in Figure 2.1.

This work has been centered on the. ALCOR C-band (5.7 GHz) and the Kj-band,
or millimeter wave (MMW 35 GHz), radar systems situated at the KREMS field site on

11



Roi-Namur (Figure 2.2), at the northeastern corner of the Kwajalein Atoll. Both radars are

capable of target-tracking and weather scans.

TRADEX L-BAND
ALTAIR UHF

m—

LLINAM
L-BAND/UHF

D )

'
\
QKWMLEIN

Figure 2.1 Location of the radar systems in the Kwajalein Atoll.

12



The facility originated out of a need for a better understanding of the physical
effects of the atmosphere upon reentry vehicles, based on both theoretical work and
experiments. The scope and objectives of their program has changed over the years
however, with primary interest shifting to the problem of object recognition. Various field
tests are executed at the facility utilizing reentry vehicles, calibration spheres, and satellites,

which are tracked by the various radars. Unfortunately, these tests are often contaminated,

or need to be postponed due to clouds or precipitation in the area.

2.2. The MOIST Programs

Previous efforts have been made at the KREMS facility to counteract the weather
attenuation problem. In particular, a series of programs called MOIST I and MOIST II
were developed in an attempt to quantify the severity of existing weather from range scan
measurements. However, these programs were not designed to make corrections to RCS
measurements. Radar scans of the weather measure the effective reflectivity factor, Z, (as
defined in section 3.2), and range scans in particular measure the Z, levels of successive

range cells at a particular azimuth and elevation, and out past the weather of interest.

There are two methods for recording range scans at the KREMS facility. Radar
measurements of the weather can be recorded digitally, or sent to a video recording system
where the Z, levels are represented by different colours, in range-height indicator (RHI) or
plan-position indicator (PPI) format. RHI scans display Z, levels of weather cells along a
particular azimuth, in terms of altitude versus ground range, and an example for ALCOR is
shown in Figure 2.2. On the other hand, PPI scans display the Z, levels of weather cells at
a particular elevation, and out to a particular range, and may encompass the full 360° range

of azimuth settings. A typical PPI scan for ALCOR is also shown in Figure 2.2.

13



Figure 2.2 Typical RHI scan (top) and PPI scan (bottom) made by ALCOR.
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Digitally recorded range scans are used by the MOIST I program to calculate the
moisture content (liquid water content), M, and a parameter called the Environmental
Severity Index, ESI, of the range cells. The liquid water content is calculated from the
measured Z, values using relationships of the formM =a (Ze)b, as shown in Table 2.1.
These relationships were developed for KREMS by the Air Force Geophysical Laboratory
(AFGL), from correlation runs performed at the Kwajalein Atoll during convective
precipitating weather conditions (which is typical of the type of rainfall in the region).

Altitude Range (km) Predominant Species M (gm m3)
20 to 10 Ice (Cirrus) 0.045 72450
10 t0 7.8 Small snow 0.043 Zz2°3
7.8 to 4.6 Large snow 0.025 Z 3%
46100 Rain 0.0055_Z>°%

SOURCE: Pearson (December 1985).

Table 2.1 M-Z, relations used in the MOIST programs.

The Environmental Severity Index, ESI in gm km?2 gm-3, is a function of the liquid

water content, M in gm m3, and is defined as

h;
ESI = [ (Mh)dh
h

1 : (2.1)
where h = altitude of target or range bin in km,

h; = top of cloud layer,
and h; = bottom of cloud layer.

15



This parameter was intended as an indication of weather severity, particularly for field tests
involving reentry vehicles. It is a weighted measure of the total moisture content in the
signal path, with the altitude weighting being used in recognition of greater \}elocities of
reentry vehicles at higher altitudes. An ESI <1 is considered "good weather", while an
ESI > 5 is considered "foul weather". Unfortunately, this particular measure of weather
severity was found to be sensitive to rapid changes in liquid water content, and difficult to

interpret physically.

As aresult, the MOIST II program was proposed, in which parameters with greater
physical significance are calculated. These parameters are the Vertical Moisture Pressure,

VMP in gm m-2, and the Trajectory Moisture Pressure, TMP in gm m-2, and are defined as

h,
VMP = [ Mdh (2.2)
h
. §2
and T™MP = I Mds 2.3)
51
where s = range of target or range bin in km,
s, = range to top of cloud layer,
and s; = range to bottom of cloud layer.

The VMP is a measure of the total moisture mass in a 1 m? column above the
vehicle altitude, and the TMP is a measuré of the total moisture mass through which the
vehicle has traversed. It should be notzdl that these parameters have their intended meaning
only if they are calculated during a target track, while the ESI has some significance for
range scans as well as target tracks. It is unclear whether the MOIST II parameters were
ever intended to be used in range scan measurements, but when used in such scans they

measure the moisture pressure in the path of the radar signal instead. Unfortunately, these

16



parameters only quantified the effects of hydrometeor impingement on reentry vehicles, and
the problem of attenuated RCS measurements was not addressed, which is instead the

purpose of this work.
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3. Proposed Correction Algorithm

The proposed algorithm was developed to make corrections to RCS measurements
of targets being tracked by radar, and these corrections are based on radar-measured
intensity levels of weather between the radar and the target. Weather intensity is usually
measured in terms of a parameter known as the reflectivity factor, Z , which is typically
given in units of dBZ (Z being measured in mm6 m-3), as defined in section 3.2.
Electromagnetic waves travelling through the air are also attenuated by atmospheric gases
(as described in Appendix A), but this can be readily accounted for during the calibration of

any radar system.

This project also does not attempt to deal with frozen forms of precipitation, such as
snow or hail, which are not present in the vicinity of the KREMS facility. However even
in the south Pacific, clouds may contain ice or small snow particles at high altitudes, as
well as water droplets. Fortunately, for centimeter and millimeter waves like ALCOR and
MMW, the attenuation due to ice clouds is significantly less than that due to water clouds,
as can be seen from the calculations made by Gunn and East (1954), for attenuation values
of ice and water clouds, listed in Appendix B. Therefore, attenuation due to ice particles in

clouds will be neglected in the calculations.

The algorithm calculates the total two-way attenuation along the path of a radar
signal from the intensity levels of the weather cells in that path, as outlined in Figure 3.1.
Two possible relations to convert the intensity level of each weather cell to an equivalent
rainfall rate (R in mm hr1) were employed. One was an empirical relation, and the other
Z-R relation was an analytic expression, but based on empirical observations of droplet-
size distributions for stratiform rain. Once the rainfall rates for the weather cells have been
calculated, their two-way attenuation rates (k» in dB km-!) could be determined, for which

two possible k-R relations were also used. Finally, the attenuation rates were multiplied by

18



the cell depths to get the two-way attenuation values for the cells, and then summed to get
the total two-way attenuation along the path of the radar signal. It was found to be
necessary to include the temperature of the hydrometeors and the location of the freezing

level, in order to accurately calculate the attenuation rates.

REFLECTIVITY
(dB2)
Z-R Relation
Droplet-Size | RAINFALL RATE
Distribution R (mm/hr)
Temperature and k-R Relation

Freezing Level

ATTENUATION RATE
K (dB/km)

Cell Depths Z

TOTAL ATTENUATION
(dB)

Figure 3.1 Structure of the attenuation algorithm.

The various components of this algorithm are presented in further detail in the
following sections, beginning with a description of attenuation of electromagnetic waves by
hydrometeors. This is followed by an outline of the radar equation and its relationship to
the reflectivity factor. Then, the two Z-R relations used in the algorithm are presented, as

are the two possible k-R relations.
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3.1. Scattering and Attenuation

An electromagnetic wave incident on a water or ice particle sets up oscillating
magnetic and electric dipoles within the droplet, which removes energy from the incident
field. Some of this energy is re-radiated (scattered) at the incident frequency, while the rest
is absorbed as heat. The total effect is an attenuation of the incident wave, which, in this
paper, is assumed to be planar. The amount of attenuation depends on the size of the

hydrometeor, as well as its shape.

Some work has been done to quantify the attenuation due to non-spherical particles,
and Battan (1973) found that randomly oriented oblate and prolate spheroids caused greater
attenuation, of plane polarized electromagnetic radiation, than spheres of the same volume.
However, the increase in attenuation became significant only for large deviations from the
spherical shape (axis ratios greater than about 1: 2). For most water droplets in clouds and
rain, the surface tension of the drop is strong enough to maintain an essentially spherical
shape. Large raindrops do tend to be oblate, but the number of these large drops is a small
fraction of the number of small, spherical drops. Therefore, the assumption will be made
that all of the drops are spherical, since this would be quite adequate for a calculation of the

total attenuation caused by these drops.

A theory for the scattering of plane waves by spherical particles was first developed
by Mie (1908). This theory developed analytical expressions for various attenuation cross-
sections. The scattering cross-section, Q, is defined as that area which, when multiplied
by the incident intensity, gives the power scattered by the particle, and the absorption

cross-section, Q,, is defined as that area which, when multiplied by the incident intensity,

gives the power absorbed by the particle. The total attenuation cross-section, Q, is the
sum of Qg and Q, , and is defined as the area which, when multiplied by the incident

20



intensity, gives the total power removed from the incident electromagnetic wave. For a

spherical particle, these cross-sections can be expressed as follows.

Q=23 @ue)faf +lon)
T n=1

(3.1

and Q= Q-Q (3.2)
, -

with Q = A (Re)3, 20+ 1)(an + bn) (3.3)
n=1

where A = wavelength of incident wave,
a, = coefficient of nth magnetic mode,

and b, = coefficient of nth electric mode.

The coefficients a, and by, are made up of nth order Spherical Bessel functions, whose

arguments are the complex index of refraction for the particle, and the dimensionless

variable o, which is defined as

D
o " (34

where D = the diameter of the sphere.

For small hydrometeors, whose diameters are small compared with the wavelength,
o « 1, and terms of higher order than the sixth power of o may be neglected from the Mie

equations. The resulting expressions are known as the Rayleigh approximations for the

scattering and absorption cross-sections.

_ 2% oS KPR 5
Q=7 ©3-3)
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and Q = (3.6)

where K = :1122 ;; GB.7

m being the complex index of refraction for water. Note that for o « 1, Qg « Qj, so that the

total attenuation cross-section may be approximated by the absorption cross-section alone,

Q; = Q. However, for larger particles both Qg and Q, must be calculated.

The amount of attenuation due to a collection of hydrometeors can be calculated
from their total attenuation cross-sections, by summing over all the particles in the path of

the electromagnetic wave. The one-way attenuation rate, k, in units of dB km-! is given by

k=04343) Q (3.8)

vol

where Q; is measured in units of square centimeters and the summation is made over 1 m3.

3.2. The Radar Equation, Reflectivity, and Reflectivity Factor

The average power of a radar signal, reflected off a group of hydrometeors, and
received by the radar, Py, is given by

P, = Rl y g (3.9)

where P; = transmitted power,
A, = equivalent antenna aperture,
h = length of pulse in space,

r = range of hydrometeors,

22



and Z O = the total back-scatter cross-section of the hydrometeors in a unit volume,
vol
also known as "the reflectivity".

The back-scatter cross-section, G, is defined as that area which, when multiplied by
the incident intensity, gives the total power radiated by an isotropic source which would
radiate the same power in the backward direction as the scatterer. The Mie expression for

the back-scatter cross-section of a spherical particle is
2 o0
C = 4% 2 (1P (20 +1)(aq - bn)r (3.10)
n=1

and for a « 1, the Rayleigh approximation is

o< 7\.20(6|K|2 ) 75 [KP D6
r )‘4

@3.11)

When the Rayleigh approximation is valid, the received power can be used to

measure the reflectivity factor, Z in mmé m3, of the particle which is defined as

AN (3.12)

vol

This may be done by using the above definition of Z together with equations (3.9) and

(3.11), resulting in the relation

P, = 5;““’—"—"1—”3 Z (.13)
82\

When Rayleigh scattering does not apply, equation (3.13) can no longer be used to
calculate Z, but instead determines the 'effective radar reflectivity factor', Z,, which can be

defined by the equation
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4
Z. = —LuleF gio (3.14)

For a collection of particles throughout a volume, such as in a cloud or a region of
rainfall, the particle-size distribution must be known in order to calculate either the
reflectivity or the reflectivity factor. If the particle-size distribution is expressed in terms of
N, the number of drops of diameter D per unit volume over a discrete interval of diameters
AD, then the reflectivity is

Y. 6 = Y N;c;AD; (3.15)

vol i
and similarly, the reflectivity factor is

Z = Z N; Di6 AD;
i (3.16)

3.3. Droplet-Size Distributions

In order to develop an analytic expression for the reflectivity factor, Z, as a function
of rainfall rate, R, it is necessary to assume some distribution of droplet sizes. One of the
Z-R relations used in the algorithm was analytic in nature, and based on an expression for
the droplet-size distribution in stratiform rain, proposed by Marshall and Palmer (1948).
This expression was also used in the development of both the k-R relations used in the
algorithm, and it was expressed in terms of Np, the number of drops of diameter D per unit

volume, in units of cm4, as a function of D in cm, A in c¢cm-1 and N, in cm4, as follows.

No = Noe-AD (3.17)

with N, = 0.08 and A = 41 R021 and where R is the rainfall rate in mm hr-!. This

expression was derived as a fit to droplet-size distribution observations made in Ottawa
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(see Figure 3.2), and similar data from Laws and Parson (1943) for rain over Washington,

DC. It is widely accepted as being valid for most occurrences of stratiform rain.

D(mm)

Figure 3.2 Distribution function (solid straight lines) compared with results of
Laws and Parsons (broken lines) and Ottawa observations (dotted lines).
From Marshall and Palmer (1948).

Wexler and Atlas (1963) later modified the Marshall-Palmer (M-P) expression of
equation (3.17), in order to achieve a better fit to the data at small drop sizes. This was

accomplished by using:

‘41 R?2!  for D>1mm
atR =1 mmhrl N, = 0.01 cm4 and A=

‘20 for D<1mm

, ’41 R%2!  for D>1.5mm
atR =5 mmhr! N, = 0.01 cm*4 and A=

15 for D<1.5mm
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3.4. The Z-R Relations

As mentioned earlier, two different relations for converting reflectivity factor, Z, to
rainfall rate, R, were tested for use in the algorithm. The first was developed by Wexler
and Atlas (1963) using the modified M-P droplet-size distribution, and the Mie scattering
cross-sections calculated by Herman et al (1961) for wavelengths of 0.62, 0.86, 1.24,
1.87, 3.21, 4.67, 5.5 and 10.0 cm at 0°C. Equation (3.15) was expanded to the form

Yo = No’; Y siaferDi Ao (3.18)
vol 4n°

where S; was defined as the ratio of the back-scatter to the geometric cross-section, or the
normalized back-scatter cross-section, of the particle. This, together with equation (3.14),
produced a relation between rainfall rate and effective reflectivity factor. In other words, a

Z.-R relation (for Mie scattering) as follows.

Z = N7;<|22 Sio? ex p( -41hoy R'°2‘) Ac; (3.19)

The normalized cross-sections calculated by Herman et al (1961) were presented in

terms of oy, with Aa; = 0.1 for wavelengths from 0.62 cm to 1.87 cm, and Aq; = 0.02 for

3.2cmto 10 cm.

Wexler and Atlas tabulated these Z,-R relations, together with similar relations for
distributions proposed by Mueller and Jones (1960), and for the results of Gunn and East
(1954) (with Haddock's calculations and the Laws and Parsons drop-size distributions).
These are shown in Table 3.1 below. The modified M-P distributions were not included in
the table, but were said to "...have a coefficient about 30 per cent higher than the straight

M-P distribution with the same exponent of R."
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Wavelength | R interval Z (mmé m-3) at 0°C
(cm) (mm hr-1) M-P Gunn & East* | Mueller-Jones |
0.62 0-5 240 R!1-10 450 R
5-20 345 R0-90
20 - 100 540 RO-75
0.86 0-5 350 R!-32 950 R
5-20 450 R!-15
20 - 100 780 RO-95
1.24 0-5 356 R!-50 1280 R
5-20 460 R!-35
20 - 100 820 R!:15
1.87 0-20 330 R!-54 1150R
20 - 50 500 R140
50 - 100 750 R!-30
3.21 275 R155 310 R1-56 890 R
4.67 280 R!45 860 R
5.5 280 R!45 860 R
5.7 210 R1.60
10.0 295 R1-45 210 R1-:60 810R
* Values calculated at 18°C.

SOURCE: Wexler and Atlas (1963).

Table 3.1 Wexler and Atlas (1963) Z-R relations corrected for Mie scattering.

For MMW (A = 0.86 cm), the straight M-P relation was taken directly from the

M-P cdlumn of Table 3.1, while the corresponding value for ALCOR (A = 5.3 cm) was

derived by interpolation. The coefficients of the straight M-P relations were then increased
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by 30% to get the Z-R relations based on the modified M-P distributions, and the resulting
expressions, for ALCOR and MMW respectively, were

Z = 364 R14 (3.20)

’ 455R!32  for 0 <R <S5 mm hr! (3.21a)

and Z = {585RI5  for 5<R <20 mm hr! (3.21b)
\1014 R%%  for 20 <R < 100 mm hr! (3.21c)

These relations were then inverted to express R as a function of Z, for both ALCOR and

MMW respectively, as follows.
R = 0.0171 2069 (3.22)
0.00969 70758  for Z < 35.8 dBZ (3.23a)
and R = {0.00392 Z0870 for 35.8<Z<42.5dBZ (3.23b)
6.85x104 Z!'05  for Z>42.5dBZ (3.23¢)

The second Z-R relation tried in the algorithm was an expression based directly on
empirical data, which was suggested by Blanchard (1953) for non-orographic rain over

Hawaii, and which is expressed as follows.
Z = 290 R4 (3.24)
which implies R = 0.0179 20709 (3.25)

There have actually been a great number of empirical Z-R relations presented over
the years. In fact, Battan (1973) lists 69 different relations for various types of rainfall at

many locations throughout the world. However, Blanchard's relation was chosen because
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it was most appropriate for the KREMS facility in the South Pacific, where most of the

rainfall of concern is convective in nature.

3.5. The k-R Relations

In order to derive the one-way attenuation rate, k in dB km-!, from the rainfall rate,
R, two possible sets of k-R relations were evaluated. One was developed by Waldteufel
(1973) for the M-P drop-size distribution at 18°C, while the other was developed by
Wexler and Atlas (1963) for their modified M-P drop-size distributions at 0°C. Both sets
of relations were calculated from the full Mie scattering cross-sections, and are given in

detail in the following sections.

3.5.1. The Waldteufel k-R Relations

The Waldteufel k-R relations for ALCOR and MMW were derived by estimating a
straight-line best fit to his plots of attenuation rate versus rainfall rate shown in Figure 3.3.
This was done at 5.7 GHz and 35 GHz for ALCOR and MMW respectively. The resulting
two-way attenuation rate, k, in dB km-!, for ALCOR and MMW at 18°C was

4.00x103 R!9!  for 0 <R <2 mm hr! (3.26a)

ka = {3.62x103 RS for 2 <R <10 mm hr! (3.26b)

2.46x103R!32  for 10 <R <200 mm hr! (3.26¢)

0.460 R1®  for 0 <R <5 mm hr! (3.27a)

and ka = {0.566 R%%  for 5 <R <20 mm hr! (3.27b)
0.660 R%7  for 20 <R <200 mm hr! (3.27¢c)

respectively, for k,, and k,y in dB km-! and R in mm hr!,
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’< dB km®

Figure 3.3 Attenuation rate k as a function of R for different values of frequency, for
the Marshall-Palmer distribution. T = 18°C. From Waldteufel (1973).

Waldteufel also investigated the effects of temperature on attenuation rate, tabulating
his results for several frequencies and for three values of rainfall rate. This table is shown
in Appendix C. Resulting plots of one-way attenuation rate versus rainfall rate for 5 GHz

and 30 GHz are shown in Figure 3.4.
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Figure 3.4 Effects of temperature on Kk, the one-way attenuation rate, at 5§ GHz and
30 GHz for three rainfall rates, as calculated by Waldteufel (1973).

For frequencies above about 35 GHz the attenuation rate was found to be relatively
independent of temperature in the range of 0 to 40°C, varying by no more than 5%.
Lhermitte (1990a) obtained similar results for frequencies of 35 GHz and higher. Also,
between approximately 18 GHz and 35 GHz, Waldteufel's values were within 10% over

the range of temperatures, except at very low rain rates. Hence, the attenuation rate for
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MMW was assumed to be independent of temperature, so that equations (3.27) were
sufficiently general. For frequencies below about 18 GHz however, as is the case for
ALCOR, there was considerable variation in the attenuation rate with temperature. This is
not surprising, since at such low frequencies most raindrops are within the Rayleigh
scattering range, where the attenuation is proportional to the Im(-K), which varies with

temperature.

Consequently, for ALCOR the variation of attenuation rate with temperature can be
determined directly from the Im(-K) values at that wavelength (5.3 cm). These Im(-K)
values were derived, for various temperatures, from calculations by Waldteufel (1973), and
the expression for the complex index of refraction developed by Lane and Saxton (1952).
Details of the derivation are given in Appendix D. These values were plotted versus

temperature, and a quadratic curve fit to the data was done (see Figure 3.5).

The curve fit resulted in the following expression for Im(-K) as a function of

temperature, T, in °C:
Im(-K) = 2.03x102 - 6.26x10*T + 8.46x10° T2 (3.28)

Then since the two-way attenuation rate at 18°C was known, the coefficients of the Im(-K)
function were multiplied accordingly to produce the temperature-dependent function for the

two-way attenuation rate for ALCOR, k,, in dB km-l.

(6.89x1073 - 2.12x10*T + 2.87x10°T2)R!0! for 0OSR<2mmhr!  (3.292)
ko = {(6.24x1073 - 1.92x104T + 2.60x106T2)RI'15 for 2<R<10mmhr! (3.29b)
(4.24x10°3 - 1.31x104T + 1.76x10°T2) R132  for 10 <R < 200 mm hr! (3.29¢)
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Figure 3.5 Quadratic curve fit to Im(-K) values, and attenuation values
(for R = 1 mm hr!), for a wavelength of 5.3 cm, and for various
temperatures.

3.5.2. The Wexler and Atlas k-R Relations

Wexler and Atlas also developed expressions of attenuation rate per unit rainfall rate
versus rainfall rate, based on the data in Herman et al (1961). This was done for both the
straight and modified M-P droplet-size distributions, as well as the Mueller-Jones (1960)
distributions. These expressions, as well as those developed by Gunn and East (1954), are
shown in Table 3.3.

The Wexler and Atlas values for the attenuation rates were taken from the modified
M-P values. For ALCOR, the two-way attenuation rate at 0°C was found (by interpolation)
to be

kaa = 0.0072R (3.30)

while the value for MMW was
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kov = 0.62R (3.31)

for k,4 and k,y in dB km! and R in mm hr-!. The coefficients of the Im(-K) function of
equation (3.28) were then factored once again to produce the following expression for the

two-way attenuation rate for ALCOR as a function of temperature.

ka = (0.0072 - 22x104 T + 3.0x10° T?)R (3.32)
Wavelength Modified Gunn and
(cm) M-P M-P Mueller-Jones East*
0.62 0.50 - 0.37 0.52 0.66
0.86 0.27 0.31 0.39
1.24 0.117 RO-07 0.13 RO.07 0.18 0.12 RO.05
1.8 0.045 RO-11
1.87 0.045 RO-10 0.050 RO-10 0.065
3.21 0.011 RO.15 0.013 RO-15 0.018 0.0074 RO:31
4.67 0.007 - 0.005 0.0053 0.0058
5.5 0.004 - 0.003 0.0031 0.0033
5.7 0.0022 RO-17
10 {0.0009 - 0.0007 0.00082 0.00092 0.0003
* Values calculated at 18°C.

SOURCE: Wexler and Atlas (1963).

Table 3.3 Attenuation k/R (dB km''/mm hrl) at 0°C calculated by Wexler and Atlas
(1963) for several drop-size distributions.
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3.5.3. The Temperature Model

The temperature of each range cell was estimated, based on its altitude, using the
Kwajalein Reference Atmospheres (1979), which lists standardized annual and monthly
tables of temperature versus altitude for the Kwajalein Atoll. There was very little
difference between the listings for those months in which experiments #1 and #2 were run,
and the annual listing. Therefore, the annual reference atmosphere was used to determine
the range cell temperatures for both experiment #1 and #2. These temperature values were
plotted on a graph versus altitude, and a quadratic curve fit was done to produce an analytic
expression for the temperature as a function of altitude. The resulting expression for the

temperature, T in °C, as a function of the altitude, h in km, was

T = 292 - 5.19h - 0.104 h? (3.33)

3.6. The Attenuation Algorithm

The previous sections demonstrated the development of the relations used in the
various steps of the proposed weather attenuation algorithm. The steps of the resulting
algorithm are outlined in Figure 3.6. This diagram displays the choice of the Blanchard, or
the Wexler and Atlas Z-R relations, for converting the effective reflectivity factor levels of

weather cells to equivalent rainfall rates.

Also shown is the choice of the Wexler and Atlas, or the Waldteufel k-R relations,
for deriving the attenuation rates from the equivalent rainfall rates. The use of the M-P
droplet-size distribution in the Waldteufel k-R relations, and the modified M-P droplet-size
distribution in the Wexler and Atlas k-R, and Z-R, relations is also indicated, as is the final

summation of the attenuation values for the range cells.
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Figure 3.6 Structure of the proposed attenuation algorithm, with the optional Z-R

and k-R relations.
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4. Experimental Validation

As was mentioned in Chapter 2, there were two experiments carried out at the
KREMS facility, which produced data suitable for use in initial evaluations of the proposed
algorithm. Experiment #1 involved a satellite track made by ALCOR, while experiment #2
entailed the tracking of a calibration sphere by both ALCOR and MMW, for the HARP
(High-Altitude Reconnaissance Platform) program. The details of these experiments, and

analysis of their data, are described in the following sections.

4.1. Experimental Data

Experiment #1 was run on August 3rd. 1989, when a spherical satellite (LCS-4)
was tracked from rising (at about 21° azimuth) to setting (at about 334° azimuth), by the
ALCOR system at KREMS. At setting, the RCS of the satellite was observed to drop by
approximately 3 dB due to weather of up to 35 dBZ in the area. Several PPI and RHI
scans were taken by ALCOR along the satellite's trajectory, including an RHI scan at 333°
azimuth and out to a range past the weather of interest, as shown in Figure 4.1. However,
due to other commitments of the radar, no digitally recorded scans of the weather were
made.

Experiment #2 was run on October 18th. 1988, when a 12 inch calibration sphere
was dropped from an aircraft, and tracked by both ALCOR and MMW. The attenuation of
the ALCOR signal was insignificant, but it was considerable for MMW, because the higher
frequencies are more strongly attenuated. As a result, the data could be used to test only
the algorithm for MMW. The sphere was initially picked up by the MMW radar at an
elevation of 18.9° and an altitude of 12.6 km, and tracked as it fell, up to an elevation of
0.1°. It was initially 37.7 km from the radar, and its range decreased by only 1 km for the

entire run. The azimuth was approximately 17° for the duration of the track.
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Figure 4.1 RHI scans for experiment #1 (top), used for the ALCOR algorithm,
and experiment #2 (bottom), used for the MMW algorithm.
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The attenuation of the MMW signal was initially about 3 dB, increasing to roughly
8 dB for elevations below 15°, and then 15 dB for elevations below 2.4° as the sphere fell
behind increasing regions of precipitation. A RHI scan of the weather (shown in Figure
4.1), was taken by ALCOR 11 minutes prior to the sphere drop, at an azimuth of 15°, and
out to a range of over 56 km, and showed precipitation levels in excess of 40 dBZ.

Unfortunately, no digital recordings were available for this experiment.

4.2. Analysis of Data

The RHI scans of the weather (in Figure 4.1) were recorded by ALCOR for
experiments #1 and #2, and used to test the performance of the proposed algorithm for
ALCOR and MMW respectively. For experiment #1, the attenuation along the 0.6°
elevation path was calculated from the relevant effective reflectivity factor values éhown on
the RHI scan, and then compared to the 3 dB value observed at setting (since this was the
only occurrence of significant weather attenuation during the run). For experiment #2
however, the attenuation values along several different elevation paths were calculated.
This was done for elevation angles of 1.8°, 2.4°, 5°, 7°, 10°, 11°, 12°, 13°, 15°, 16°, 17°,
and 18.5°, and the results were plotted, together with the observed values, as a function of

elevation angle.

In the analysis of the RHI scans shown in Figure 4.1, earth curvature effects were
neglected for experiment #2, and the constant elevation paths were approximated by
straight lines. For experiment #1 however, altitude values for the 0.6° elevation path were
calculated every 32 km (see Appendix E) out to the full 224 km range of the RHI scan, and

the path was approximated by a series of straight lines between these altitude points.

The depth of each range cell was measured, and then tabulated alongside the

corresponding value for the effective reflectivity factor (hereafter referred to as the

39



reflectivity). The various reflectivity levels were indicated by different colours on the RHI
scans, with contrasting colours representing adjacent levels (see Figure 4.1). These
colours, and their values, were portrayed to the right of each scan, beginning at a 55 dBZ
level, and increasing by 5 dBZ increments to 125 dBZ. The levels were marked by only
the last two digits, so that values of 100 dBZ and above were wrapped around below the
55 dBZ mark.

For experiment #1, the displayed reflectivity levels were biased by 79.1 dBZ, so
that this value had to be subtracted from the levels portrayed on the scan, in order to
determine their actual values. These values were themselves corrected for attenuation due
to the preceding range cells along the signal path, as explained in section 5.3.1. This was
done only for experiment #1, since both the reflectivity levels and the RCS measurements
were made by ALCOR, so that the attenuation of both sets of measurements were

comparable.

For experiment #2, the attenuation of the reflectivity levels measured by ALCOR
was a small fraction of the attenuation of the RCS measurements made by MMW. Asa
result, the indicated reflectivity levels were used directly, after being corrected for their
78.3 dBZ bias. For this experiment, a "bright-band" (as described in section 5.3.2) was
identified in the RHI scan, so that only those reflectivity values lying below the altitude of
the bright-band were used in the algorithm.

4.3. Measurement Accuracy

There were several aspects of the weather data measurement process, which
impacted on the accuracy of the attenuation calculations, for both experiment #1 and #2.
The RHI scans used for these experiments were not made along the exact azimuth of

interest, falling short by 1° for experiment #1, and by 2° for experiment #2. The impact of
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these deviations is minor for short ranges, but is quite significant at longer distances. For

instance, a 1° shift in azimuth at 60 km corresponds to a deviation of over 1 km.

The RHI scans also were not made immediately following the RCS measurements.
For experiment #2 there was an 11 minute time lag between the scan and the start of the
target track, while for experiment #1 the scan was made approximately 30 minutes after the

target track. The effects of these time lags will be examined later in section 5.2.

Another source of error in the calculations, is the fact that the reflectivity levels were
measured by hand from the RHI scans. This required estimates of the depths of the range
cells to a fraction of a millimeter, and for range cells of very high levels of reflectivity, a
difference of as little as 0.2 mm would significantly affect the value of the total attenuation.
Also, the straight-line estimates of the constant elevation signal paths would have caused
some error in determining the reflectivity levels and the depths of the individual range cells.
In addition, it was often difficult to differentiate between shades of the same colour in the
RHI scans, and the wrong identification could result in a discrepancy of as much as 25 dB

in the reflectivity value.

With the exception of the time lag problem, these sources of error can be reduced or
eliminated by the use of digitally recorded weather scans, instead of the RHI or PPI scans,
and more accurately directed range scans. The time lag problem is not so easily solved,
and will be addressed in section 5.2. Also, the reflectivity measurements of the range cells
are themselves attenuated by the presence of hydrometeors in the preceding range cells, and
should not be forgotten, although this is a second order effect. However, the need to
include corrections to the reflectivity measurements in the implementation of the algorithm,

depends upon the level of accuracy required for the calculated attenuation.
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4.4. Results

The experimental data was used to test which of the two Z-R relations, and which
of the two k-R relations was most suitable, as well as the overall performance of the
algorithm. The results of these tests are presgnted in the sections below, followed by a

discussion of the results of including temperature variation into account for ALCOR.

4.4.1. Z-R Comparison

Plots were made of the calculated attenuation values using the Waldteufel k-R
relations and the two Z-R relations, as shown in Figure 4.2 below. For both ALCOR and
MMW, the Blanchard Z-R relation produced consistently higher attenuation values than
those calculated using the Wexler and Atlas relations. In fact, there was a 44% difference
in attenuation values for ALCOR, and a difference of about 11% for MMW. In both cases,
the Wexler and Atlas Z-R relations gave results which were slightly closer to the observed

values, and will be used in the further analysis.

4.4.2. k-R Comparison

Attenuation values were calculated for the two k-R relations, using the Wexler and
Atlas Z-R relations. The results differed by 22% for ALCOR, and by 22 to 26% for
MMW, as shown below in Figure 4.3. The Waldteufel k-R relations gave attenuation
values which were in excellent agreement with the observed values for MMW, and similar
results were obtained for ALCOR. For MMW the results were often within 1 dB of the
observed values, and within 0.5 dB of the observed value for ALCOR.
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Figure 4.2 Comparison of the Blanchard Z-R relation and the Wexler and Atlas
Z-R relations, using the Waldteufel k-R relations and the data from
experiment #1 for ALCOR (upper plot), and from experiment #2 for
MMW (lower plot).
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Waldteufel k-R relations
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Figure 4.3 Comparison of the Waldteufel k-R relations and the Wexler and
Atlas k-R relations, using the Wexler and Atlas Z-R relations and
the data from experiment #1 for ALCOR (upper plot), and from
experiment #2 for MMW (lower plot).

4.4.3. Temperature Variation Effects

In the prior runs, temperature effects were included in the analysis. In order to
illustrate the importance of including temperature variation in the attenuation calculations,

the results for ALCOR with a constant temperature assumption, and with the temperature



variation included, are shown in Figure 4.4. There was a significant difference in the total

two-way attenuation values calculated using the two methods. In fact, the final attenuation

level calculated using the variable temperature relationships was 23% greater than that for

the constant temperature expression, and it was also closer to the observed value of 3 dB.
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Figure 4.4 Effects of temperature variation on attenuation values for ALCOR
(for data from experiment #1), using the Wexler and Atlas Z-R
relations, and the Waldteufel k-R relations.

4.5. Conclusions

The results of applying the algorithm to these two data sets, indicate that it works
well for MMW, as well as for ALCOR when temperature variation is included. The more
analytic Wexler and Atlas Z-R relations gave slightly better results than the purely empirical
Blanchard Z-R relation, while the Waldteufel k-R relations produced significantly better

results than the Wexler and Atlas k-R relations.
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However, due to the various sources of error in the measurement of the reflectivity

levels, and the limited data available for validation, as well as in the assumptions made in

the formulation the algorithm itself, these differences are not decisive. Therefore, either of

the two Z-R relations, and either of the two k-R relations, could be used to produce

adequate measures of the attenuation due to clouds or rainfall. Nevertheless, it is the

opinion of the author that the Wexler and Atlas Z-R relations, combined with the

Waldteufel k-R relations, would be best for use in the algorithm, and the steps of this

recommended algorithm are outlined in Figure 4.5 below.

REFLECTIVITY
(dBZ)
Wexler & Atlas
Z-R Relation
Modified Marshall-Palmer RAINFALL RATE Marshall-Palmer
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Figure 4.5 Structure of the recommended attenuation algorithm
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5. Implementation Issues

The implementation of an algorithm such as this is difficult, due to the problem of
obtaining timely weather scan data to calculate the attenuation. Ideally, the weather scans
should be made along the identical signal paths, while the target is being tracked.

However, this is not usually feasible for a single radar, and even if a different radar were to
be used for the range scans, it would not be able to make many scans while the target was
being tracked, because of the high speed at which the target would be falling, and the

resulting high slew rate of the antenna.

Implementation issues are addressed in the following sections, beginning with
desirable scanning procedures. This is followed by a determination of the time scales
during which meaningful measurements may be made, and an examination of application
issues. Finally, the possibility of applying the algorithm to the problem of establishing

meaningful criteria for mission aborts is investigated.

5.1. Scanning Procedures

For maximum accuracy, the range scans of the weather should be recorded in
digital form, as is done for the MOIST programs mentioned in Chapter 2. RHI scans may
be used, but these require that the reflectivity values and signal paths be evaluated by hand,
which diminishes accuracy significantly.

Range scans along the target azimuth and elevation should be made immediately
prior to, or immediately after, a target track. Taking the range scan after the track would be
preferable, since the target's exact trajectory would then be known. Also, once the target
track has been made, any region of sudden or.large changes in the RCS value can be

identified to ensure that such regions are not over-looked.
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The range scans should be made in the direction of selected points along the target's
trajectory, beginning at the lowest elevations where weather is most likely to be a problem,
and moving upward. As many points as possible should be selected, with emphasis on
regions of sudden or large changes in RCS values. The scans need not be made further out
than the range of the target trajectory, unless there is a large time lag between the RCS
measurements and the range scans, during which the weather cells have moved further

away from the radar.

Weather cells do move (advect), as well as change in structure and intensity, over
time, causing large errors in attenuation estimates if the reccommended weather scans are
made at some time considerably after the RCS measurements. The following section
investigates the time scales over which cell movement, and changes in cell composition, are
likely to affect the application of the algorithm. Methods are recommended for dealing with
this problem.

5.2. Relevant Time Scales

In order to determine reasonable time frames during which range scans remain
useful, periodic PPI scans of weather over Kwajalein were analyzed. These scans were
made every five minutes at an elevation of 1.2°, and out to a range of 120 km, as part of the
ground truth data collected for the NASA Tropical Rainfall Measurement Mission
(TRMM). The scans for six days, spanning the months of January to April 1990, were
obtained from NASA for analysis. These days were chosen for seasonal variety, as well as
the occurrence of high amounts of rainfall. The presentation and analysis of the data are
outlined in the sections below, followed by an overview of the measurement errors, and

results of the analysis.
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5.2.1. NASA TRMM Historical Reflectivity Data

The PPI scans obtained from NASA were recorded as computer text files, with the
different reflectivity levels being represented by ASCII characters, so that they could be

printed out for inspection. A printout of typical PPI scan is shown below in Figure 5.1.

KWAJALEIN ATOLL YEAR= 88 OAY= 25 TIME=11:40 MNOISE=120 Reflectivity at the bsse scan
IMAX= 68 AZ= 329 R= 19
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Figure 5.1 Presentation of a typical PPI scan from the NASA TRMM data.
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The scans were made by a WSR-74 S-band weather radar located on Kwajalein
island, which is situated on the southernmost tip of the Atoll. The radar is indicated on the
PPI scans by the plus (+) character, as shown in Figure 5.1. The 20 km and 120 km range
circles are marked by the asterisk (*) character, and the Kwajalein Atoll is outlined by dots.
The date and time of each scan are also listed above the map, followed by an indication of
the noise level, and the position and value of the maximum reflectivity level. However, the
maximum reflectivity is often a result of sea-level clutter, such as ships, as in the case of

the scan shown in Figure 5.1.

The radar reflectivity levels of the weather are represented consecutively by the
numbers from 1 to 9, followed by 0, and then by the letters from A to Z. The reflectivity
levels begin at 3 dBZ, and then increase in 2 dB steps for each successive character. The
area covered by each character corresponds to a rectangle of approximately 0.9 km from
cast to west, and 1.2 km from north to south. The individual cells were rectangular instead
of square, because of the typical height to width ratio of the characters used. This cartesian
representation of the weather was derived from a transformation of the original polar
coordinates, producing discretization errors in the reflectivity levels. This transformation

also causes a loss in resolution for measurements made close in to the radar.

The PPI scans were difficult to use in this format. Variations in the reflectivity
levels were not readily apparent, and it was virtually impossible to see changes from one
scan to the next, because of the large number of levels displayed, as well as the need to
translate the characters to their corresponding reflectivity levels. Therefore, the
presentation of the PPI scans was modified, as shown in Figure 5.2, so as to facilitate
analysis of the data. This was done by separating the reflectivity levels into eight groups,

as listed in Table 5.1, with each successive group being represented by a darker shade of

grey.
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Figure 52 Presentation of medifiecd PP1 scan from the NASA TRMM data.
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Group # Reﬂect(i‘:li;;)Range
_— )
1 <14
2 15 to 22
3 23 to 30
4 31 to 38
5 39 to 46
6 47 to 54
7 55 to 62
8 263

Table 5.1 Grouping of reflectivity levels used to modify to PPI scans from the

NASA TRMM data.

5.2.2. Time Scale Analysis of TRMM Data

The analysis of this TRMM data was undertaken in an attempt to determine the time
scales over which there was significant change in weather attenuation. This was done by
calculating the total attenuation, for both ALCOR and MMW, along signal paths of constant
azimuth from the WSR-74 radar located on Kwajalein. The attenuation values were
calculated at ten minute intervals over a period of two hours, and then plotted as a function
of time. Since most reentry field tests at the KREMS facility are carried out toward the
northeast of the Atoll, the 45° azimuth was used as the baseline for these calculations.
However, the 135° and 315° azimuths were also used for comparison. Five periods were

evaluated for the 45° azimuth and three of these for the 135° and the 315° azimuths.
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The attenuation values were calculated by drawing a line from the radar to the outer
range circle at the particular azimuth, and then summing the contributions to attenuation due
to each 'box’' of weather intersecting the line. The intersecting width of each cell was
estimated as a fraction of the diagonal length of a cell, and the average of the reflectivity
levels (in dBZ) in each grey-scale group was used in the attenuation calculations. The k-R‘
relations used for the calculations were derived from the Waldteufel k-R relations, and the
Wexler and Atlas Z-R relations, and were valid for reflectivity levels of up to 42 dBZ.
These modified k-R relations were also used in the development of the abort criteria curves,

shown in section 5.4 below, and are given in Appendix G.

The overall movement of the weather cells was also evaluated, by estimating the
number of spaces to the east and to the north, which had been traversed by most of the
weather cells, in the five minutes between scans. These distances were then used to
determine the average speed of the weather cells, by dividing the distance travelled since the
previous scan, by the intervening 5 minutes. The direction of the cell motion, at the time of
each scan, was also determined from the displacement of the weather cells, from their
positions in the preceding scan. These displacement estimates were made over a period of
75 minutes on four different days, and the results are presented in section 5.2.4, together

with the attenuation values along the 45°, 135°, and 315° azimuth paths.

5.2.3. Measurement Errors

In order to properly evaluate these results, one must be aware of the level of
accuracy in these measurements. Since the attenuation values were calculated from the
average reflectivity level for each grey-scale group, they could have been anywhere from
one half to two times the actual attenuation values. Also, the cell depths were estimated in
quarters of the diagonal length of a 'box’ (1.49 km), introducing a further error in the

attenuation value, for each box which intersects the path for only a fraction of a diagonal.
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There is also some level of uncertainty in the reflectivity values themselves, and these
errors can accumulate, thereby producing a large amount of 'noise' in the attenuation
results. This is not considered critical however, since only trends in attenuation variability

were of interest.

There are similar sources of error in the evaluations of the weather cell movements.
The distances travelled by the weather cells, to the east and north, were estimated in terms
of 'box' lengths, generating a possible error of half a 'box’ length in the displacement
values (0.46 km east-west, and 0.585 km north-south). Also, these displacements were
estimated by viewing the weather over the entire scan, and not any one cell in particular.
As a result, the displacement uncertainty is even larger, but it is not possible to determine
an exact value for this source of error. There was also some variation in the time between
scans, by as much as one minute. These uncertainties can result in cell speed errors of
approximately 10 km hrl, and errors in the direction of the cell motion of up to 90° of

azimuth in extreme cases.

5.2.4. Results

The plots of the attenuation values calculated for MMW parameters along the 45°
azimuth path are shown in Figure 5.3, followed by Figure 5.4, which displays the
corresponding plots for the 135° and 315° azimuth paths. The plots of the attenuation
values for ALCOR, which are shown in Appendix F, follow the same trends, but with
smaller levels of attenuation. These attenuation values are quite erratic during periods of
precipitation, but occasionally exhibited short periods of steadiness. However, it is evident
from inspections of the weather scans themselves, that these variations in the attenuation
values are due largely to the advection of weather cells across the azimuth paths. This can
be seen in the sample scans shown in Figures 5.5a through 5.5¢, which correspond to the

" data for day 41, 1990 (February 10th. 1990).
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Figure 5.3 Plots of calculated attenuation along the 45° azimuth on four different

days, from the NASA TRMM data.
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Figure 5.4 Plots of calculated attenuation along the 135° and 315° azimuths on three
different days, from the NASA TRMM data.
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Figure 5.5a Demonstration of cell movement in three consecutive PPI scans from the
NASA TRMM data.
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Figure 5.5b Demonstration of cell movement in three consecutive PPI scans from the
NASA TRMM data (cont'd).
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FPigure 5.5¢ Demonstration of cell movement in three consecutive PPI scans from the
NASA TRMM data (cont'd).
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The characteristics of the weather cell advection can be examined from the plots of
weather cell speed, and direction of motion, which are shown in Figures 5.6 and 5.7.
There is a 20 minute period of erratic variations in cell speed on day 26, as well as on day
91, and similar variations throughout for day 41, but these variations are largely on the
order of the predicted 10 km hr-! of measurement noise. The results for day 25 do display
significant changes in cell speed, which appears to be generally increasing in the latter half
of the hour. However, the overall trend appears to be a relatively steady level of cell speed

over these time periods.

As shown in Figure 5.7, the direction of cell motion was also relatively constant,
not only for each day, but also from one day to the next. The cell direction was generally
toward the east, but with a northward component on day 41, a southward component on

day 26, and a change toward the south during the latter half hour, on day 25.

These attenuation and cell advection measurements indicate that weather scans,
which are made even as much as ten minutes before or after the RCS measurements, are
not likely to be useful if applied directly. Therefore, the proposed attenuation algorithm can
only be directly applied if weather scans are made immediately following the RCS

measurements.

However, if such immediate range scans are not feasible, it may be possible to
predict the occurrences of weather attenuation along any given azimuth, due to the relative
consistency in cell advection. Cell advection is due primarily to the winds in the region.
Therefore, prior weather scans could be made upwind of the target trajectory, to determine
the likelihood of weather cells moving into the path of the radar signal during the target
track. These weather scans can be made before the target track, and used to evaluate the

speed of any weather cells moving toward the test area. If there are weather cells moving
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toward the test area, their speeds can be used to estimate the times at which they will arrive,

and these times can then be avoided.
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Figure 5.6 Plots of overall cell speed calculated on four different days, from the
NASA TRMM data.
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Figure 5.7 Plots of direction of cell movement calculated on four different days,
from the NASA TRMM data.

If it is impossible to avoid occurrences of weather attenuation, and a time lag
between the RCS measurements and the weather scans cannot be prevented, the algorithm
may still be used. If the weather cell advection is also known, then the range scans of the
weather can be made along azimuths which are corrected to account for the movement of
the weather cells. This procedure is valid only if the time between the weather scans, and

RCS measurements, is not long enough for significant changes in cell structure to occur.
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5.3. Identification of the Freezing Level

Once timely measurements of the reflectivity levels of the weather have been made,
the problem of actually applying the algorithm may be tackled. It was demonstrated earlier
(in Chapter 3) that the attenuation due to ice clouds is considerably less than that due to
water clouds, and may therefore be neglected from the weather attenuation calculations.
Nonetheless, an identification of the level at which freezing occurs in clouds is still

necessary.

Of even greater importance is the identification of the "bright-band" which is
sometimes present in cloud cells. The bright-band is a layer of melting snowflakes, which
generate extremely high Z, levels because of their non-spherical shapes and dual-phase
composition. Despite these large Z, levels, their attenuation cross-sections are generally
comparable to those for water spheres of equal volume, so that use of these high Z, levels
in the algorithm would cause a great over-estimation of the weather attenuation. Asa
result, only those Z, levels occurring below the bright-band should be considered in the
proposed algorithm, and this is currently possible only if the weather scan is checked by
hand. This was done for both experiment #1 and #2, but no bright-band was encountered

along the 0.6° elevation for experiment #1.

However, the necessity for human intervention does significantly increase the time
required to run the algorithm, and an automatic identification of the freezing level would be
better. The MOIST programs, which were described in Chapter 2, make the assumption of
a constant altitude freezing level at 4.6 km, and this would be the simplest criterion for the
algorithm if it were to be used in tandem with the MOIST programs. However, when the
freezing level was set at the altitude of 4.6 km in the calculations for experiment #2, there
was a 142% change at the 16° elevation, where the bright-band extended down to an

altitude of 4.4 km.
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Figure 5.8 Attenuation values calculated for MMW from the data in experiment #2,
using the 4.6 km altitude cutoff, and identification of the bright-band.

Another possibility would be to use a cutoff altitude at a fixed distance below the
0°C isotherm so as to exclude the bright-band (Battan (1973) states a bright-band depth of
500 meters). The altitude of the 0°C isotherm could be found from daily temperature
soundings, or from the annual reference atmosphere for Kwajalein which is already used in
the algorithm to determine the temperature of the range cells. Of course, if there are daily
temperature soundings available, these would be preferable for use in the algorithm rather
than the annual reference atmosphere listing. “This method is recommended for avoiding

bright-band effects, particularly if daily temperature soundings are available.



5.4. Abort Criteria

At present, missions at KREMS which utilize the MMW radar are aborted if
weather scans show a peak reflectivity of 35 dBZ or more in the area. This criterion can be
quite misleading, since the item of concern is actually the total attenuation, and not the peak
reflectivity of the weather. It is possible for a weather cell with a peak reflectivity of only
25 dBZ to cause greater attenuation than a smaller cell whose peak reflectivity is 45 dBZ.
Using the proposed attenuation algorithm, and two simple weather cell models, curves of
peak reflectivity versus cell diameter, for different values of total attenuation, were

produced for use in establishing mission abort criteria based on PPI scans.

One of the models (model #1) used for the weather cell assumed a constant level of
reflectivity throughout. The other model (model #2) assumed a Gaussian distribution of
reflectivity levels across its diameter, dropping by 20 dB at the edge from its peak value in
the center, but without the required integrated value of unity. This distribution was chosen
because it represents the tendency of cloud cells to be most intense at the center, particularly
during periods of strong convection, and then tapering off toward the edges. For both
models, the weather cell was assumed to be cylindrical, with infinite height and a vertically

uniform reflectivity level distribution, so that the elevation of the scan was inconsequential.

For model #2, the reflectivity at a distance x (in km) from the center of the cell

could be expressed by the Gaussian-like function
Z = Z,e™(x%/C) (5.1)

for Z in mm® m-3, where Z, is the peak reflectivity, and C is a constant which scales the
integral to any value, not necessarily unity. The structure of this function can be seen in
Figure 5.9, where Z is plotted as a function of x, for Z, = 30 dBZ and C = 50 dB. The

structure for weather cell model #1 is also shown in Figure 5.9.
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Figure 5.9 Distribution of reflectivity levels in the two weather cell models.

The total two-way attenuation, A3 in dB, for the two radars could then be calculated
by substituting appropriate k-Z relations into equation (5.1), and integrating across the
diameter of the weather cell (see Appendix F for details). The resulting expressions, for
ALCOR and MMW respectively, were

Au = 2.64x10° d 208 (5:2)
and Ay = 1.28x103 d Z 083 (5.3)

where d = cell diameter in km.

By re-arranging equations (5.2) and (5.3), the peak reflectivity of the weather cell

could be expressed as a function of cell diameter, and total two-way attenuation, with

Zo = 5.28x10° (%)"25 (5.4)

for ALCOR, and for MMW
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Z, = 3.0x103 (%)"2 (5.5)

Attenuation values of varying intensity are of concern for different missions at the
KREMS facility. Therefore, curves of Z, versus d were plotted for attenuation values of 1,
3, 10, 15, and 20 dB for MMW, which are typical at such wavelengths, while values of
0.1, 0.5, 1.0, 3.0, and 5.0 dB were used for ALCOR (see Figure 5.10). A similar set of
curves were also plotted for the constant reflectivity structure of weather cell model #1, and

these are shown in Figure 5.11.

These curves may be used in the following manner, to determine whether a mission
should be aborted due to the presence of weather in the area. For any given field test, there
is some maximum amount of weather attenuation which can be tolerated, or else the test
must be aborted. The diameter, and the peak reflectivity level, of any weather cell which
may advect into the test area, can be estimated from a PPI scan, and the corresponding
point plotted on the graphs of Figure 5.10 or 5.11. It will then be immediately apparent
whether or not that point lies above or below the curve for the permissible amount of
attenuation. If it is below the curve, then the attenuation due to the weather cell would be
under the critical level, and the test may proceed. Of course, if there are a number of

weather cells present, then the attenuation due to each cell would be cumulative.
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Figure 5.10 Peak reflectivity versus cell diameter for various values of total
attenuation for ALCOR and MMW, for the Gaussian distribution of
reflectivity levels in weather cell model #2.
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Figure 5.11 Peak reflectivity versus cell diameter for various values of total
attenuation for ALCOR and MMW, for the constant reflectivity
levels of weather cell model #1.

69



6. Summary

The succeeding sections present an overview of the proposed attenuation algorithm,
which was developed, followed by a summary of the issues involved in the implementation

of the algorithm.

6.1. The Proposed Algorithm

Various relations between meteorological phenomena and radar measurements of

weather, were evaluated for use in the proposed algorithm.

* An algorithm was developed, which corrects for attenuation of RCS measurements

due to weather, using radar reflectivity measurements of the weather of interest.

» The author recommends the use of the Wexler and Atlas Z-R relations, based on
their modified Marshall-Palmer droplet-size distributions, in the proposed algorithm
(section 4.5). However, the Blanchard Z-R relation also performed acceptably in
the analysis of the experimental data, and either Z-R relation would be adequate for
use in the algorithm.

» The Waldteufel k-R relations are also recommended over the Wexler and Atlas k-R
relations, although either set of relations would also perform adequately in the

algorithm.

» For low frequency radar systems such as ALCOR, for which Rayleigh scattering
predominates, the variation of temperature with altitude must be taken into account
in the attenuation algorithm. For radar frequencies above about 18 GHz however
(such as MMW), one may assume that the attenuation is constant for temperatures

in the range of 0 to 40°C.
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» The performance of the proposed algorithm in analyzing the experimental data was
very promising. However, due to experimental constraints, only a limited number
of test cases were available. Therefore, these results do not give conclusive proof
of the validity of the algorithm, and further experimental analysis is strongly

recommended.

6.2. Implementation of the Algorithm

Several issues affecting the implementation of the algorithm were addressed in
detail, as well as the possibility of establishing meaningful criteria for aborting missions

due to weather at the KREMS facility.

* Scanning procedures were recommended for range scans made immediately

following, or shortly after, RCS measurements of reentry vehicles or other targets.

» A procedure for predicting the arrival of weather cells within the test area, based on
knowledge of the prevailing winds, was also presented. This was based on the

consistent nature of the movement of weather cells around the Kwajalein Atoll.

* A determination of the time scales of weather cell dynamics was not possible, but

further analysis in this area is recommended.

e Various criteria for determining the altitude, above which the weather attenuation
may be neglected, were evaluated. A direct identification of the bright-band is best,
but a cutoff altitude at approximately 500 meters below the altitude of the 0°C

isotherm is acceptable.

» A method was presented, for determining the necessity of mission aborts, based on

PPI scans of the weather around the KREMS facility.
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Appendix A: Attenuation by Atmospheric Gases

Molecules of water vapour have permanent electric dipole moments, and those of
oxygen have permanent magnetic dipole moments. Hence, any electromagnetic wave
transmitted through the atmosphere, interacts with these molecules and causes them to
vibrate, imparting energy to them. This energy is eventually re-radiated, but in every
direction, so that the net effect is a reduction in the energy of the directed wave. Figure Al,
from Lhermitte (1987), is a plot of one way atmospheric attenuation for various levels of
specific humidity. This graph demonstrates that even at relatively low humidity levels, the

attenuation due to atmospheric gases is considerable for frequencies above about 10 GHz.
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Figure A1 Absorption spectrum for atmospheric gases at the ground for various
humidity conditions indicated by the specific humidity values. The
absorption due to a 10 mm/hr rainfall is also shown.

From Lhermitte (1987).
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Appendix B: Attenuation by Clouds

Cloud particles are small enough (diameters < 100 1) to be considered Rayleigh
scatterers for centimeter and millimeter wavelengths, so that equation (3.6) may be used to
determine the attenuation cross-section of these particles. In this case, the attenuation rate

of equation (3.10) becomes

k = 0.4343 I;Lilm(-K) Y p? (B.1a)
1
= 0.4343 %%Im(—K) (B.1b)

Gunn and East (1954) used this equation to calculate attenuation rates for water and
ice clouds, as a function of liquid water content. The results for various wavelengths are

listed below in Table B1.

Temperature k/M (dB km'l/gm m'3) at indicated Wavelengths
Water 20 6.47 x 10! 1.28 x 10! 4.83 x 102 1.36 x 10-2
10 6.81 x 101 1.79 x 10-! 6.30 x 10-2 1.96 x 10-2
0 9.9 x101 2.67 x 10! 8.58 x 102 2.72 x 10-2
-8 125 x101 *3.4 x 10! *11.2 x102 | *34 x102
Ice 0 8.74 x 103 4.36 x 103 246 x104 |13.8 x104
-10 2.93 x 103 1.46 x 103 8.19 x 104 4.60 x 104
-20 2.00 x 103 1.00 x 103 5.63 x 104 3.16 x 104
* Extrapolated values.

SOURCE: Gunn and East (1954).

Table B1

One-way attenuation rate, k in dB km'!, per unit liquid water content,

M in gm m3, for ice and water clouds, assuming Rayleigh scattering.
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Appendix C: Effects of Temperature on Attenuation Rate

The following table of attenuation rates was prepared by Waldteufel (1973) for Mie

scattering, using the Marshall-Palmer droplet-size distribution.

Wavelength One-way Attenuation Rate (dB km-1)
(cm) 0°C 10 18 40
|
R=1 1.16 1.20 1.21 1.20
0.3 10 0.704 0.714 0.714 0.702
100 0.383 0.384 0.384 0.375
1 0.628 0.631 0.629 0.625
0.5 10 0.517 0.515 0.511 0.498
100] 0.343 0.340 0.336 0.325
1 0.287 0.284 0.285 0.298
0.75 10| 0.309 0.306 0.303 0.303
100f  0.265 0.260 0.256 0.256
1 0.150 0.150 0.153 0.167
1.0 10] 0.184 0.184 0.185 0.192
100] 0.193 0.189 0.187 0.186

1] 0.0596 0.0596 0.0608 0.0640
1.5 10} 0.0779 0.0808 0.0839 0.0833
100 0.101 0.101 0.103 0.108

11 0.0309 0.0298 0.0292 0.0265
2.0 10] 0.0438 0.0459 0.0459 0.0500
100} 0.0573 0.0600 0.0624 0.0684

1] 0.0115 0.0101 0.0089 0.0061
3.0 10] 0.0160 0.0161 0.0159 0.0142
100] 0.0251 0.0273 0.0287 0.0309

1] 0.00218 0.00161 0.00131 0.00080

6.0 10] 0.00231 0.00177 0.00144 0.00086

100] 0.00372 0.00315 0.00268 0.00159
SOURCE: Waldteufel (1973).

Table C1 Influence of temperature on the attenuation rate for the Marshall-
Palmer droplet-size distribution, for different values of wavelength
and rainfall rate. Calculated by Waldteufel (1973).
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Appendix D: Derivation of Im(-K) Values for ALCOR

The Im(-K) values for ALCOR (A = 5.3 cm) were calculated using the following

expression for m, the complex index of refraction, developed by Lane and Saxton (1952).

m2 = ¢ E-& D
¥ 1+jot (D.1)
where €5 = the static dielectric constant,

&, = the optical dielectric constant (Lane and Saxton suggest a value of 4.9),
o = 2xnf, where f is the frequency

and T = the relaxation time (from Debye 1929).

From the definition of K given in equation (3.7), the resulting expression for Im(-K) was

30t (g - 4.9)
(es + 2 + 47.61(wrf

Im(-K) = (D.2)

Values for & and 7 at -8, 0, 10, 20, and 30°C were taken from plots in Waldteufel (1973),

and are listed below in Table C1.

Temperature CO | _ — ] ImCK)
30 73 x 10-12 76.7 0.00903
20 9.65 x 10-12 80.4 0.01145
10 1.3 x 10-12 84.0 0.01482
0 1.85 x 10-11 88.4 0.02013
3 2.49 x 1011 92.4 0.02599

Table D1 Im(-K) values for ALCOR (A = 5.3 cm) over the temperature range of -8°C
to 30°C.
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Appendix E: Altitude Derivation for RHI Scans

For both RHI scans shown in Figure 4.1, the vertical grid is printed at 4 km
intervals. However, the horizontal (ground range) grid is printed at intervals of 32 km for
experiment #1, and 8 km for experiment #2. For a short range, as in scan #2 (the scan for
experiment #2) the curvature of the ground is insignificant, and the altitude, h in km, can be

found directly from the tangent of the elevation angle.

h = s tan{ar) (E.1)

where s = the ground range in km,

and «

the elevation angle in degrees.

For a longer range, such as in scan #1 (the scan for experiment #1) the curvature is
very pronounced, and must be taken into account. In this case the altitude, h, is the sum of
two heights, h; and hj, where h; is the altitude, at range s, of a line which is tangent to the
Earth at the radar, and h; is the height of the elevation path above that line, as shown in

Figure E1.

The value of h; (in km) can be calculated from the average radius of the Earth, 6370

km, using the Pythagoras Theorem.

h; = Yd2 +6370% - 6370 (E.2)

where d is the distance of the radar from the altitude line (see Figure E1), and is given by

4 = 6370 sin(B) E3)
sin (90 - B)
and p =180y 8o (E4)
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6370

Figure E1 Effect of Earth's curvature on altitude derivation.

The value of h; (in km) can then be determined from these parameters, and the law

of sines for a triangle.
hy = _dsﬂg)_ (E.5)
sin(90 - & - P) A
and the altitude is simply h =h+h (E.6)
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Appendix F: Results of Time Scale Analysis for ALCOR
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Figure F1 Plots of calculated attenuation along the 45° azimuth on four different
days, from the NASA TRMM data.
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Figure F2 Plots of calculated attenuation along the 135° and 315° azlmuths on three
different days, from the NASA TRMM data.
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Appendix G: Abort Criteria Relations

For two-way attenuation rate, k, in dB km-l, as a function of the reflectivity factor,

Z in mm® m-3, expressed in the form

k: = azb (G.1)
and the Gaussian-like distribution of reflectivity levels, as given in section 5.4,
Z = Z,e™x%/C) (G.2)

the total two-way attenuation, A in dB, is given by

r

A; = f ky dx = f aZ8e™(xZ/C) g4x (G.3)

-f

where r = the radius of the weather cell in km,
x = the distance from the center of the cell in km,
Z, = the peak reflectivity in dBZ,

and C = aconstant which scales the integral to any value, not necessarily unity.
This integral may be solved by using the substitution

y = "—Cévsi (G.4)

so that equation (F.3) becomes

ALY
- 2Ca§ ¢ e
A Z.V5% o ey dy (G.5a)
_CaZ} Z.Yor
- 52 erf ! ok ) (G.5b)
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Then, by assuming the intensity at the cell perimeter (x =1) is 20 dB below the level at the

center, equation (G.2) becomes

= 'rz°/cz=_é
Z = Z,e™r%/C) o (G.6)

which results in the expression
2)
% '\/1“———(_1’(: ~ 12107 G.7)

Substituting this into equation (F.4b), the total two-way attenuation becomes

__adZ  _ c(12107V5
Az 2.4214’/5erf(. Yor) (G.8)

where d = 2ris the cell diameter.

From the NASA TRMM data, it was apparent that reflectivity levels above 42 dBZ
are extremely rare around the Kwajalein Atoll. Therefore, a hybrid of the two-way
attenuation rates which are valid for reflectivity levels of up to 42 dBZ, was used. For
MMW, the hybrid attenuation rate in dB km-!, derived from equations (3.23a,b), and

(3.27a,b), was expressed as a function of Z in mmS m-3 as follows.

kv = 2.85x10°3 7083 (G.9)

The hybrid attenuation rate for ALCOR was derived from equation (3.22) and
equations (3.26a to c), for this range of reflectivity values. Since temperature effects were
ignored in this simplified model (18°C temperature was assumed throughout), an under-
estimation of the attenuation values for ALCOR was expected. Therefore, the hybrid
attenuation rate was increased by 25%, which is typical of the change from constant

temperature at 18°C to variable temperature, as mentioned in section 4.4.3. This was again
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increased by 25%, in order to account for undervalued Z, measurements in the weather
scan, as discussed in section 5.3.1. The corresponding average attenuation rate for

ALCOR in dB km-! was as follows.

ka = 5.77x10° Z08 : (G.10)

From equations (G.9) and (G.10), the values of b for ALCOR and MMW are 0.8
and 0.83 respectively, so that the error function term! of equation (G.8) is approximately
0.99 for each. Therefore, for both ALCOR and MMW, equation (G.8) can be written as

b
A, = 0992d 78

2.4214 b G.11)

1 Error function values can be found in a mathematical handbook such as the "CRC Handbook of Tables for
Probability and Statistics,” William H. Beyer, Editor, The Chemical Rubber Co., 1966.
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