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PREFACE 

In microwave radiative transfer model simulations, the Mie calculations usu- 
ally consume the majority of the computer time necessary for the calculations (70 to 
86 % for frequencies ranging from 6.6 to 183 GHz). For a large array of atmospheric 
profiles, the repeated calculations of the Mie codes make the radiative transfer com- 
put ations not only expensive, sometimes impossible. It is desirable, therefore) to 
develop a set of Mie tables to replace the Mie codes for the designated ranges of 
temperature and frequency in the microwave radiative transfer calculation. 

In this study, we have only developed the Mie tables for the microwave re- 
gion) because (a) it is our interest to understand the microwave radiative transfer 
processes in cloudy and precipitating atmospheres, and (b) it is more feasible to 
construct a Mie table in the microwave frequencies than other spectral regions. 
The tables are divided into two major categories of ice and liquid water, because 
the two phases have distinctive scattering and absorption characteristics. The Mie 
tables for liquid water are further divided into two parts to save computer storage 
space; one for low frequencies (below 37 GHz) and the other for high frequencies 
(up to 300 GHz). 

Results of using the Mie tables in the microwave radiative transfer calcu- 
lations show the total CPU time (IBM 3081) used for the modeling simulation is 
reduced by a factor of 7 to 16, depending on the frequency. The tables are tested by 
computing the upwelling radiance of 144 atmospheric profiles generated by a three- 
dimensional cloud model (Tao, 1986). Results are compared with those using Mie 
quantities computed from the Mie codes. The bias and root-mean-square deviation 
(RMSD) of the model results using the Mie tables, in general, are less than 1 K 
except for 37 and 90 GHz. Over all, neither the bias nor RMSD is worse than 1.7 
K for any frequency and any viewing angle. 
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1. INTRODUCTION 

Remote sensing techniques for atmospheric study, especially estimation of 
precipitation amount and intensity have been developed over the last two decades 

using satellite data at visible, infrared, and microwave frequencies. Many of these 

methods are empirical relationship between cloud signatures in satellite imagery and 
ground truth from radar or rainfall networks. Among those frequency regions, the 

microwave techniques offer a more physically based method, because the microwave 
upwelling radiation is more physically related to precipitation in the atmosphere. 
Development of microwave radiative transfer models for precipitation or cloudy at- 

mospheres is of fundamental importance for retrieval and inference of cloud liquid 
water content and rainfall rate. The microwave radiative transfer modeling serves 

three basic purposes: (1) to better understand the relationship of microwave radi- 

ances to atmopheric properties including cloud structure and rainfall distribution; 

(2) to better interpret aircraft and spaceborne microwave radiometer data; and (3 )  
to develop remote sensing techniques based on model simulation and measurement 
experiments. In the past, study of the transfer of microwave radiation in cloudy 
and/or precipitating atmospheres has been limited to utilizing a Rayleigh scattering 
approximation (e.9. Weinman and Guetter, 19771, because itt was believed that the 

scattering from solid or liquid water droplets in the atmosphere had minimal effect 

on the microwave upwelling radiances. Although the Mie theory has been used for 

calculation of scattering from rainwaters (e.g. Yeh and Liou, 1983), it was not until 

recent years that scattering from ice particles in the atmosphere has been shown an 
important effect on measured microwave radiances (e.9. Wilheit et al., 1982; Yeh 

et al., 1983; Wu and Weinman, 1984; Szejwach et a/ . ,  1986). 

For radiative transfer modeling simulation, Mie theory has been convention- 

ally utilized to calculate the scattering and ext,inction parameters. Altthougli Mie 

theory can only be applied to the scattering by spheres, it represents the most com- 

plete calculation available for the particle scattering problem. It is apparent, that few 

particles are spherical in nature; falling rain drops are elongated, many liailstones 
have nonconcentric cores, and snowflakes are well known for their intricate forms. 
The scattering effect of nonspherical particles that are much smaller than the wave- 

1 



length is governed by their polarizability tensor ( e . 9 .  van de Hulst, 1957). Particlr 
of simple shape that are much larger than the wavelength may be treated by a com- 
bination of geometrical optics and Fraunhofer diffraction ( e . g .  Jacobowitz, 1971; 

Liou, e t  al . ,  1983). At intermediate sizes, fancy theoretical methods for relatively 
simple shapes are needed to solve the problems frequently encountered. Recent 

advances in electromagnetic scattering theory now make it possible to calculate ex- 

act scattering phase matrix elements for certain nonspherical dielectric objects of 
intermediate sizes. Asano and Sat0 (1980), for example, reported comprehensive 
single scattering and polarization resuits for randomly oriented, identical spheroidal 
particles utilizing the solution of the wave equation in spheroidal coordinates. Al- 
though their solution is exact , their computations are complicated and lengthy, 
particularly for larger particles and for averages over all orientations, not to  men- 
tion size and shape distributions. Because of this, perhaps, the spheroidal solution 

has been slow to be adapted by other workers. Because the majority of scattering 

particles are not spherical, the Mie theory does not strictly apply to them. The 
experimental evidence, however, indicates that with averaging over orientation and 

size, mildly nonspherical particles scatter very much like equivalent spheres ( e.g. 

Zerull, 1976). This certainly enhances the utility of the Mie solution, and a wide 

range of applicat,ions of Mie calculation are then possible. 

Mie scattering calculations have been developed and improved for efficiency 

in the past ( e . 9 .  Wiscombe, 1980), but are still known for being time-consuming. 
One of the major reasons is that in typical applications, one has to repeat the Mie 

scattering calculation for a large number of radii over particle size distributions, a 

large number of wavelengths across a spectrum, and a wide range of temperatures. 
For a radiative transfer calculation at five different wavelengths, if we divide the 

atmosphere into 20 regions for cloud and precipiation, and up to four classes of 
particle (cloud water cloud and ice, rainwater and graupel) may coexist in each 

region, we may need to repeat the Mie scattering calculation at least ten thousand 
times. The problem becomes much worse if a large array of radiative transfer 

calculation is needed for the simulation of upwelling brightness temperatures over 
a region. For instance, if one applies the results of a three-dimensional cloud model 

in a radiative transfer model to obtain the brightness temperatures over a region 

gridded by a l o x  10 horizontal spatial array (given ally spatial resolution), niore than 
a million scattering calculations are reqiiired for the coinplete simulation. Table 1 
shows that for an atmospheric profile used by Wu and Weinman (1984; shown in Fig. 
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1) for rain rate (RR)  at 64 mm/hr, the Mie calculation approximately consumes 80% 
of total CPU (Central Processing Unit) time for 37 GHz in the iterative radiative 

transfer model used in the Goddard Laboratory for Atmospheres. The percentage 

of CPU consumption is dependent on the frequency as shown in the table. It 
would be much more efficient for modeling siniulations if one pre-calculated the Mie 

scattering for the designated ranges of particle radii, wavelengths and temperatures 
and tabulated t,he results for the use in radiative transfer calculations. 

In the past, as Van de Hulst (1957) notes there have been some ambitious 
tabulations of various Mie quantities, they are useful mostly only for checking com- 

puter codes. Wiscombe (1979) cautioned that because of the rapid oscillation of 
most Mie quantities, these variations would be impossible to resolve in a compre- 

hensive table. While recognizing there are resonances (sharp spikes) within Mie 
quantities whose scale is much finer even than the oscillations, we intend to make 

a Mie table limited to ranges of microwave frequencies and realistic hydrometeor’s 
size spectrum, and under normal atmospheric conditions. We take advantage of the 
fact that most of the effective hydrometeors’ sizes are relatively small in comparison 
with the microwave wavelength; a range of size parameter (z) up to 20 would be 
sufficient for the table. Here, the 2 is defined as a ratio of the particle circumference 

(27rr, T is particle’s radius) to wavelength of the incident radiation. 

The Mie tables include three input variables of size parameter, real and 
imaginary refractive indices and output of Mie calculations including scattering 
and extinction efficiency factors and four phase functions. The phase function is 
tabulated as a function of scattering angles 8. N o  more than 90 phase angles are 

needed to  accurately reproduce each phase function, and for some tables, 20 phase 
angles are sufficiently accurate. The entire Mie table is divided into two major 

categories of liquid water and ice, because the two phases have distinctive scattering 

and absorption characteristics. The total number of records for the ice table is 2681 
and each record consists of one set of input and output of the Mie quantities Ea.ch 
set of Mie quantities has a total of 365 real numbers including three input. variables, 

extinction and scat,tering efficiency fact,ors, and phase funct,ions, which consist of 
four element and each element, is represent,ed by 90 averaged angles in the ice t,able. 

The Mie tables for liquid water are furt,lier devided into t,wo part,s for efficiency; 

one is for low frequencies (below 37 G H z )  and the other is for high frequencies (up  

to 300 GHz). The total number of records for the high frequencies is 2414 with 
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each record having 365 real numbers; and for the low frequencies, the total record 
number is 4700 with 85 real numbers for each record. For the high frequency part, 

each element of phase functions is represented by 90 averaged angles, but for the 
low frequency part,, 20 averaged angles are found sufficient for the water tables. 
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2. BACKGROUND 

Mie scattering is dependent on two factors: complex refractive index ( m )  and 
size parameter (z).  The parameter m is a function of temperature and wavelength; 
and 2 is a function of the particle's radius and wavelength of the incident radiation. 
The Mie calculation results are tabulated by using m and T as input variables 

instead of electromagnetic wavelength of the incident radiation ( L ) ,  temperature 
(2') and particle size ( r ) .  Fig. 2 shows that m as a function of T and L ,  and 

x as a function of L and r ;  the Mie scattering calculation results are tabulated 

starting from below the dashed-line. The Mie calculation results include three 
parameters: extinction efficiency factor ( Q e ) ,  scattering efficiency factor ( Q J ) ,  and 
phase function P ( 8 ) .  The phase function is tabulated as a function of scattering 
angles 8. The phase functions include four elements giving the quantities of the total 
intensity, the degree of polarization, the plane of polarization, and the ellipticity of 
the electromagnetic wave at each point and in any given direction. Usually, the first 

two elements of the phase functions are more interesting, and have a greater effect 

on the radiative transfer calculation. The m and x need to  be computed in the 

radiative transfer model before the Mie table can be applied. Those computations 
are usually quite simple and consume little computer time. 

I 

I 

I 

The most crucial procedure in constructing the Mie table is to determine 

the range and resolution for the input variables, m and 2, to be used in the Mie 

calculations. On one hand, we would like to have the tables cover as wide a range 

of m and 5 as possible, and tabulate the Mie results in as much detail as possible. 

On the other hand, we need to have an efficient Mie table for practical applications. 

In principle, we can not trade off the accuracy for the efficiency in compilation of 
the tables; however, in some circumstances, a finer resolution of the table does not 
always improve the accuracy of the Mie result.s, but only wastes computer dorage 
space. The resolution of the tables should not be set uniformly, it should rather 

depend on the behavior of Mie scattering properties in different regions of rn and .T. 

For instance, a finer resolution of 2 is necessary when z is small, hut. the resolution 

should be increased when ,T becomes large. The coarser resolution of .T not) only 

makes the table more efficient, but, also avrrages out, the unwanted ripples of  the 

Mie results. 

5 



2.1 Complex Refractive Index 

The complex refractive index is an optical parameter associated with the 
velocity change of an electromagnetic wave in a medium with respect to vacuum. 
The complex refractive index consists of real part ( n )  and imaginary part ( k ) ;  

m(v)  = n(v) - ik(v) (1) 

v is the frequency of the electromagnetic wave in vacuum, and v = c / L ,  where c 
is the speed of light (3  x lo1' cm/sec). Both the real and imaginary indices are 
related to the scattering and absorption properties of particles; 72 relates to the 
phase velocity of propagation in the material and IC is the absorption index, which 
is related to the absorption coefficient & b S ,  as 

In the microwave and radiowave spectra, it is quite usual to report the complex rel- 
ative permittivity E in the laboratory measurements. While the complex refractive 
index is used in the Mie calculation, one may relate the E to the complex refractive 
index by m2 = E .  The optical constants of ice and liquid water have been reviewed, 
respectively, by Warren (1984) and Ray (1972) for the entire spectrum including 

infrared, microwave, and radiowave regions. For liquid water, the determination of 

m is rather well known, except for supercooled water and at  the frequencies between 
50 and 300 GHz. The uncertainty of m is mostly due to  lack of experimental data 
to confirm the formulae used to derive the values of m. For ice, no reliable measure- 

ments of absorption properties are available, especially for temperatures T between 

0" and -60°C at microwave wavelengths between 1 and 30 min (frequency 300 and 
10 GHz) ( e . 9 .  Warren, 1984; Evans, 1965). Interpolation and extrapolation from 
the existing data at other temperatures and frequencies are necessary to obtain the 
values of m for the desired range of temperature in the microwave region. 

In the Mie table, the n and k are treated as two independent variables except 

for ice phase which has an approximately constant value of n in the microwave 
region. Since the formulae used for computing n7, so far, are not conclusive for 

both ice and liquid water, the advantage of using n7 and x- as input for the tables is 
obvious; if L ,  T ,  and r are input variables for the table, the formulae for computing 

m from T and L will have to be fixed alld the tables will lose their flexibility. In 
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our procedure, if other formulae are found to be more suitable for computing m, 

tlie Mie tables will not need to be recompiled to fit the new formula. 

Figs. 3 and 4 show the complex refractive indices for liquid water as com- 

puted from empirical formulae of Ray (1972) and Lane and Saxton (1952), respec- 
tively. The figures demonstrate the differences of the results from the two formulae, 
especially the treatment of supercooled water in the high frequency (or short wave- 

length) region. In both figures, we mark tlie frequencies of 5, 37, and 183 GHz 
at different temperatures. Poorer agreement appears to occur in higher frequencies 
and sub-freezing regions, although tlie work of Lane and Saxton is the only source of 

providing sub-freezing (as cold as -8°C) data of m in the empirical formula of Ray. 
The formulae given by Ray were essentially extensions of Debye theory by Cole arid 

Cole (1941). The ranges of m given in our Mie tables, as shown the non-shaded 
area in the figures, are mostly based on the formula by Ray. 

Although this Mie table will not be restricted to certain formulae for com- 
puting m, the extended Debye theory is used in providing us a sense of the range 
of m values for tlie designated regions of temperature and wavelength. For liquid 
water, the temperature ranges from 40°C to -40°C and the frequency from 5 to 

300 GHz. The ranges of m values to be tabulated in the tables are restricted to the 
corresponding temperature and frequency ranges. The values of nz in the shaded 
areas of Figs. 3 and 4 do not occur in realistic atmospheres for the microwave 

regiwi, aiid will not be inc!.cldcd in t he  tables. The extended Dehye theory, as dis- 

cussed in Ray (1972), fits the experimental data very well for the frequencies below 

50 GHz ( L  > 6 mm) and above 300 GHz ( L  < 1 mm). Between 50 and 300 GHz, 
few measured data are available; however, the smooth transition of m values in this 

region is assumed based on the extended Debye theory. 

For ice, the real index of refraction is obtained by reflectance measurements 

from a plane-shave ice block. The Fresnel formulae give real refractive index n 
unambiguously if imaginary refractive index k is small. The n is thus known reliably, 
and independently of IC, in the regions of weak absorption. At all wavelengths 

short of the dielectric relaxation, the real index of ice is of tlie order unity, but the 
imaginary index, by contrast, varies over the range from lo-’ to 1. In the microwave 

region, the real index is known as an approxiniately constant value of 1.78 for the 

entire spectrum, and the imaginary index is in tlie order from l o p 4  to lop2.  For 

liquid water, the refractive index has a large imaginary component (IC >> 0.01~1) 
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in the microwave region, the Fresnel reflectivity is no longer dominated by n but 
also contains a measureable contribution due to I C .  The dielectric properties of 
ice and water are therefore dramatically different over -7 orders of magnitude in 
the microwave region; water is highly reflective and absorptive, but ice is quite 

transparent . 

There is no strong absorption band in the microwave region for ice, and the 
conductivity is independent of frequency as measured by Worz and Cole (1969). 
They measured the dielectric parameters for the Debye equations. Their approach 
was edjusted to include the spread parameter and static constant so that n = 1.78 
over the entire microwave spectrum and IC agreed with the values found by Cuniming 
(1957) at 3.2  cm as a function of temperature (Ray, 1972). Although there are no 

reliable measurements of IC between 1 and 30 mm, one can be sure that there is no 

strong absorption band in the unmeasured region, because the infrared absorption 
bands fully account for the nieasured microwave n (Warren, 1984). This is also 
substantiated by the qualitative observation of Champion and Sievers (1980) that ice 

is “completely transparent” at wavelength of 2.5 nini. In the process of constructing 
the Mie tables, we discovered that the results of the microwave radiative transfer 

calculations are not sensitive to the variation of IC as long as the value of k rema.ins 

small (- 3 orders of magnitude smaller than n) .  

2.2 Size Parameter 

The other input variable in the Mie table is the size parameter (x), which is 

defined by 27rrlL.  The major maxima and minima of the scattering and extinction 

efficiency factors ( Qs and Q e ,  respectively) for 1 < z < 10 are due to  the interference 
of radiation diffracted and transmitted by the sphere; whereas the ripples arise 

from edge rays that are grazing and traveling the sphere, spewing off energy in all 
directions. Qs and Qe increase rapidly as z reaches about 2.5 and approach an 

asymptotic value when x continues to increase. For ice, as shown in Figs. 5a and 
b, the curves of Qs and Qe are very close to each other, because the absorption 

of microwave radiation is very small for ice particles. For liquid water, both the 

ripples and the major maxima and minima damp out, as absorption within the 
particle increases (Fig. 6a and h). ‘The peaks of the scattering efficiency factor 
between z = 2 and 4 severely affect the radiative transfer calculation whenever the 
particle size distribution with significant concentration extends over this area. Since 
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the Mie scattering quantities tend to approach an asymptotic value after 2 = 20 
(Fig. 5), we may use an averaged value of Mie quantities between z = 20 and 22 to 

represent the values of 2 beyond 20. One should be aware that only exceptionally 

large size of hydrometeors can cause 2 to exceed 20 in the microwave region ( e . g .  

T > 6.5 mni at 183 GHz). 

In Figs. 5a and b, for 180 and 18 GHz, respectively, the size distributions 
of the ice cloud, obtained from the aircraft ineasureiiients during the Cooperative 
Convective Precipitation Experiment (CCOPE) as discribed by Heymsfield (1986)) 

are plotted over the z scale for Mie scattering of ice particles at -30°C. The aircraft 
measurements, collected ice particles in mid- to lower levels at temperatures from 

-25°C to -3G"C, show that the size spectra broaden with decreasing altitude. The 
ice particle size distribution as shown in Figs. 5a and b are based on the measure- 
ments at the lower altitude of 8.0 km. For liquid water, both the ripples and the 

major maxima and minima damp out as absorption within the particle increases. In 
the study of functional fit.s to observed drop size distributions, Willis (1984) applys 
five different functional fits to the drop size distribution at different rainfall rate 
based on the data sample of airborne optical spectrometer measurements obtained 
in two tropical cyclones. Figs. Ga and b show the drop size distribution of the pre- 
cipitation using the Marshall-Palmer exponential fits for the rain rate at 169 nini/hr. 
The drop size distribution is plot<ted on both 180 and 18 GHz, respectively, for the 
Mie scattering of liquid water dropleis at T - 20°C. They explain that f ~ r  the same 
size distributions, the scattering effects from particles for 180 and 18 GHz are very 

different; the same particle size spectrum essentially covers different portions of 2 

for different frequencies. Since the characteristics of the Mie quantities are quite 

different at  different 2, the resolution and range of z in the table thus need to  be 

considered separately for various frequencies. This problem is even more obvious 

for liquid water, because water tables require more space for the three variables 

of z, n and IC rather than two variables (x and IC) for the ice table. Conservation 
of computer storage space is more urgent for the water tables, and more efficient, 

design of the tables is thus desired. 

Fig. 7 demonstrates that, if one int,t.grat,es a size distrihut.ion of part,icles 

by a fixed interval (AT = 50 pin), the corresponding resolution of .T (Ax)  is t,hen 
solely dependent on the frequency of the incident radiation. This can be readily 
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understood by the following formula, 

2TV Ax = -(AT) 
C 

where Ar  is an uniform value (= 50 pin i n  this tabulation) for all frequency channels. 

The Ax needs to be finer at the lower frequencies (longer wavelengths) compared 
to those at the higher frequencies (short,er wavelengths) in order to integrate Mie 
quantities on the same resolution of particle size distribution. For instance, Az = 

0.01 is necessary at, 10 GHz frequency in order to reproduce the same accuracy of 
integrating particle size distributions with Az = 0.18 for 180 GHz channel. Let 

rma, be the maximum particle radius corresponding to a different rain rate ( R R )  
obtained by limiting the Marshall-Palmer size distribution to concentration greater 
than lo-’’ c n r 3 .  Define x,,, as the niaxiinui; size parameter corresponding to the 
r,,,. Apparently, x,,, is smaller for the lower frequency and larger for the higher 
frequency channels as shown in Fig. 7. Since the Marshall-Palmer size distribution 
increases the concentration of larger particles with increasing rain rate, T,,, and 

x,,, obviously will become larger for the higher rain rate. The resolution of x 
in the table should always be finer than the Ax, which is related to the x,,, for 
each frequency. For a larger z,,, required in  the table, it is more acceptable of 

having a coarser resolution of AT in the same table. Although the Marshall-Palmer 
formula may not always be best for describing size distributions of atmospheric 
cloud and precipitation, the relationship between Ax and zmaz  generally has the 

same tendency as shown in Fig. 7 regardless of the different size distribution being 

applied. 

When x is small, the extended Rayleigh scattering approximation may be 
accurate enough to simulate the scattering properties. The Rayleigh approximation 
is only suitable for the scattering by a particle with sinall absolute value of m x x 
(Van de Hulst, 1957). While Van de Hulst developed computations by means of 

series expansion for small particles, he warned that “aside from their simplicity, they 
have little advantage. They (the series expansion) describe the very first deviations 
from Rayleigh scattering, but further deviations appear very soon after the first 

have become prominerd, so that the full Mie formulae have to be used.” Wiscombe 
(1979) also emphasized that the Mie formulae should be used for most of scattering 

calculations, and only apply the .r - 0 forniulae over a range o f  .r sufficiently 
small to avoid serious ill-conditioning but  still give six significant digits in all Mie 

quantities. 
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discussed in the Section 4, indicate that by using the Mie table for small particles, 

the upwelling brightness temperatures show little discrepancy in comparison with 

those using Mie calculation in the radiative transfer model. 
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3. STRUCTURE OF THE TABLE 

The average Mie scattering quantities are tabulated from predetermined 

ranges of size parameter, imaginary and real refractive indices. Appendices A and 
B show the ranges of 2 and nz. for ice and liquid water, respectively. The following 

sections discuss indepth the procedure for the creation of Mie tables. 

The Mie table is constructed by linearly averaging Mie parameters over pre- 

determined ranges of 2 and m. For liquid water, m. includes n and IC; but for ice, 
there are only ranges for b ,  since n is a constant value. The following steps outline 
the procedure: 

a) Consider a range in size parameter, imaginary and real refractive indices 

with resolutions of AT, Ak, and An, respectively. For a number of discrete 
values of size parameters and refractive indices within the ranges, the extinc- 
tion and scattering efficiency factors and four elements of phase functions 
are computed. These results are then averaged over the given range. The 

number of discrete values used for averaging within each range varies for 

each parameter in different tables; it can be as many as 11 numbers for the 2 
between 18 and 20 in the water table (> 37 GHz), or as few as one for each 
Ax in the ice table. 

If V and V are the variable to be averaged and the averaged variable, respec- 

tively, then 

- 

V =  
G 

where 

A 

B 

c 

number of discret,e values of x within the 
predeteriiiined Ax; 
number of discret,e values of k wit,hixi the 

predet,erminerl AX.; 
number of discrek values of 11 within tshe 

predetermined An. 
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It is more logical and economical to average size parameter first followed by 

the refractive indices for creating the Mie table. The reason for this approach is 
explained in section 4.2. 

For' each predetermined Ax, A b  and An., Mie variables are calculated at 

several discrete values of x, I C ,  and n. It4 is found, however, that for ice, because the 
Ax values are very small, only one discrete value of x within Ax is necessary to  
represent the Mie quantities within the range. 

b) Before the second step is outlined, it is necessary to understand certain con- 

cepts about categories of refractive indices and size parameters. In Tables 
B.1 and B.3, each category of real refractive indices has one or more cate- 
gories of imaginary refractive indices. Let D, E ,  P, ..., 2 be the total number 
of categories of imaginary refractive indices corresponding t,o each category 
of real refractive indices. For the purpose of discussion, let us consider S 
to represent the number of size parameter categories. In Tables A.2, B.2 
and B.4, they show that S is 383, 100 and 71 for ice table and water table 
with frequency 5 37 GHz and > 37 GHz, respectively. Therefore, the total 

number of records of the complete water table is (D + E + .... + 2 )  x S. For 
ice, since the real refractive index is constant, the total number of categories 

is D x S. 

For water, the averaging procedure is repeated for size parameter, imaginary 
refractive index, and real refract*ive index ranges. For ice, since real refractive 
index is constant, the averaging procedure is repeated only for size parameter 

and imaginary refractive index ranges. Table C.1 describes the organization 

of variables in general. It is more logical and economical to average size 

parameter first followed by the refractive indices in creating the Mie table. 

The reason for this approach is explained in Section 4.2. 

c )  The Mie quantities calculated as a function of refractive index and size pa- 

rameter are stored in a direct, access disk. The main advant,age of storing the 
tables as direct access files is the speed and efficiency with which data can 

be retrieved. The data are ordered by record nuniber. Any record can be ac- 

cessed directly without reading other records. A iiiore detailed description of 
the creation and use of direct access files can he obtained from NASA Space 

and Earth Sciences Computing Center (NSESCC:) publications (1985) and 
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(1986). These subroutine packages are exclusively for the IBM 3081 MVS 
operating environment. 

3.1 Ice 

Complex  Ref  rac tazre Indez 

Since n is a constant in the microwave region, we only need to consider k in 

the table. We divide k values int,o seven categories (see Appendix A) ,  which cover 

the range of temperature from 10°C to -60°C and frequency from 5 to 300 GHz. 

The k is very small compared to n, and is limited to a small range. According to the 

Table I1 in Warren (1984), the largest k: for tlie frequency and t,eiiiperature ranges 

of our interest is 9.54 x (at 300 GHz and T = -1"C), and tlie smallest k is 

1.73 x (at, 5 GHz and T = -60°C). The resolution of 1 x lop3 for each category 

is used in view of slow change of Mie quantities within each Ah. Fig. 8 depicts 

tlie imaginary refractive index of ice as a function of frequency and temperature 

based 011 Warren's table. The magnitude of k generally increases with increasing 

temperature and frequency. 

Size  Parameter  

In the ice table, we have a total of 383 categories of Az. Resolution of the 

first, Ax is 9 x when x 5 l o v 3 ,  and gradually increases up to 0.4 when 2 > 20. 
Within each Ax, the intermediate value of 2 is used to calculate and represent the 

Mie quantities in that small region. Because of the fine resolution of Az in the ice 

table, calculations show that the resulting brightness temperatures are insensitive 

to  the difference of Mie tables being constructed by either one or more discrete 

points of x within each Ax. Between lop4 and 22.8 of 5, Az has nine different 

sizes as shown in the Table A.2. The predominant size, which covers from x = 0.1 

to  x = 4.0 is AT = 0.02. The sharp spikes and rapid oscillations in this region make 

the upwelling brightness temperatures very sensitive to the resolution chosen for 

in the Mie table. It is anticipated that the resolution of x needs to be very fine in 

order to properly simulate the oscillations. Although Ax, as depicted in  Fig. 7 ,  
is a guidance to the resolution required for .r in  the Mie table. experiments show 

that such a resolution will make the radiative transfer calculation sensitive to the 

starting size for the integration of a size spectruni. In the microwave region, if Mie 
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quantities are calculated directly from Mie codes, integration of size distribution by 
starting from different sizes (e .9 .  1 or 25 pin) will make little difference on the results 
of radiative transfer calculation. The reason for the radiative transfer calculation 
being sensitive to the starting size of the integration if using the Mie table, is that. 
since the Mie quantities within a Ax are represented by one or an averaged set of 

Mie calculated values within the range, a "phase shift" may result if the starting 
particle size is varied. In the radiative transfer calculation, the starting size for the 
integration of size distribution should be set at 25 pm, otherwise, a phase shift, of 

size integration froni the Mie table may occur. The effect is more pronounced in 
the area with sharp spikes. In the experiments using the Wu and Weininan (1984) 
profile, the phase shift can lead to brightness temperature differences of as much 
as 6.5 K for 37 GHz, 7.5 K for 8.5 GHz, and 16.6 K for 183 GHz. The phase shift, 
however, can be minimized if the resolution of x in Mie table is finer especially in 
the range of 1 < 2 < 10 for ice. Fig. 7 shows that when x = 4, Az needs to have 
a resolution of 0.04 or better. The radiative transfer calculations demonstrate that 
for 2 = 4, the resolution of 2 in Mie table needs to be 0.02 (as shown in Table A.2) 
so that the resulting brightness temperatures are independent of phase shift. This 
exercise is just to illustrate that in actual tabulation the resolution of 2 may not be 
the same as Ax of Fig. 7. For z > 22.8, both Q S  and Qe are assumed approaching 
an asymptotic value; therefore the Mie quantities of the last category of x are used 
to represent the x beyond 22.8. 

I 

i 
I 

M i e  Quant i t ies  

Besides three input variables of size parameter, real and imaginary indices, 
three quantities output from the Mie calculations - scattering and ext?iiiction ef- 

ficiency factors and the phase functions, are recorded in the Mie tables. Since a 

spherical particle is symmetrical with respect to the incident light, the scattering 
pattern is also symmetrical in the intervals (O", 180") and (180", 360"). The phase 
functions are, therefore, described by 181 scattering angles including both 0" (for- 
ward scattering) and 180" (backward scattering). In tabulat#ing the Mie quant,it,ies, 
we experimented averaging phase angles in order t,o save computer storage space 
without impacting the accuracy of t,he Mie t,a.ble. In Fig. 9, an example of t,lie 

first two phase funct,ions of scatt,ering h y  t.lie ice part.icles is s h o ~ n ,  and in  Fig. 10, 
the two-degree averaging of t,he scat,tering a.ngles for t,lie same case is shown. The 
minor differences due to the angle averaging do not, significantly affect the results 

I 
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of radiative transfer calculations. In Table 2, results of the brightness temperatures 

are compared for different number of scattering angles being used in the radiative 

transfer calculation. The 181 represents the full phase functions being calculated 

by every scattering angle from 0" to 180"; 90 and GO represent the phase functions 

being averaged for every 2 and 3 degrees, respectively. Results show that t,he t8wo- 

degree averaging of phase angles, in general, has an excellent agreement with the 

full calculation of every phase angle; the maximum discrepancy is 0.8 K at 85.5 

GHz. The discrepancy for three-degree averaging exceeds 18 K for 183 GHz; this 

obviously can not satisfy the required accuracy for the tables. In the Mie table for 

ice, we average phase functions for every two degrees of scattering angle, and save 

about a factor of two of computer storage space. 

3.2 Liquid Water 

For liquid water, the Mie tables are divided into two parts; the first part is 

for the frequencies less than and including 37 GHz, and the other part is for t8he 

frequencies great,er than 37 GHz. The reasons for breaking t,he table into two parts 

are: 

(a) The low frequencies ( 5  5 v 5 37 GHz) need to have a finer resolution of .T 

but have a smaller z,,, in the tables; on the contrary, the high frequencies 

(37 > v > 300 GHz) need a larger x,,,, but a coarser resolution; and 

(b )  the phase functions behave quite differently for t,he low and high frequencies; 

division of the Mie tables in two pa.rts saves significant, computer stora.ge 

space. 

Complex Refractive Index  

Since n and k are not directly related to  each other for all temperatures and 

frequencies, we need to treat n and k as two independent variables. Two important 

factors that  should be considered for this tabulation are: (a) only the ranges of 

m which actually occur in the realistic atmosphere will be tabulated, and (11)  the 
resolution of 777 in the table depends 011 the sensitivity of the Mie solutions to the 

variation of nz. Fig. 11 shows that the hlie quantities cliarige iiiiicli more quickly 

for smaller real and iinaginary refractive iiiclices (higher frequency) than for larger 

refractive indices (lower frequency). Therefore, we should tabulate more detailed 
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Mie results in the region of smaller m than in those of larger m. The shaded areas 
in Fig. 11, like Figs. 3 and 4, ii1dicat.e t,hose complex refractive indices will not, exist 
in the real atmosphere. We intentionally perniit, a wider range of m (unshaded area 
in Fig. 11) to be included in the table, because any formula different from Ray 
(1972) or Lane and Saxton (1952) for computing m may stretch n or k out of the 
envelopes of the curves as shown in Figs. 3 and 4. However, we do not expect, any 
new formula would produce curves dramatically different from those shown in Figs. 
3 or 4. 

only up to  six of dicrete points of k are used for averaging to represent Ak. 
I 

1 7  

The sensitivity of Mie results on m is closely related to the 2 value. Fig. 9b 
shows that the values of extinction efficiency factor are strongly dependent on the 
change of m value at 2 = 0.72, while such a dependence is much less obvious for 
2 = 0.22 and 3.20 (Fig. l l a  and c, respectively). Our experiments reveal that when 
2 = 0.72, the Mie quantities are most strongly dependent on the variation of the 
complex refractive index. Such a dependence is weaker when 2 either increases or 

decreases from 0.72. ‘Based on Fig. l l b ,  it appears that the Mie quantities change 
more rapidly in the region of smaller n (high frequency). However, as shown in 

Fig. 3, the values of n in the high frequency part distribute over a smaller range 
(1.5 < n < 6) compared to those in the low frequency part (2 < n < 9). We 
tabulate n in 12 categories for the high frequency part, and 22 categories for the 
low frequency part. For each category of n, the number of k is dependent on (a)  

resolution of k which is needed to accurately describe the Mie results, and (b)  range 
of k which is needed to cover the designated frequency and temperature ranges. 
The number of categories and resolution of 11 and k in each category of n are listed 
in Tables B.l and B.3 for the low and high frequency parts, respectively, in the 
Appendix B. 

1 For each category of n and IC, the number of discrete values used for the 
averaging is varied dependent on the resolution of An and Ak. For both low and 

I high frequency tables, the resolution of the discrete values of n and k used for 

averaging is fixed at 0.1, so more discrete values are used for larger An or Ab, 
and vice versa. For low frequency t,able, up to eight discrete values of k are used 
for averaging within a range (e .g .  k = 1.7 - 2.4 for n = 8.1 - 8.4), and An is 

uniformly represented by four discrete values in each range. For the high frequency 
water table, eight discrete values of 17 (5.5 -- 6.2) are required for averaging, but 
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S i z e  Parameter 

For liquid water, both the ripples and major maxima and minima of Mie 

scattering for an ice particle are mostly damped out due to  st,rong absorption in 

liquid phase (see Fig. 6) .  The resolut,ions of x in tlie water tables thus are not 

required to be as fine as those in t.he ice t.able. 

Two  different sets of size parameter are given in the water tables for tlie low 

and high frequency channels, as shown in Tables B.2 and B.4, respectively, in the 

Appendix B. A total of 100 categories of x are given for the low frequency part. The 

averaged Mie solutions in the first category of x, covering 1 x lop4 - 5 x l op4 ,  also 

represent the Mie solutions for z smaller than 1 x This approximation does 

not significantly affect tlie accuracy of the Mie tables used in the radiative transfer 

calculations, as will be discussed in tlie next section. For high frequency part ,  a 

total of 71 categories of x are given. In the tables, although tlie Mie solutions for 

both the low and high frequency parts are tabulated from the same x (1 x 10V4), the 

rnaximuni x in the low frequency part is only 5, while the maximum .T in the high 

frequency part extends to 20. The resolution for .T in the low frequency part is much 

finer than that in the high frequency part. The Mie solutions for tlie last categories 

of x are used for any .T greater than x,,, in tlie tables. This approximation is 

based on (a) x is unlikely to be larger than x,,, in the niicrowave region, and (b )  

the Mie solutions usually approach asymptotic values after z exceeds x,,, . 

Mie Q.uant i t ies  

The phase functions of the low frequencies are generally quite smooth with 

respect to tlie scattering angles (e.9. Fig. 12 for z = 1 at 37 GHz and 0°C); so the 

phase functions can be averaged over every nine degrees without seriously affecting 

the results. In Fig. 13, an example of tlie phase function one and two of scattering 

by liquid water droplets for x = 4 at  18 GHz is shown. The curves in Fig. 13 are less 
linear than those in Fig. 12, because the scattering pattern at z = 4 is less uniform 

compared t o  that at x = 1. In fact, tlie case of z = 4 shows the least smooth phase 

functions in the low frequency part of tlie table (.r 5 5 ) .  By averaging every nine 

degrees of the phase angles, the phase functions are shown (in Fig. 115) as step 

functions. Although the patterns of phase  fiiuction for 18 and 90 G H z  a re  quite 

siiiiilar for the same T (see Fig. 1.3 a n d  l:)), their iiiagnitudes are different due to the 

difference of their complex refractive indices. The phase functions of 18 GHz would 
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look smoother if the scale used for 90 GHz were used. Our experiments indicate that 
for the high frequency channels, averaging every two degrees (Fig. 16) is necessary 
to insure an accurate Mie table. Table 3 shows that the difference between results of 
full resolution (181 angles) and two, three and nine degrees averaging (90, 60, arid 
20 angles, respectively) of phase functions. The table should be divided into t,wo 

parts: the low frequency channels generally have excellent comparison between full 
resolution values and values based on nine degree averaging of the phase functions, 
but the high frequency channels (> 37 GHz) only show a good comparison with two 
degree averaging. Since the phase functions occupy most of the disk space in the 
Mie tables, the nine degree averaging of pliase angles saves the computer stsorage 
space by about a factor of nine and two degree averaging by a factor of two. 
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4. RESULTS AND DISCUSSION 

4.1 Coniparison of Results from Mie Tables and Mie Calculations 

The microwave radiative transfer model, used for testing t,he accuracy and 
efficiency of the Mie tables, is based on the iiiodel described by Szejwach e t  al. 

(1986), which is a revised model of Wilheit it et al. (1982). The revised model 
includes the capability of handling up to 200 atmospheric layers and 19 regions 
for cloud and precipitation; each region allows up to 4 classes of mixed-phase hy- 
drometeors including water and ice cloud, raindrop and graupel. The input Mie 
quantities for calculation of the scattering effect in the radiative transfer simulation 
will be obtained directly from Mie tables. The upwelling microwave brightness tem- 
peratures resulting from this radiative t,ransfer calculation will be compared with 
those brightness temperatures using Mie quantities obtained from the computation 
of Mie codes. The profile selected for the initial comparison is based on that used 
by Wu and Weinman (1984), and furt,lier evaluation is performed by comparing re- 
sults of 144 atmospheric profiles generated by Tao's three-dimensional cloud model 
(Tao, 1986) in simulation of a tropical convective system during the CARP (Global 
Atmospheric Research Program) Atlantic Tropical Experiment (GATE). 

For the initial comparison, the calculations are divided into two parts; one is 
the atmospheric profile with ice (cloud ice and graupel) only, and the other is the 
profile with liquid water (cloud water and rainwater) only. Finally, we will combine 
both phases to assess the Mie table. 

Ice Table 

It is important to first test one phase only, because by assuming no liquid 
water in the profile, the scattering from ice will not be influeiiced l>y strong ab- 
sorption of liquid water. The bright ness temperat,ures are computed based on the 

Wu and Weiniiiari profile (see Fig. 1) for RR = 64 mm/lir over land. Results of 

the upwelling brightness teniperat ures a t  50" zeni th  angle by using the Mie table 
(Appendix A)  are conipared with those Mie quantities calculated by the subroutine 
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DBMIE (Mie codes). In Table 4, the comparisons show that the worst discrepancy 
is 1.1 K at 183 GHz, which is the frequency most sensitive to the presence of ice 

among frequencies listed for the comparisons. Figs. 17a and b show an example of 

the Mie quantities calculated from the Mie codes and directly obtained from the ice 

table, respectively. Both diagrams are plot8ted with a resolution of x = 0.2 and show 
the resemblance with only slight differences appearing in the region of z between 
4 - 8. The maximum discrepancy of h e  extinction coefficients appears at, x = 6 
with less than 5% difference. 

W a t e r  Tables 

For cases with liquid water only in the profile, the ice cont,ent is assunied 
to be zero and liquid water content is dist,ributed as shown in Fig. 1 for RR = 

64 mm/hr case. Results of the upwelling brightness temperature are shown in the 
Table 5 with the worst discrepancy of 1.3 K occurring at  85.5 GHz. This may be 
due to coarser resolution of x in the Mie table when 2 becomes larger (Table B.3). 
Since the peak absorption of water vapor at 183 GHz is in the upper at,mosphere 
(above 300 mb), lower clouds with liquid water only may not, have a strong effect 
on the upwelling brightness temperatures as high cloud with abundance of ice. Fig. 
18a and b show the Mie quant,ities calculated from the Mie codes and directly 
obtained from the water table, respectively. Since the maximum difference of the 
Mie quantities between Figs. 11% and b %re no mere than 1% (at- n: = l . 2 ) ?  one can 
hardly identify the difference between the two diagrams. 

Combinat ion  of Ice and W a t e r  Tables 

After separately assessing the ice and water tables, we then calculate the 
upwelling brightness temperatures for a mixed phase profile (Fig. 1) with RR = 64 
by using both ice and water tables for the scattering properties in the cloud and 
precipitation regions. Results are compared with t,he brightness t,eiiiperatures using 
the Mie codes to compute the scattering parameters for the same case. As shown 
in Table 6, the worst comparison is at 85.5 GHz with a discrepancy of 1.3 K.  At 
183 GHz,  the coinparison shows t,he discrepancy to lie merely -0.1 K .  This limy he 
due to the compensation from t,lie bias of ice (-1.1 E;) and water (0.5 K ) ,  which 
makes comparison of the mixed phase profile more favorable. This “compensat<ion 
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effect” does not appear to other frequencies for this particular profile. In fact, both 

ice and water tables show excellent) agreement at, 37 GHz (Tables 4 and 5 ) ,  but the 

combination of the two phases results in large discrepancy as shown in Table 6. It 

is interesting to see that under any of the tested conditions, the Mie tables always 

give excellent results for the lower frequencies (< 37 GHz). 

Bias and R M S  Deviations of 144 Profiles 

To prove t,he Mie table is valid for a wide range of frequency, temperature, ice 

and water concentrations, a statistical coniparison of brightness temperature ( T b ) ,  

obtained by a direct Mie calculation (subroutine DBMIE) and by using Mie table 

is required. The bias and RMSD can be defined as : 

( v N  u z = l  Tb,i) 

N 
bias = 

where 

Tb,i T b , T a b k  - T b , D B M I E ,  

N sample population. 

A sample of 144 profiles was selected from a three-dimensional cloud model 

(Tao, 1986). This model can be run in two or three dimensions, although present 

computing capacity permits only a rather restricted domain for the three-dimensional 

runs. It can also be run with two or three classes of ice. With two ice classes, the 

bulk parameterization is similar to that for water droplets, with small “cloud ice” 

particles having little or no terminal velocity and the larger-sized graupel or hail 

category falling relative to the air. The third, or intermediate size class of ice (snow) 

proves to be essential in capturing key features of tropical clouds. It has a finite 

terminal velocity, but one which is much less than that of graupel. A coniparison of 

the substantial differences between the ice I’aI-aiiieterizatiorls in use h a s  been made 

by McCuniber et al. (1987) by trying several of’ these in the multi-cloud model. 

So far, the scheme by Rutledge and Hobbs (1984) appears to give a realistic bright 
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nielting band and anvil precipitation in the GATE cases (Simpson et ai. , 1985). 
Fig. 19 shows rain rate results from a three-dimensional run with this ice parame- 

terization, using tlie same environment observed for fast-moving squall lines in tlie 

GATE. The square drawn in the figure is a 12 x 12 grid box covering 18 k in  x 

18 kin area (with resolution of 1.5 kni). There are many different combination of 

hydrometeors resulted from the cloud model simulation in this area. It appears that 
this is an ideal region for t.esting the Mie t(ab1es. 

The brightness temperatures (vertical and horizontal polarizations) were ob- 
tained from the radiative transfer model using the Mie table and subroutine DBMIE 
for several viewing angles and frequencies. Table 7 illustrates the bias and RMSD 
values. For the 144 profiles generat,ed froin the cloud model, comparisons indicate 

that 37 and 90 GHz have larger discrepancies than 183 GHz. For more general 

cases, the water vapor absorption may smear out. some of the scattering effect from 

ice and make the comparison more favorable a t  183 GHz. The 90 GHz has the 

largest RMSD of 1.65 K at nadir angle and the maximum absolute discrepancy of 3 
K. The brightness temperatures calculated based on the Mie table mostly are over- 

estimated except, t,hose at 10 and 174 GHz. The overestimation may be because the 

Mie tables tend to smooth out the rapid oscillations of the Mie scattering, especially 

for ice particles. The “smooth effect” may cut out some of the scattering effect and 

increase the upwelling brightness temperatures. Over all, the comparison is quite 

satifactory with the maximum bias and RMSD of merely 1.7 K.  The comparisons 

reveal that the Mie tables indeed may replace the Mie calculations in the microwave 

radiative transfer modeling simulation without seriously sacrificing the accuracy of 

the modeling results. 

4.2’ Timing and Cost Analysis 

The two factors that affect, the cost of a computer calculation are the TIME 
and the number of EXCP (EXecut,e C)ha.nnel Programs) (see NSESCC publication, 

1985). The TIME operand gives the t,ot,al amount, of processing t.iine for the job 
including all st,eps. The EXCP refers to  tlie nuiiiher of input/out,piit operabions 

performed. 

In section 3 it, was not,ed t,hat, tabulating Mie quantities by averaging size 

parameter first, is more logical and economical. In radiative transfer models we 

23 



compute the coniplex refractive index first, based on the frequency and the prevail- 

ing temperature of the region. Then for each region, and for each set of particle 

size distribut,ion, the sequential size parameter is computed. In other words, we 

have a spectrum of particles in each region, with a coiiiplex refractive index and 

size parameter, for which the extinction and scattering efficiency factors and phase 

functions are required. By organizing the Mie table in this fashion, the Mie parame- 

ters from the table can be accessed as a block for a spectrum of particles in a region, 

thereby reducing the number of EXCP. As a test, we also accessed the tabulat'ed 

results one size parameter at a time, for each region. The number of EXCP was 

approximately 13 and 4 times larger at 10 and 183 GHz, respectively. 

Table 8 compares the total CPU time and the number of EXCP, for 144 
profiles, using the Mie calculation (DBMIE) and the Mie table. The use of Mie 

table reduces the CPU time by a factor of 7 at 10 GHz, increasing to a factor of 

16 at 183 GHz. The use of Mie table, however, increases the number of EXCP. 
The large EXCP at the high frequencies simply reflects the fact that more size 

parameters are accessed from the Mie table. Table 9 lists the percentage saving in 

cost calculated for t,he IBM 3081 (Batch) using Mie table compared to using Mie 

calculation. When the Mie table is used, the saving in time is somewhat offset by 

increase in the number of EXCP. Overall, the cost saving varies from 83% to 89% 

or a factor of 6 to 9. 

111 section 3 it was noted that tabulating Mie quantities by averaging the 

size parameter first is more logical and economical. In radiative transfer models 

we compute the complex refractive index first, based on the frequency and the 

prevailing temperature of the region. Then for each region, the sequential size 

parameters are computed. In a block of the Mie table, if the Mie quantities are 

tabulated in the sequence starting from the smallest to the largest size parameters, 

the table can be accessed as a block for a spectrum of particles in a region, thereby 

reducing the number of EXCP. As a t,est, we also accessed the Mie tables one size 

parameter at a time, for each region. The number of EXCP was approximately 13 
and 4 times larger at 10 and 183 GHz, respectively. 
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5. SUMMARY: 

The purpose of tabulating the Mie tables is to save computer time for mi- 

crowave radiative transfer model simulation, which consumes large portion of CPU 
time for Mie calculations. Comparisons between the upwelling brightiiess tempera- 

tures based on the Mie tables and the Mie calculations reveal that the Mie tables 

may indeed replace the Mie calculations in the microwave region. In an experiment 

of testing 144 profiles with various combinations of ice and liquid wat,er, we found 

that the bias and RMSD of the upwelling brightness temperatures by using the Mie 

tables are less than 1 K for 10 - 183 GHz except at  37 and 90 GHz. The overall 

comparisons show that the maxiinuin bias and RMSD have not exceeded 1.7 K. 

Although the efficiency improvement by using the Mie tables in the mi- 

crowave radiative transfer calculations have been encouraging, there are still some 

revisions of the current Mie tables that can be done to further improve the efficiency 

without. a,ffecting the accuracy. 

(1) It is important to  further reduce computer storage space needed for the Mie 

tables, if one considers running a microwave radiative transfer model in a computer 

system with much limited disk space. It is possible to further reduce size of the 
ice table without affecting the accuracy of using the Mie tables in the 17' I 1 c rowave 

radiative transfer calculations. Since the absorption of ice in the microwave region 

is weak, the scattering and extinction properties of ice (see Figs. 20 and 21, respec- 

tively, for 90 GHz) are thus weakly dependent on the temperature and frequency 

variations. The corresponding first phase functions for 90 GHz, which are plotted 

for a series of size parameter as shown in Figs. 22a and b for 0°C and -5O"C, 
respectively, show their resemblance. Both diagrams have a very similar pattern 

indicating that the first phase function is not strongly dependent on temperature 

variations. Figs. 23a and b depict the second phase functions, which are also weakly 

associated with the temperature variations. Since the coniplex refractive index is 

a function of both t,emperat,ure and frequency, it is also important, to examine the 

Mie quantities with respect to the frequency changes. Figs. 24a and b show the 

first phase funct.ions of 18 GHz at O'(' ant1 5 0 ' 0 ,  respectively. By comparing 

Figs. 22 and 24 (90 versus 18 GHz for tlie first phase function), arid 23 and 25 (for 

the second phase function), we may conclude that the Mie quantities, especially the 
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phase functions change slowly with respect to t,he imaginary refractive index (real 

refractive index is constant). Since the phase functions occupy the majority of the 

computer storage space in the Mie t,ables, it is feasible to share each set of phase 

functions by a wider range of coniplex refractive index. The savings in coniputer 

storage is expected to be significant. If every two categories of complex refractive 

index in the current Mie tables share one set of phase functions, almost one half of 
the computer storage space can be eliniinat,ed for the ice table. 

(2) The phase functions in the current Mie tables are tabulated as function of 
scattering angles. It is desirable to also represent, the phase function in t,erm of 

t,lie Legendre monient8s, so the Mie tables can be more widely useful for different 

microwave radiative transfer models. This modification may not neccessarily save 

computer storage space for the Mie tables, because many phase functions need 

more than 100 terms of the Legendre moments in order to accurately describe the 

scattering patt,ern. Alt,hough it, is likely to have some phase functions represent,ed 

by just a few terms of the nionients, there may be technical difficulties in having 

variable record length in the comput,er st,orage space. 

(3)  The discrepancy between the Mie tables and the Mie calculations is expected to 

further reduce if the resolution of the size parameter in the tables can be increased. 

This is particularly important for the ice table, because the rapid oscillations of t,he 

scattering and extinction properties as a function of the size parameter are evident 

in the scattering by ice. 
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Table 1. CPU t i m e  f o r  M ie  c a l c u l a t i o n  i n  the r a d i a t i v e  t r a n s f e r  
model using Wu and Weinman (1984) (64 m d h r )  p r o f i l e .  

Frequency Number o f  CPU t i m e  T o t a l  Percentage o f  t o t a l  
(GHz) t i m e s  DBMIE f o r  M i e  CPU t i m e  CPU t i m e  used f o r  

was c a l l e d  c a l c u l a t i o n  (sec)  M ie  c a l c u l a t i o n  
(sec 1 

6.6 2068 28.0 37.0 76 

10.7 2068 28.0 40.6 69 

18.0 2068 33.0 44.9 73  

37.0 2068 43.0 53.6 80 

183.0 2068 89.0 103.0 86 

Table 2. Comparison o f  b r i g h t n e s s  tempera tu res  (K) by using v a r i o u s  
number o f  a n g l e s  d e s c r i b i n g  phase f u n c t i o n  i n . t h e  model 
s i m u l a t i o n .  The a tmospher i c  p r o f i l e  i s  based on Nu and 
Weinman (1984) w i t h  r a i n f a l l  r a t e  o f  64 m W h r  f o r  i c e  o n l y  
f i l l i n g  e n t i r e  c l o u d  r e g i o n s .  The v i e w i n g  a n g l e  i s  50 degrees 
f r o m  nadi r  and s u r f a c e  e m i s s i v i t y  = 0.5. 

Frequency Number o f  a n g l e s  i n  t h e  phase f u n c t i o n s  
( GHz 1 

181 90 60 

6.6 ( V I  153.8 
( H I  153.8 

10.7 ( V I  155.6 
(HI 155.5 

18.0 ( V I  163.6 
(HI 163.0 

21.0 ( V I  179.8 
( H I  178.7 

37.0 ( V I  104.1 
(HI 104.7 

64.9 
65.0 

153.8 
153.8 

155.6 
155.5 

163.6 
163.0 

179.8 
178.7 

104.0 
104.6 

153.8 
153.8 

155.6 
155.5 

163.6 
163.1 

179.8 
178.8 

104.6 
105.3 

65.7 74.2 
65.8 74.4 

183.0 ( V I  78.4 78.8 96.8 
(HI 78.2 78.7 96.7 
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T a b l e  3. Same as T a b l e  2 e x c e p t  l i q u i d  w a t e r  o n l y .  

F requency  Number o f  a n g l e s  i n  the phase f u n c t i o n s  
(GHz) 

1 8 1  90 6 0  20 

6.6 ( V I  270.4 270.4 270.4 270.4 
(HI 270.0 270.0 270.0 270.0 

10.7 ( V I  261.0 261.0 261.0 261.0 
(HI 260.1  260.1  260 .1  260.1  

18.0 ( V I  246.1 246.1  246 .1  246.2 
(HI 244.7 244.7 244.7 244.8 

21.0 ( V I  242.9 242.9 242.9 242.9 
(HI 241.3 241.3 241.3 241.5 

37.0 ( V I  235.7 235.6 235.8  236.0 
233.7 233.8 234.1 

85 .5  ( V I  235.4 235.2 236.0 238.4 
( H I  233.9 233.8 234.6 237.3 

( H I  233.7 

183.0 ( V )  239.1  238.9 240 .5  246.9 
(HI 238.9 238 - 8  240.4 247 .1  

............................................................. 

T a b l e  4 .  B r i g h t n e s s  t e m p e r a t u r e s  (K) computed based on i c e  t a b l e  
f o r  Wu a n d  Weinman (1984)  6 4  m m l h r  ( i c e  only) p r o f i l e .  
DBMIE i n d i c a t e s  brightness t e m p e r a t u r e s  c a l c u l a t e d  using 
M i e  code.  S u r f a c e  e m i s s i v i t y  = 0 .9 .  

Frequency  V e r t i c a l  H o r i z o n t a l '  

( GHz 1 DBMIE T a b l e  Table-DBMIE DBMIE T a b l e  Table-DBMIE 

6.6 268.5  268.5 0 .0  268.5 268.5  0 . 0  

10 .7  265.6 265.6 0 .0  265.6 265.6 0 .0  

18 .0  246.2 246.2 0 .0  245.9  245.9 0.0 

21.0 232.3 232.4 0 . 1  231.9  232.0 0 . 1  

37.0 127.9 127.8 - 0 . 1  1 2 9 . 1  129.0 -0 .1  

85 .5  62.2 62 .4  0.2 6 2 . 3  62.5 0 .2  

183.0 77.7 76 .6  -1.1 77.6 76 .5  -1.1 
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Tab1 . e  5. Br igh tness  tempera tures  ( K )  computed based on w a t e r  t a b l e s  
f o r  Wu and Weinman (1984) 64 m m l h r  ( l i q u i d  w a t e r  o n l y )  p r o f i l e .  
S u r f a c e  e m i s s i v i t y  = 0.9. 

Frequency V e r t i c a l  H o r i  zon ta  1 

(GHz) DBMIE Tab le  Table-DBMIE DBMIE Tab le  Table-DBMIE 

6.6 272.7 272.9 0 .2  272.4 272.7 0.3 

10.7 256.6 256.7 0.1 256.0 256.1 0.1 

18.0 241.4 241.6 0.2 240.2 240.3 0 .1  

21.0 238.0 238.3 0.3 236.6 236.8 0.2 

37.0 230.4 230.5 0.1 228.5 228.6 0.1 

85.5 227.9 229.2 1.3 226.5 227.7 1 . 2  

183.0 232.0 232.5 0.5 231.7 232.3 0.6 

Tab1 e 6. B r i g h t n e s s  tempera tures  < K )  computed using b o t h  i c e  
and  w a t e r  t a b l e s  f o r  Wu and Weinman (1984) 64 m m / h r  
( l i q u i d  wa te r  + i c e )  p r o f i l e .  S u r f a c e  e m i s s i v i t y  = 0.9. 

..................................................................... 
Frequency V e r t i c a l  H o r i z o n  t a  1 

(GHz)  DBMIE Tab le  Table-DBMIE DBMIE T a b l e  Table-DBMIE 

..................................................................... 
6.6 272.4 272.4 0.0 272.2 272.2 0.0 

10.7 255.0 255.2 0.2 254.4 254.6 0.2 

18.0 231.2 231.4 0.2 229.4 229.6 0.2 

21.0 222.1 222.2 0.1 220.1 220.2 0 .1  

37.0 163.3 164.9 0.6 161.8 163.4 1.6 

85.5 84.5 85.8 1.3 84.5 85.7 1 .2  

183.0 84.9 84.8 -0.1 84.8 84.7 -0.1 

--------------------________________^___----------------------------- 
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T a b l e  7 .  Bias a n d  RMS error o f  b r i g h t n e s s  t e m p e r a t u r e s  (K) i n  u s i n g  
Mie t a b l e s .  

F requency  Viewing Bias RMS e r r o r  
( G H z )  a n g l e  

(degrees) Vertical H o r i z o n t a l  Vertical H o r i z o n t a l  

l o  

18 

37 

90  

9 4 . 5  
103 .5  
1 1 2 . 5  
1 2 1 . 5  
1 3 0 . 5  

1 3 9 . 5  
148 .5  
157 .5  
166 .5  
1 7 5 . 5  

94 .5  
103 .5  
112 .5  
1 2 1 . 5  
1 3 0 . 5  

1 3 9 . 5  
148 .5  
157 .5  
166 .5  
1 7 5 . 5  

3 4 . 5  
1 0 3 . 5  
112 .5  
121 .5  
1 3 0 . 5  

139 .5  
1 4 8 . 5  
1 5 7 . 5  
1 6 6 . 5  
1 7 5 . 5  

94 .5  
1 0 3 . 5  
1 1 2 . 5  
1 2 1 . 5  

1 3 0 . 5  

139 .5  
1 4 8 . 5  
157 .5  
1 6 6 . 5  
1 7 5 . 5  

0.110 
0 .075  
0.030 

-0.008 
-0.031 

-0.054 
-0.067 
-0- 079 
-0.088 
-0.090 

0.105 
0.129 
0.160 
0 .175  
0 .188  

0 .204  
0.206 
0 .212  
0 .205  
0.210 

?. .27? 
1.319 
1 . 3 7 9  
1 .387  
1 .325  

1 .370  
1 . 3 4 2  
1 .339  
1 .294  
1.312 

0 .801  
0.889 
1.126 
1 .200  

1 . 1 0 6  

1 .284  
1 .398  
1 .284  
1.233 
1 .375  

0.050 . -0 .015 
-0.048 
-0.066 
-0 .073  

-0.087 
-0.088 
-0.084 
-0.087 
-0.081 

0 .083  
0 .148  
0 .183  
0.198 
0.217 

0.236 
0.239 
0.239 
0 .235  
0.236 

1 .212  
1 .317  
1 .347  
1 .334  
1 .346  

1 .394  
1 .392  
1 . 3 7 1  
1.351 
1 .378  

0.770 
0.899 
1 . 1 0 5  
1 . 1 4 5  

1 . 1 2 4  

1 .272  
1 .408  
1 .266  
1 . 2 3 8  
1 . 3 7 1  

0 .762  
0 .371  
0 . 3 0 3  
0 . 3 4 3  
0 .395  

0 .419  
0 .443  
0.449 
0 .449  
0 .448  

0 . 2 7 3  
0 .204  
0 . 1 8 1  
0.176 
0.185 

0.190 
0.196 
0.206 
0 .208  
0.206 

0 0 9 7 2  
1 .026  
0.976 
0 .937  
0 .853  

0 .867  
0.836 
0 .818  
0 .805  
0 .825  

0 .994  
1 . 1 0 3  
1 .236  
1.338 

1 . 4 3 3  

1 . 4 9 5  
1 .599  
1 . 5 9 6  
1 . 6 2 4  
1 . 6 5 3  

0.867 
0.472 
0.372 
0.384 
0.406 

0 .435  
0.437 
0 .455  
0.450 
0.452 

0.276 
0 .263  
0 .260  
0 .253  
0.242 

0.230 
0 .228  
0.222 
0 .218  
0.214 

0.866 
0 .925  
0 .881  
0.848 
0.809 

0.820 
0.806 
0.789 
0.787 
0 .801  

1 . 0 0 1  
1 .104  
1 .237  
1 .342  

1 A 2 5  

1 .494  
1 .595  
1 .598  
1 . 6 2 4  
1 .653  



T a b l e  7. (cont inued) 

Frequency V i e w i n g  B i a s  RMS e r r o r  
(GHz)  angle 

(degrees)  V e r t i c a l  H o r i z o n t a l  V e r t i c a l  H o r i z o n t a l  

120.6 94.5 -0.021 -0.045 
103.5 0.022 0.023 
112.5 0.248 0.224 
121.5 0.229 0.173 
130.5 0.089 0.099 

139.5 0.246 0.230 
148.5 0.386 0.394 
157.5 0.189 0.170 
166.5 0.097 0.102 
175.5 0.274 0.271 

0.165 
0.163 
0.178 
0.182 
0.188 

0.204 
0.215 
0.217 
0.223 
0.218 

0.164 
0 .161 
0.177 
0.179 
0.190 

0.204 
0.215 
0.215 
0.224 
0.219 

174 94.5 
103.5 
112.5 
121.5 
130,5 

139.5 
148.5 
157.5 
166.5 
175.5 

-0.609 
-0.657 
-0.410 
-0.553 
-0.760 

-0.723 
-0.430 
-0.834 
-0.996 
-0.699 

-0.629 0.513 0.507 
-0.658 0.528 0.532 
-0.431 0.527 0.521 
-0.594 0 .571 0.558 
-0.767 0.574 0.580 

-0.738 0.627 0.623 
-0.430 0.562 0.563 
-0.845 0.639 0.633 
-0.997 0.667 0.669 
-0.702 0.616 0.616 

183 94 .5  0.078 0.058 0.081 0.061 
103.5 0.092 0.084 0.088 0.073 
112.5 0.288 0.274 0.238 0 .221 
121.5 0.197 0.172 0.158 0 .141  
130.5 0.105 0.104 0.107 0.097 

139.5 
148.5 
157.5  

0.165 0.157 0.127 0 .121 
0 .311 0.313 0.259 0.257 
0.122 0.115 0.106 0.103 

166.5  0.045 0.045 0.063 0.063 
175.5 0.188 0.186 0.161 0.160 
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T a b l e  8. T o t a l  CPU time and  EXCP f o r  e x e c u t i n g  r a d i a t i v e  t r a n s f e r  
model f o r  144 p r o f i l e s .  

Frequency T o t a l  CPU t i m e  T o t a l  EXCP 
(GHz)  (Min) 

Mi e M i  e M i  e M i  e 
c a l c u l a t i o n  t a b l e  c a l c u l a t i o n  t a b l e  

10  71 .4  1 0 . 1  1099 7 ,818  

18 82.1 1 1 . 4  1104 9 ,485  

37 101.6 1 2 . 9  1101 15,679 

90 145.0 1 7 . 3  1091 28,772 

120.6 164.6 1 7 . 3  1113 34,243 

174 199.2 16 .6  1116 38 , 283 

183 200.9 12.7 1115 38,985 
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Tab1 e 9 .  C o s t  a n a l y s i s ,  based on NASA Space and Earth 
S c i e n c e s  6omputing Genter  computing u n i t  a c c r u a l  
t a b l e ,  f i s c a l  year 1987 (Table  C.31 ,  for 
144 p r o f i l e s .  
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Fig. 1. Schematic model of the distribution of hydrometeors with various phases 

as a function of height (from Wu and Weinman, 1984). 
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Fig. 2. Schematic flow chart for the Mie calculation. 
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Fig. 3. The complex refractive index, rn, as a function of temperature and frequency 
(Ray, 1972). The values of m in the shaded area is not included in the water 
tables. Three frequencies are depicted with 5 GHz as lower boundary for 
the low frequency table, 37 GHz as a differentiation between low and high 
frequency parts of the water tables, and 183 GHz as higher boundary for 
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Fig. 5. Mie scattering by ice particles for (a) 180 and (b) 18 GHz. The size dis- 
tribution, based on aircraft measurements in the anvil region (Heymsfield, 
1986), is converted to the scale of size parameter in the diagrams. 

41 



U 
0 
I- o 

>- o z 
o 

s 
W - 
- 
LL 
LL 
W 

U 
0 
I- o 
Q 
L 

> o z 
0 
w - 
- 
L 
LL 
W 

1 (a) 180 GHz, 2OoC 
7 4 103 

---- SCATTERING 
-EXTINCTION 

\ R=169mm/hr (WILLIS, 1984) 
'\\+/ '. 0 

-\ i 

-.- I I I I 1 
I {i /' I I 1 I I , I l l  I I I I I 10-4 

t 4 0 . 0  100.0 4.2rnrn 1.0 0.2mrn 
0.1 

I- .. , - - ^. . 1 

/ t 7 I" 

6k  5 R = 169mrn/hr 

---- SCATTERING 
- EXT I N CT I 0 N 

SIZE PARAMETER 

Fig. 6. Same as Fig. 5, except for liquid water droplets. The size distribution is 
based on the Marshall-Palmer exponential fits for rain rate at 169 mm/hr 
(Willis, 1984). 

42 



X 
-4 

I I l l 1  I 1 1 I I I 1 1 1  

A 
AX - 
Xmax 4 

- 

- -0- (9 mm/hr) 
-x- (50 mm/hr) 

- -v- (100mm/hr) 
4- (200mm/hr) 

0.24 

0.22 

0.20 

0.1 8 

0.1 6 

0.14 

0.1 2 

0.10 

0.08 

0.06 

0.04 

0.02 

0.0 

24 

22 

20 

18 

a i 

16 

14 

12 

IO 

8 

6 ’- 4 4  

1 I I I I I I I I  

5 6 7 8 910 20 30 40 60 80 100 200 

X 
3 
QI 
X 

FREQUENCY (GHz) 

Fig. 7. The resolution of z (Ax) and the maximum value of x ( z m a z )  in the Mie 
tables shown as function of frequency and rain rate. 

43 



0 

-10 

0 
O Y -20 
W 
K 
2 
t- a -30 
W 

2 
W 

-40 

- 50 

\ \ \ I  

I 1 1 1 1  I I I I ' I  I I l l  - 60 
5 6 7 8 9 1 0  20 30 40 60 80 100 200 

FREQUENCY (GHz) 

Fig. 8. Imaginary refractive index of ice as a function of temperature and frequency. 

44 



1 1 1  1 I I 
~~~ 

id 

101 
2; 
3 
Erc 
w 
u) 

PI 
i! lo0 

10-1 

SCATTERING ANGLE (DEGREES) 

Fig. 9. First and second phase functions of ice for 18 GHz and x = 4. The four 
phase functions are defined in the text. 

45 



PHASE: ICE 
REFRACTIVE INDEX 

SIZE PARAMETER: 3.99 REAL: 0.178E+01 
IMAG: 0.166E-02 

103 1 ' 1  1 I 1 ' 1  I I 

I 1 1 I I I I I I 
20 40 60 Bo loo 120 140 160 IO 

103 

101 

100 

10-1 

SCATTERING ANGLE (DEGREES) 

Fig. 10. Averaging phase angles by every 2" for the case of Fig. 9. 
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Fig. 15. Same as Fig. 13, except for 90 GHz. 
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Fig. 23. Same as Fig. 22, except for the second phase function. 
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Fig. 25. Same as Fig. 23, except for 18 GHz. 
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APPENDIX A x ICE TABLE 

Table A . l .  Resolution and range o f  imaginary index 

No. Range ( X l . E - 3  1 Discrete values f o r  
averaging ( X l . E - 3  1 

Lower Upper 

.................................................................. 
1 0 . 4  1 . 0  0 . 4 0 ,  0 . 6 0 ,  0 .70 ,  0.80, 0.959 1 - 0 0  
2 1 . 0  2 . 0  1 .30 ,  1 . 5 0 ,  1 . 6 0 ,  1.90, 2 . 0 0  
3 2 . 0  3 . 0  2.30,  2 .65 ,  2 .70 ,  3 .00  
4 3 . 0  4 . 0  3.60,  3 . 8 0  
5 4 . 0  5 . 0  
6 5 . 0  6 . 0  
7 4 - 0  7 , o  

4 . 6 0  

7 - 4 0  
5 . 4 0 ,  5 . 8 0  
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T a b l e  A.2. S ize Parameter  (XI 
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0.56 
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0.45 
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0.51 
0.53 
0.55 
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0 .61  
0.63 
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0.02 
0 .02  
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0 .02  
0.02 
0.02 
0.02 
0.02 
0 .02  
0.02 
0.02 

0.85 
0.87 
0.89 
0 .91  
0.93 
0.95 
0.97 
0.99 
1 .01  
1 .03  

1.05 
1.07 
1 .09  
1.11 
1.13 
1.15 
.l. 17 
1 .19  
1 .21  
1 .23  

1 .25  
1.27 
1.29 
1 . 3 1  
1.33 
1 .35  
1.37 
1.39 
1 . 4 1  
1 .43  

1.45 
1.47 
1.49 
1 . 5 1  
1.53 
1.55 
1.57 
1 .59  
1 .61  
1.63 

1.65 
1.67 
1.69 
1 .71  
1 .73  
1.75 
1.77 
1 .79  
1 . 8 1  
1 .83  

64 



T a b l e  A.2. S i z e  Parameter <XI ( con t inued)  

1.84 
1.86 
1.88 
1.90 
1.92 
1.94 
1.96 
1.98 
2.00 
2.02 

2.04 
2.06 
2.08 
2.10 
2.12 
2.14 
2.16 
2.18 
2.20 
2.22 

2.24 
2.26 
2.28 
2.30 
2.32 
2.34 
2.36 
2.38 
2.40 
2.42 

2.44 
2.46 
2.48 
2.50 
2.52 
2.54 
2.56 
2.58 
2.60 
2.62 

2.64 
2.66 
2.68 
2.70 
2.72 
2.74 
2.76 
2.78 
2.80 
2.82 

1.86 
1.88 
1.90 
1.92 
1.94 
1.96 
1.98 
2.00 
2.02 
2.04 

2.06 
2.08 
2.10 
2.12 
2.14 
2.16 
2.18 
2.20 
2.22 
2.24 

2.26 
2.28 
2.30 
2.32 
2.34 
2.36 
2.38 
2.40 
2.42 
2.44 

2.46 
2.48 
2.50 
2.52 
2.54 
2.56 
2.58 
2.60 
2.60 
2.62 

2.64 
2.66 
2.68 
2.70 
2.72 
2.74 
2.76 
2.78 
2.80 
2.82 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

1.85 
1.87 
1.89 
1.91 
1.93 
1.95 
1.97 
1.99 
2.01 
2.03 

2.05 
2.07 
2.09 
2.11 
2.13 
2.15 
2.17 
2.19 
2.21 
2.23 

2.25 
2.27 
2.29 
2.31 
2.33 
2.35 

2.39 
2.41 
2.43 

2.45 
2.47 
2.49 
2.51 
2.53 
2.55 
2.57 
2.59 
2.61 
2.63. 

2.65 
2.67 
2.69 
2.71 
2.73 
2.75 
2.77 
2.79 
2 .81  
2.83 

2.37 

2.84 
2.86 
2.88 
2.90 
2.92 
2.94 
2.96 
2.98 
3.00 
3.02 

3.04 
3.06 
3.08 
3.10 
3.12 
3.14 
3.16 
3.18 
3.20 
3.22 

3.24 
3.26 
3.28 
3.30 
3.32 
3.34 
3.36 
3.38 
3.40 
3.42 

3.44 
3.46 
3.48 
3.50 
3.52 
3.54 
3.56 
3.58 
3.60 
3.62 

3.64 
3.66 
3.68 
3.70 
3.72 
3.74 
3.76 
3.78 
3.80 
3.82 
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2.84 
2.86 
2.90 
2.92 
2.94 
2.96 
2.98 
3.00 
3.02 
3.04 

3.06 
3.08 
3.10 
3.12 
3.14 
3.16 
3.18 
3.20 
3.22 
3.24 

3.26 
3.28 
3.30 
3.32 
3.34 
3.36 
3.38 
3.40 
3.42 
3.44 

3.46 
3.48 
3.50 
3.52 
3.54 
3.56 
3.58 
3.60 
3.62 
3.64 

3.66 
3.68 
3.70 
3.72 
3.74 
3.76 
3.78 
3.80 
3.82 
3.84 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0 . 0 2  
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0 .02  

0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 
0.02 

2.85 
2.87 
2.89 
2.91 
2.93 
2.95 
2.97 
2.99 
3 .01  
3.03 

3.05 
3.07 
3.09 
3 .11  
3.13 
3.15 
3.17 
3.19 
3 .21  
3.23 

3.25 
3.27 
3.29 
3.31 
3.33 
3.35 
3.37 
3.39 
3.41 
3.43 

3.45 
3.47 
3.49 
3.51 
3.53 
3.55 
3.57 
3.59 
3.61 
3.63 

3.65 
3.67 
3.69 
3.71 
3.73 
3.75 
3.77 
3.79 
3 .81  
3.83 



3.84  
3.86 
3.88 
3 .90  
3 .92  
3 .94  
3.96 
3.98 
4.00 
4 .04  

4.08 
4 .12  
4.16 
4.20 
4 . 2 4  
4 .28  
4 . 3 2  
4.36 
4.40 
4 .44  

4 .48  
4 . 5 2  
4.56 
4 .60  
4 .64  
4 . 6 8  
4 . 7 2  
4.76 
4.80 
4 . 8 4  

4 .88  
4 .92  
4.96 
5 .00  
5.04 
5 . 0 8  
5 . 1 2  
5.16 
5.20 
5 . 2 4  

5 .28  
5 . 3 2  
5.36 
5 . 4 0  
5 . 4 4  
5 .48  
5 . 5 2  
5.56 
5 .60  
5 . 6 4  

3.86 
3 .88  
3 . 9 0  
3 . 9 2  
3 . 9 4  
3.96 
3 . 9 8  
4 . 0 0  
4 . 0 4  
4 . 0 8  

4 . 1 2  
4.16 
4 . 2 0  
4 . 2 4  
4 . 2 8  
4 . 3 2  
4 . 3 6  
4 . 4 0  
4 . 4 4  
4 .48  

4 . 5 2  
4 .56  
4 . 6 0  
4 . 6 4  
4 .68  
4 . 7 2  
4 . 7 6  
4 . 8 0  
4 . 8 4  
4 .88  

4 . 9 2  
4.96 
5 . 0 0  
5 . 0 4  
5 . 0 8  
5 . 1 2  
5.16 
5 .20  
5 . 2 4  
5 .28  

5 . 3 2  
5.36 
5 .40  
5 . 4 4  
5 . 4 8  
5 . 5 2  
5.56 
5 . 6 0  
5 . 6 4  
5 .68  

0 . 0 2  
0 . 0 2  
0 . 0 2  
0 .02  
0 . 0 2  
0 . 0 2  
0 . 0 2  
0 . 0 4  
0.04 
0 . 0 4  

0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 .04  

0 . 0 4  
0 . 0 4  
0 . 0 4  
0 .04  
0 .04  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 .04  

0 .04  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0.04 
0 .04  
0 . 0 4  
0 . 0 4  
0 .04  

0 . 0 4  
0 .04  
0 .04  
0 . 0 4  
0 .04  
0.04 
0 . 0 4  
0 . 0 4  
0 .04  
0 . 0 4  

3.85 
3.87 
3.89 
3.91 
3.93  
3.95 
3.97 
3.99 
4.02 
4.06 

4.10 
4.14 
4.18 
4.22 
4.26 
4.30 
4.34 
4.38 
4.42 
4.46 

4.50 
4.54 
4.58 
4.62 
4.66 
4.70 
4.74 
4.78 
4.82 
4.86 

4 . 9 0  
4.94 
4.98 
5.02 
5.06 
5.10 
5.14 
5.18 
5.22 
5.26 

5.30 
5.34 
5.38 
5.42 
5.46 
5.50 
5.54 
5.58 
5.62 
5.66 
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5.68 
5 . 7 2  
5.76 
5 . 8 0  
5 .84  
5 .88  
5 . 9 2  
5 .96  
6 . 0 0  
6 . 0 4  

6 . 0 8  
6 . 1 2  
6 . 1 6  
6 . 2 0  
6 . 2 4  
6 . 2 8  
6 . 3 2  
6 .36  
6.40 
6 . 4 4  

6 . 4 8  
6 . 5 2  
6.56 
6 . 6 0  
6 . 6 4  
6 - 6 8  
6 . 7 2  
6 . 7 6  
6 . 8 0  
6 . 8 4  

6 . 8 8  
6 . 9 2  
6 .96  
7 . 0 0  
7 . 0 8  
7 . 1 6  
7 . 2 4  
7 . 3 2  
7 . 4 0  
7 . 4 8  

7 . 5 6  
7 . 6 4  
7 . 7 2  
7 . 8 0  
7 . 8 8  
7 . 9 6  
8 . 0 4  
8 . 1 2  
8 . 2 0  
8 . 2 8  

5 .72  
5.76 
5 .80  
5.84 
5.88 
5 . 9 2  
5.96 
6 . 0 0  
6 . 0 4  
6 .08  

6 . 1 2  
6.16 
6 . 2 0  
6 . 2 4  
6 . 2 8  
6 - 3 2  
6.36 
6 . 4 0  
6 .44  
6 . 4 8  

6 . 5 2  
6 .56  
6 - 6 0  
6 . 6 4  
6 . 6 8  
6 . 7 2  
6 .76  
6 . 8 0  
6 . 8 4  
6 . 8 8  

6 . 9 2  
6 .96  
7 . 0 0  
7 . 0 8  
7.16 
7 . 2 4  
7 . 3 2  
7 . 4 0  
7 . 4 8  
7 . 5 6  

7 . 6 4  
7 . 7 2  
7 . 8 0  
7 . 8 8  
7.96 
8 . 0 4  
8 . 1 2  
8 . 2 0  
8 . 2 8  
8 . 3 6  

0 . 0 4  
0 . 0 4  
0 . 0 4  
0 .04  
0 .04  
0 . 0 4  
0 . 0 4  
0 .04  
0 . 0 4  
0 . 0 4  

0 . 0 4  
0 .04  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  

0 . 0 4  
0 . 0 4  
0 .04  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 .04  
0 . 0 4  
0 .04  

0 .04  
0 . 0 4  
0 .08  
0.08 
0 . 0 8  
0 .08  
0.08 
0.08 
0.08 
0 . 0 8  

0 .08  
0 . 0 8  
0 . 0 8  
0.08 
0 . 0 8  
0 . 0 8  
0 . 0 8  
0 . 0 8  
0 . 0 8  
0 . 0 8  

5 . 7 0  
5 . 7 4  
5 . 7 8  
5 . 8 2  
5.86 
5 . 9 0  
5 . 9 4  
5 . 9 8  
6 . 0 2  
6 .06  

6 . 1 0  
6 . 1 4  
6 . 1 8  
6 . 2 2  
6 . 2 6  
6 . 3 0  
6 . 3 4  
6 . 3 8  
6 . 4 2  
6 . 4 6  

6 .50 
6 . 5 4  
6 . 5 8  
6 . 6 2  
6 .66  
6 . 7 0  
6 . 7 4  
6 . 7 8  
6 . 8 2  
6 . 8 6  

6 . 9 0  
6 . 9 4  
6 . 9 8  
7 . 0 4  
7 . 1 2  
7 . 2 0  
7 . 2 8  
7 . 3 6  
7 . 4 4  
7 . 5 2  

7 . 6 0  
7 . 6 8  
7 .76  
7 . 8 4  
7 . 9 2  
8 . 0 0  
8 . 0 8  
8 .16  
8 . 2 4  
8 . 3 2  



T a b l e  A.2. S ize Paramete r  (XI ( c o n t i n u e d )  

8.36 
8 .44  
8 .52  
8.60 
8.68 
8.76 
8 .84  
8 .92  
9.00 
9.08 

9.16 
9.24 
9 .32  
9.40 
9.48 
9.56 
9.64 
9.72 
9.80 
9.88 

9.96 
10.04 
10.12 
1 c .  20 
10.28 
10.36 
10.44 
10.52 
10.60 
10.68 

10.76 
10.84 
10 .92  
11.00 
11.08 
11.16 
11.24 
11.32 
11.40 
11.48 

8.44 0.08 
8 .52  0.08 
8.60 0.08 
8.68 0.08 
8.76 0.08 
8.84 0.08 
8 .92  0.08 
9.00 0.08 
9.08 0.08 
9.16 0.08 

9.24 0.08 
9.32 0.08 
9.40 0.08 
9.48 0.08 
9.56 0.08 
9.64 0.08 
9.72 0.08 
9.80 0.08 
9.88 0.08 
9.96 0.08 

10.04 0.08 
10.12 0.08 
10.20 0.08 
10.28 0 . 0 8  
10.36 0.08 
10.44 0.08 
10.52 0.08 
10.60 0.08 
10.68 0.08 
10.76 0.08 

10.84 0.08 
10.92 0.08 
11.00 0.08 
11.08 0.08 
11.16 0.08 
11 .24  0.08 
11.32 0.08 
11.40 0.08 
11.48 0.08 
11.56 0.08 

8.40 
8.48 
8.56 
8.64 
8.72 
8.80 
8.88 
8.96 
9.04 
9.12 

9.20 
9.28 
9.36 
9.44 
9.52 
9.60 
9.68 
9.76 
9.84 
9.92 

10.00 
10.08 
10.16 
18.24 
10.32 
10.40 
10.48 
10.56 
10.64 
10.72 

10.80 
10.88 
10.96 
11.04 
11.12 
11.20 
11.28 
11.36 
11.44 
11.52 

11.56 
11.64 
11.72 
11.80 
12.00 
12.20 
12.40 
12.60 
12.80 
13.00 

13.20 
13.40 
13.60 
13.80 
14.00 
14.20 
14.40 
14.60 
14.80 
15.00 

15.20 
15.40 
15.60 
15.80 
16.00 
16.20 
16.40 
16.60 
16.80 
17.00 

17.40 
17.80 
18.20 
18.60 
19.00 
19.40 
19.80 
20.20 
20.60 
21.00 

21.40 
21.80 
22.40 

11.64 0.08 
11.72 0.08 
11.80 0.08 
12.00 0.20 
12.20 0.20 
12.40 0.20 
12.60 0.20 
12.80 0.20 
13.00 0.20 
13.20 0.20 

13.40 0.20 
13.60 0.20 
13.80 0.20 
14.00 0.20 
14.20 0.20 
14.40 0.20 
14.60 0.20 
14.80 0.20. 
15.00 0.20 
15.20 0.20 

15.40 0.20 
15.60 0.20 
15.80 0.20 
16.00 f.ZO 
16.20 0.20 
16.40 0.20 
16.60 0.20 
16.80 0.20 
17.00 0.20 
17.40 0.40 

17.80 0.40 
18.20 0.40 
18.60 0.40 
19.00 0.40 
19.40 0.40 
19.80 0.40 
20.20 0.40 
20.60 0.40 
21.00 0.40 
21.40 0.40 

21.80 0.40 
22.40 0.40 
22.80 0.40 

11.60 
11.68 
11.76 
11.90 
12.10 
12.30 
12.50 
12.70 
12.90 
13 .10  

13.30 
13.50 
13.70 
13.90 
14.10 
14.30 
14.50 
14.70 
14.90 
15.10 

15.30 
15.50 
15.70 
15.90 
16.10 
16.30 
16.50 
16.70 
16.90 
17.20 

17.60 
18.00 
18.40 
18.80 
19.20 
19.60 
20.00 
20.40 
20.80 
21.20 

21.60 
22.00 
22.40 
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APPENDIX B t Water Table 

Tab le  B . l .  R e s o l u t i o n  and range o f  complex r e f r a c t i v e  index 
i n  the wa te r  t a b l e  f o r  f r e q u e n c i e s  l o w e r  and 
i n c l u d i n g  37 GHz 

1 2.0 2.4 0.1 1 1.2 

2 2.4 2.7 0.1 2 1.4 
3 1.7 

3 2.7 3.0 0.1 4 1.5 
5 1.9 

4 3.0 3.3 0 .1  6 1.7 

5 3.3 3.6 0.1 7 2.0 
8 2.3 

6 3.6 3.9 0.1 9 2.1 
10 2.4 

1.5 0 .1  

1.7 0 . 1  
2.2 0 .1  

1.9 0 . 1  
2.4 0 . 1  

2 . 1  0 .1  

2.3 0.1 
2.7 0.1 

2.4 0 . 1  
2.9 0 . 1  

7 3.9 4.2 0.1 11 2.3 2.7 0 . 1  
12 2.7 3.1 0 .1  

8 4.2 

9 4.5 

1 0  4.8 

11 5.1 

12 5.4 

13 5.7 

14 6.0 

15 6.3 

16 6.6 

4.5 0.1 

4.8 0.1 

5 .1 0 .1  

5.4 0.1 

5.7 0.1 

6.0 0.1 

6.3 0.1 

6.6 0.1 

6.9 0.1 

13 2.5 

14 2.8 

15 2.6 
16 3.0 

17 2.7 
18 3.0 

19 2.7 
20 3.0 

21 2.7 
22 3.0 

23 2.7 
24 3.0 

25 2.6 
26 3.0 

27 2.6 
28 3.0 

29 2.5 
30 2.9 

2.8 

3.2 

3 . 0  
3.4 

3.0 
3.4 

3.0 
3.4 

3.0 
3.5 

3.0 
3.5 

3.0 
3.5 

3.0 
3.5 

2.9 
3.4 

0 . 1  

0.1 

0 .1  
0.1 

0.1 
0 . 1  

0 . 1  
0 . 1  

0.1 
0 . 1  

0 . 1  
0 .1  

0.1 
0 . 1  

0 . 1  
0 . 1  

0.1 
0 . 1  
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Table B.l. (continued) 

No. Real r e f r a c t i v e  index No. Imaginary r e f r a c t i v e  index 

Range Increment Range Increment 

Lower Upper averaging Lower Upper averaging 
f o r  f o r  

17 6.9 

18 7.2 

19 7.5 

7.2 0.1 31 2.3 
32 2.7 

7.5 0.1 33 2.0 
34 2.4 

2.7 0 . 1  
3.3 0.1 

2.4 0.1 
2.8 0 . 1  

35 2.8 3.2 0 . 1  

7.8 0 . 1  36 1.7 
57 L . 1  
38 2.6 

2.1 0 . 1  
2.6 0 . 1  
3.1 0.1 

20 7.8 8.1 0.1 39 1.5 1.9 0.1 
40 1.9 2.4 0.1 
41 2.4 2.9 0.1 

21 8.1 8 . 4  0.1 42 0.8 1.2 0.1 
43 1.2 1.7 0.1 
44 1.7 2.4 0.1 

22 8 . 4  8.7 0.1 45 0.6 1.1 0.1 
46 1.1 1.6 0.1 
47 1.6 2.1 0.1 
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Table B.2. Same a s  Table B.l except for  s i z e  parameter 

Range Increment Range Increment 

Lower Upper dx averaging Lower Upper dx averaging 
f o r  f o r  

1. E-4 
5. E-4 
1. E-3 
5. E-3 
1. E-2 

3. E-2 
0.05 
0.07 
0.09 
0.11 

0.13 
0.15 
0.17 
0.19 
0.21 

0.23 
0.25 
0.27 
0.29 
0.31 

0.33 
0.35 
0.37 
0.39 
0.41 

0.43 
0.45 
0.47 
0.49 
0.51 

0.53 
0.55 
0.57 
0.59 
0.61 

0.63 
0.65 
0.67 
0.69 
0.71 

0.73 
0.75 
0.77 
0.79 
0.81 

0.83 
0.85 
0.87 
0.89 
0.91 

5. E-4 
1. E-3 
5. E-3 
1. E-2 
3. E-2 

0.05 
0.07 
0.09 
0.11 
0.13 

0.15 
0.17 
0.19 
0.21 
0.23 

0.25 
0.27 
0.29 
0.31 
0.33 

0.35 
0.37 
0.39 
0.41 
0.43 

0 . 4 5  
0.47 
0.49 
0.51 
0.53 

0.55 
0.57 
0.59 
0.61 
0.63 

0.65 
0.67 
0.69 
0.71 
0.73 

0.75 
0.77 
0.79 
0.81 
0.83 

0.85 
0.87 
0.89 
0.91 
0.93 

4. E-4 
5. E-4 
4 .  E-3 
5. E-3 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 

0.02 
0.02 
0.02 
0.02 
0.02 

1. E-4 
1. E-4 
1. E-3 
1. E-3 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.93 
0.95 
0.97 
0.99 
1.01 

1.05 
1.09 
1.13 
1.17 
1.21 

1.25 
1.30 
1.35 
1 A 0  
1.45 

1.50 
1.55 
1.60 
1.65 
1.70 

1.75 
1.80 
1.85 
1.90 
1.95 

2.00 
2.05 
2.10 
2.15 
2.20 

2.25 
2.30 
2.35 
2.40 
2.45 

2.50 
2.60 
2.70 
2.80 
2.90 

3.00 
3.20 
3.40 
3.60 
3.80 

4 . 0 0  
4.20 
4 . 4 0  
4.60 
4 . 8 0  

0.95 
0.97 
0.99 
1.01 
1.05 

1.09 
1.13 
1.17 
1.21 
1.25 

1.30 
1.35 
1.40 
1.45 
1.50 

1.55 
1.60 
1.65 
1.70 
1.75 

1.80 
1.85 
1.90 
1.95 
2.00 

2.05 
2.10 
2.15 
2.20 
2.25 

2.30 
2.35 
2.40 
2.45 
2.50 

2.60 
2.70 
2.80 
2.90 
3.00 

3.20 
3.40 
3.60 
3.80 
4 . 0 0  

4.20 
4.40 
4 . 6 0  
4.80 
5.00 

0.02 
0.02 
0.02 
0.02 
0 . 0 4  

0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.10 
0.10 
0.10 
0.10 
0.10 

0.20 
0.20 
0.20 
0.20 
0.20 

0.20 
0.20 
0.20 
0.20 
0.20 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01. 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 



Table B.3. Same a s  Table B.l except f o r  frequency g r e a t e r  
than 37 GHz 

1.5 2.0 0.1 

2.0 2.2 0.1 

2.2 2.4 0.1 

2.4 2.6 0.1 

2.6 2.8 0.1 

2.8 3.0 0.1 

3.0 3.5 0.1 

3.5 4 . 0  0 . 1  

4 . 0  4.5 0.1 

4.5 5.0 0.1 

5.0 5.5 0.1 

5.5 6.2 0.1 

0.3 
0.6 
0.9 

0.2 
0 . 4  
0.6 
0.8 
1 . 3  

0.2 
0 . 4  
0.6 
0.8 
1.0 
1.2 

0.8 
1.0 
1.2 
1.4 

0.8 
1.0 
1.2 
1.4 
1.6 

1.3 
1.5 
1.7 

1.6 
1.8 
2.0 

0.6 0.1 
0.9 0.1 
1.2 0.1 

0 . 4  0.1 
0.6 0.1 
0.8 0.1 
1.0 0.1 

n . 1  

0 . 4  0 . 1  
0.6 0.1 
0 . 8  0 . 1  
1.0 0.1 
1.2 0.1 
1.4 0.1 

1 3  
A .L 

1.0 0.1 
1.2 0.1 
1.4 0.1 
1.6 0.1 

1.0 0.1 
1.2 0.1 
1.4 0.1 
1.6 0.1 
1.8 0.1 

1.5 0.1 
1.7 0.1 
1.9 0.1 

1.8 0.1 
2.0 0.1 
2.2 0.1 

2.0 2.5 0.1 

2.3 2.7 0.1 

2.5 2.8 

2.7 2.9 

2.7 2.9 

0.1 

0.1 

0.1 
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Table B.4. Same as Table B.2 except f o r  t h e  frequencies higher 
than 37 GHz 

Range Increment 
f o r  

Range Increment 
f o r -  

Upper Averaging averaging lower Upper Averaging averaging Lower 

1. E-4 
5. E-4 
1. E-3 
5. E-3 
1. E-2 

5 .  E-2 
0.10 
0.15 
n .20 
0.25 

0.30 
0.35 
0.40 
0.45 
0.50 

0 .55  
0 .60  
0.55 
0.70 
0.75 

0.80 
0.85 
0.90 
0 .95  
1.00 

1 .10  
1.20 
1 .30  
1.40 
1.50 

1.60 
1 .70  
1.80 
1.90 
2.00 

2.10 
2.20 
2.30 
2 .40  
2.50 

5. E-4 
1. E-3 
5. E-3 
1. E-2 
5. E-2 

1. E-1 
0.15 
0.20 
0.25 
0.30 

0.35 
0.40 
0.45 
0.50 
0.55 

0.60 
0.65 
0.70 
0.75 
0.80 

0.85 
0.90 
0.95 
1.00 
1 .10  

1.20 
1.30 
1 A 0  
1.50  
1 .60  

1 .70  
1.80 
1 .90  
2.00 
2.10 

2.20 
2.30 
2.40 
2.50 
2.60 

5. E-4 
5 .  E-4 
5. E-3 
5. E-3 
5. E-2 

5. E-2 
0.05 
0.05 
0 . 0 5  
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0 .05  
0.05 
0.10 

0.10 
0.10 
0.10 
0.10 
0.10 

0.10 
0.10 
0.10 
0.10 
0.10 

1. E-4 
1. E-4 
1. E-3 
1. E-3 
1. E-3 

1. E-3 
0.01 

c?.!ll 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 
0.01 
0 -01  
0 - 0 1  

0.01 
0.01 
0.01 
0.01 
0-05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0-05 
0.05 
0.05 
0.05 
0.05 

a. o i  

2.60 
2.70 
2.80 
2.90 
3 . 0 0  

3.20 
3.40 
3.60 
3 - 8 0  
4.00 

4.20 
4.40 
4.60 
4.80 
5.00 

5.30 
5.60 
5.90 
6.20 
6.50 

7.00 
7.50 
8.00 
8.50 
9 .00  

10.0 
11.0 
12 .0  
14 .0  
16.0 

18 .0  

2.70 
2.80 
2.90 
3.00 
3.20 

3 . 4 0  
3.60 
3.80 
4.00  
4.20 

4.40 
4.60 
4.80 
5.00 
5.30 

5.60 
5.90 
6.20 
6 .50  
7.00 

7.50 
8 .00  
8.50 
9 .00  
10 .0  

11 .0  
12 .0  
14.0 
16.0 
18 .0  

20.0 

0.10 
0.10 
0.10 
0.10 
0.20 

0.20 
0.20 
0.20 
0 : 2 n  
0.20 

0.20 
0.20 
0.20 
0.20 
0.30 

0.30 
0 . 3 0  
0 . 3 0  
0.30 
0.50 

0.50 
0.50 
0.50 
0.50 
1.0 

1 .0  
1 . 0  
2.0 
2 .0  
2.0 

2 . 0  

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0 . 1  

0 . 1  
0 .1  
0 . 1  
0 . 1  
0 . 1  

0.1 
0.1 
0 .1  
0 .1  
0.20 

0.20 
0.20 
0.20 
0.20 
0.20 

0.20 



APPENDIX C 

Table C . l  VARIABLE ORGANIZATION 

RFR : Real r e f r a c t i v e  index  
RFI : Imaginary r e f r a c t i v e  i ndex  
X : Size parameter 
QEXT : E x t i n c t i o n  e f f i c i e n c y  f a c t o r  
QSCAT : Sca t te r i ng  e f f i c i e n c y  f a c t o r  
PHAFN : 4 elements o f  phase f u n c t i o n  

Note : A l l  va r i ab les  a r e  averaged va r iab les .  Each 
s e t  o f  va r iab les  c o n s t i t u t e  a record.  

RFR P RFI X 9 QEXT a QSCAT PHAFN 9 

1 1 1  111 111 111 
X D QEXT p QSCAT p PHAFN 

2 112 112 112) 
X P QEXT ? QSCAT PHAFN ? 

3 113 113 113 

!! QEXT QSCAT I PHAFN , . .  . .  

S 11s 11s- 11s 
2 1  121 121 121 

X p QEXT ? QSCAT p PHAFN 

X s QEXT s QSCAT s PHAFN 9 

RFI X QEXT n QSCAT PHAFN ? 

2 122 122 122) 
. -  

3 123- 123- 123 

? QEXT , QSCAT ? PHAFN 
S 12s 12s 12s) 

RFI ? X 
D 1  

X ?  
2 

X ?  
3 

QEXT ? 

1 D1 

1 D2’ 
Q EXT 

QEXT ? 

1 D3 

QSCAT p 

QSCAT p 

QSCAT ? 

1 D 1  

1 D2 

1 D3 

PHAFN 

PHAFN 9 

1 D 1  

1D2- 

1 D3’ 
PHAFN 

iC p QEXT ? QSCAT PHAFN ? 

S 1 DS 1 DS 1 DS 

RFR t RFI t X t QEXT ? 

2 1 1  21 1 
X ?  

2 
Q EXT 

212? 

QSCAT s PHAFN 
211- 21  1 

- _ - -  212 212 

3 213 213 213’ 

QSCAT PHAFN p 

X QEXT ? QSCAT p PHAFN 

iC ? QEXT ? QSCAT p PHAFN p 

S 21s 21s 21s 
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Tab le  C. 1 ( cont inued)  

RFI , X , QEXT QSCAT PHAFN 
2 1  221 221 221 

X P QEXT , QSCAT , PHAFN , 
2 222 222 222 

X P QEXT , QSCAT , PHAFN 
3 223 223 223 

X P QEXT , QSCAT , PHAFN , 
S 22s 22s 22s 

RFI X , QEXT , QSCAT , PHAFN , 
E l  2E1 2E1 2E1 

2 2 E2 2 E2 2 E2 
X , QEXT , QSCAT , PHAFN t 

X , QEXT s QSCAT s PHAFN -~ 
3-  - 2E3- 2E3- 2E3- 

X , QEXT , QSCAT , PHAFN , 
-.re 2ES 2 ES L C3 

c 
3 

RFR 9 RFI , X p QEXT , QSCAT , PHAFN , 
3 1 1  311 31 1 311 -~ ~~ 

X , QEXT , QSCAT , PHAFN 

X p QEXT t QSCAT , PHAFN , 
2 312 312 312 

3 313 313 313 

X , PEXT , QSCAT , PHAFN , 
S 31s 315 315 

2 1  321 321 321 

2 322 322 322 

RFI , X , QEXT , QSCAT , PHAFN , 
X p QEXT n QSCAT , PHAFN , 
X P QEXT , QSCAT , PHAFN , 

3 323 323 323 

X , QEXT , QSCAT , PHAFN , 
S 325 32s 32s 

RFI , X , QEXT , QSCAT , PHAFN , 
P 1  3P1 3 P l  3P1 

x-, QEXT- -, QSCAT , PHAFN , 
2 3P2 3P2 3P2 

X , QEXT , QSCAT , PHAFN , 
3 3P3 3P3 3P3 

x 9 QEXT P QSCAT , PHAFN , 
S 3PS 3PS 3PS 
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Table C.  1 ( cont inued)  

RFR , RFI X t QEXT QSCAT , PHAFN , 
I 1 1  I11 111 I11 

2 I 1 2  I12  I 1 2  
X , QEXT n QSCAT , PHAFN 

X 0 QEXT P QSCAT , PHAFN 
3 113 I13  113' 

X , QEXT QSCAT , PHAFN 
S 11s 11s 11s' 

RFI , X t QEXT , QSCAT , PHAFN , 
2 1  I 2 1  I 2 1  I 2 1  

X QEXT p QSCAT , PHAFN 

X t QEXT QSCAT . PHAFN . 2 I 2 2  I 2 2  122' 

3 I 2 3  . 123- 123. 

X QEXT , QSCAT PHAFN 
S 12s 12s 12s 

RFI a X , QEXT n QSCAT PHAFN p z 1  I21 I Z 1  I Z 1  
X , QEXT QSCAT , PHAFN 

X , QEXT , QSCAT , PHAFN 
2 122 IZ2  122' 

3 123 123 IZ3 '  

iC , QEXT p QSCAT PHAFN 
S I Z S  IZS IZS' 
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Table C.2 Mie t a b l e  s p e c i f i c a t i o n s  

I C E  

Data s e t  name : M I  ET. I C E  
0 rga n i  za t i o n : D i r e c t  access 
Log ica l  record  length*  1460 
B 1  ocksize I 20440 
Number o f  recorQ per  b lock  : 1 4  
Number o f  records 2681 
Number o f  b locks  I 200 
Record format I Fixed Block ( F B I  

WATER ( l e s s  than and i n c l u d i n g  37 GHz) 

Data s e t  name : M I  ETWL37 
0 r ga n i  za t i on D i r e c t  access 

Blocks ize : 23120 
Number o f  records per  b lock  : 68 
Number o f  records : 4700 
Number o f  b locks 70  
Record format : Fixed Block (FB I  

Log ica l  record  l e n g t h  * I 340 

UATER (g rea te r  than 37 GHz) 

Data s e t  name I M I  ETWG37 
Organizat ion D i r e c t  Access 
Log ica l  record  l e n g t h *  1460 
Blocks ize : 20440 
Number o f  records per  b lock  : 14 
Number o f  records : 2414 
Number o f  b locks 180 
Record format F ixed b lock  <FBI 

3f A Word is 4 by tes  ( s i n g l e  p rec i s ion ) .  Each record  conta ins  
va r iab les  i n  t h e  f o l l o w i n g  order .  

Word V a r i a b l e  

1 Real r e f r a c t i v e  index  
2 Imaginary r e f r a c t i v e  index  
3 S ize  parameter 
4 E x t i n c t i o n  e f f i c i e n c y  f a c t o r  
5 S c a t t e r i n g  e f f i c i e n c y  f a c t o r  
6-IWORD 4 phase f u n c t i o n s  

( I A N G  S c a t t e r i n g  angles)  

IWORD I IANGXr i  + 5 
I A N G  : 90 f o r  i c e  

: 20 f o r  water ; Frequency l e s s  than and 

: 90 fo r  water : Frequency > 37 GHZ 
i n c l u d i n g  37 GHz 
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Table C . 3  
NASA SPACE AND EARTH SCIENCES COMPUTING CENTER 

COMPUTING UNIT ACCRUAL TABLE 

FY87 

RESOURCE CYBER 205 

CPU (BATCH) 3 I 0 CUICPU-HOUR 

CPU (TSO) N / A  

TAPE N / A  

DISK (BATCH) N / A  

DISK (TSO) N / A  

OTHER N / A  

CONNECT T I M E  N/A 

TAPE MOUNT N/A 

MEMORY N/A 

PAPER N / A  

TPUT/ l'GET N / A  

MINIMUM CHARGE N I A  

CLASS/ P R I  ORITY CHARGES 

IBM 3 0 8 1  

1 I 0 CU/CPU-HOUR 

1 . 2  CU/CPU-HOUR 

1 , O  CU/500K EXCP 

1.0 CU/250K EXCP 

1 a 0 CUISOOK EXCP 

1 , O  CUISOOK EXCP 

1 , O  CU/lOOO HR 

1,O C U I 5 0 0  MOUNTS 

I . . O  CUl50M BYTESIHR 

1,o CU/50K PAGES 

0 , 5  C U l 5 0 0 K  EXCP 

1 , O  C U / 1 2 5 0  JOBS 

AMDAHL V 6 l V 7  

0 , s  CU/CPU-HOUR 

0 ,6  CUICPU-HOUR 

0,5 CU/5OOK EXCP 

0,5 CUI250K EXCP 

0,5 CUISOOK EXCP 

0 ,s  C U l 5 0 0 K  EXCP 

0,s C U I 1 0 0 0  HR 

1 , O  CU/500  MOUNT 

0,5 CUISOM BYTESIHR 

1,O Ciii50K ?AGES 

0,25 CU1500K EXCP 

0,5 CU I1250 JOBS 

NL 3,O NORMAL RATE, CYBER 205 ONLY, FULL MACHINE JOBS 
N 2,O NORMAL RATE 
E 0,5 NORMAL RATE " 

F 0,2 NORMAL RATE * 
ALL OTHER CLASSES ACCUMULATE CHARGE AT THE NORMAL RATE 

CLASS E 8 F RATES CHANGED AS OF APPIL  1, 1987 
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