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PREFACE

In microwave radiative transfer model simnulations, the Mie calculations usu-
ally consume the majority of the computer time necessary for the calculations (70 to
86 % for fréquencies 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-
putations 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.g. Weinman and Guetter, 1977), because it 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.g. Wilheit et al., 1982; Yeh
et al., 1983; Wu and Weinman, 1984; Szejwach et al., 1986).

For radiative transfer modeling simulation, Mie theory has been convention-
ally utilized to calculate the scattering and extinction parameters. Although 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 hailstones
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-
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length is governed by their polarizability tensor (e.g. 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, et 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 Sato (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 applications of Mie calculation are then possible.

Mie scattering calculations have been developed and improved for efficiency
in the past (e.g. 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 10 x 10 horizontal spatial array (given any spatial resolution), more than
a million scattering calculations are required for the complete simulation. Table 1

shows that for an atmospheric profile used by Wu and Weinman (1984; shown in Fig.



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 simulations if one pre-calculated the Mie
scattering for the designated ranges of particle radii, wavelengths and temperatures

and tabulated the 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 z is defined as a ratio of the particle circumference

(277, r 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 §. No 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 Each
set of Mie quantities has a total of 365 real numbers including three input variables,
extinction and scattering efficiency factors, and phase functions, which consist of
four element and each element is represented by 90 averaged angles in the ice table.
The Mie tables for liquid water are further devided into two parts for efficiency;
one is for low frequencies (below 37 GHz) and the other is for high frequencies (up
to 300 GHz). The total number of records for the high frequencies is 2414 with

3



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 suflicient for the water tables.



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 « is a function of the particle’s radius and wavelength of the incident radiation.
The Mie calculation results are tabulated by using m and z as input variables
instead of electromagnetic wavelength of the incident radiation (L), temperature
(T') and particle size (r). Fig. 2 shows that m as a function of T and L, and
z 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 efliciency factor (Q.), scattering efliciency factor (@), and
phase function P(6). 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 z 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.

The most crucial procedure in constructing the Mie table is to determine
the range and resolution for the input variables, m and , 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 z 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 efliciency in compilation of
the tables; however, in some circumstances, a finer resolution of the table does not
always improve the accuracy of the Mie results, but only wastes computer storage
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 m and «.
For instance, a finer resolution of z is necessary when z is small, but the resolution
should be increased when = becomes large. The coarser resolution of * not only
makes the table more efficient, but also averages out the unwanted ripples of the

Mie results.



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 = ¢/L, where ¢
is the speed of light (3 x 10'° cm/sec). Both the real and imaginary indices are
related to the scattering and absorption properties of particles; n relates to the
phase velocity of propagation in the material and k is the absorption index, which

is related to the absorption coeflicient x.3,, as
Kabs = 4Tk /L (2)

In the microwave and radiowave spectra, it is quite usual to report the complex rel-
ative permittivity ¢ in the laboratory measurements. While the complex refractive
index is used in the Mie calculation, one may relate the ¢ to the complex refractive
index by m? = ¢. 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 7' between
0° and —60°C at microwave wavelengths between 1 and 30 mm (frequency 300 and
10 GHz) (e.g. 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 m, so far, are not conclusive for
both ice and liquid water, the advantage of using m and @ 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 and the tables will lose their flexibility. In

6




our procedure, if other formulae are found to be more suitable for computing m,

the 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 the frequencies of 5, 37, and 183 GHz
at different temperatures. Poorer agreement appears to occur in higher frequencies
and sub-freezing regions, although the 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 and
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 the 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 m in the shaded
areas of Figs. 3 and 4 do not occur in realistic atmospheres for the microwave
region, and will not be included in the tables. The extended Debye 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 k, in the regions of weak absorption. At all wavelengths
short of the dielectric relaxation, the real index of ice is of the order unity, but the
imaginary index, by contrast, varies over the range from 107 to 1. In the microwave
region, the real index is known as an approximately constant value of 1.78 for the
entire spectrum, and the imaginary index is in the order from 107 to 1072. For

liquid water, the refractive index has a large imaginary component (k >> 0.01n)
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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 k. 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 adjusted to include the spread parameter and static constant so that n = 1.78
over the entire microwave spectrum and k agreed with the values found by Cumming
(1957) at 3.2 cm as a function of temperature (Ray, 1972). Although there are no
reliable measurements of k 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 measured 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 mun. 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 k as long as the value of k remains

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

2.2 Size Parameter

The other input variable in the Mie table is the size parameter (z), which is
defined by 2mr/L. The major maxima and minima of the scattering and extinction
efficiency factors (Q, and Q., respectively) for 1 < = < 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. @, and Q. increase rapidly as z reaches about 2.5 and approach an
asymptotic value when z continues to increase. For ice, as shown in Figs. 5a and
b, the curves of Q, and Q. 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 b). The peaks of the scattering efliciency factor
between ¢ = 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 z = 20
(Fig. 5), we may use an averaged value of Mie quantities between x = 20 and 22 to
represent the values of  beyond 20. One should be aware that only exceptionally

large size of hydrometeors can cause = to exceed 20 in the microwave region (e.g.
r > 6.5 mm 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 measurements 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 —36°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 fits 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. 6a and b show the drop size distribution of the pre-
cipitation using the Marshall-Palmer exponential fits for the rain rate at 169 mm/hr.
The drop size distribution is plotted on both 180 and 18 GHz, respectively, for the

T = 20°C. They explain that for the same

Mie scattering of liquid waler droplets at
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
for different frequencies. Since the characteristics of the Mie quantities are quite
different at different z, the resolution and range of = 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 k rather than two variables (z and k) 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 integrates a size distribution of particles
by a fixed interval (Ar = 50 pm), the corresponding resolution of @ (Az) is then

solely dependent on the frequency of the incident radiation. This can be readily
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understood by the following formula,

Nx = 271p—lj(Ar) (3)

[

where Ar is an uniform value (= 50 gm in this tabulation) for all frequency channels.
The Az needs to be finer at the lower frequencies (longer wavelengths) compared
to those at the higher frequencies (shorter 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
Tmaz be the maximum particle radius corresponding to a different rain rate (RR)
obtained by limiting the Marshall-Palmer size distribution to concentration greater
than 1071%® cma—3. Define 0, as the maximum size parameter corresponding to the
Pmaz- Apparently, ..., 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, rmq. and
Tmaz Obviously will become larger for the higher rain rate. The resolution of =
in the table should always be finer than the Az, which is related to the .4, for
each frequency. For a larger x,,,, required in the table, it is more acceptable of
ha?ing a coarser resolution of Az 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 Az and z,,,, generally has the
same tendency as shown in Fig. 7 regardless of the different size distribution being

applied.

When z 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 small absolute value of m x z
(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 prominent, 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 « — 0 formulae over a range of x sufficiently
small to avoid serious ill-conditioning but still give six significant digits in all Mie

quantities.
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In tabulating Mie quantities, we start z as small as 10~*. In view of small
magnitudes of extinction and scattering effects of small particles on the overall
radiative transfer process, one category of z covering all  smaller than 1072 is
given in the Mie table. The Mie quantities for this category are represented by the
averaged values calculated for the £ between 107* and 1073%. Results, as will be
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 z and m 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 z and m. For liquid water, m includes n and k; but for ice,
there are only ranges for k, 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 Az, Ak, and An, respectively. For a number of discrete
values of size parameters and refractive indices within the ranges, the extinc-
tion and scattering efliciency 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 z
between 18 and 20 in the water table (> 37 GHz), or as few as one for each

Az in the ice table.

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

tively, then

Lab=1 A

Ec:l ] B

<
i

where
A : number of discrete values of x within the
predetermined Az;
B : number of discrete values of & within the
predetermined A\k;
C : number of discrete values of n within the

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 Az, Ak and An, Mie variables are calculated at

several discrete values of z, k, and n. It is found, however, that for ice, because the

Az values are very small, only one discrete value of z within Az 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, ..., Z be the total number
of categories of imaginary refractive indices corresponding to each category
of real refractive indices. For the purpose of discussion, let us consider §
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 < 37 GHz and > 37 GHz, respectively. Therefore, the total
number of records of the complete water tableis (D + E +....+ Z) x S. For

ice, since the real refractive index is constant, the total number of categories

is D xS.

For water, the averaging procedure is repeated for size parameter, imaginary
refractive index, and real refractive 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.

The Mie quantities calculated as a function of refractive index and size pa-
rameter are stored in a direct access disk. The main advantage of storing the
tables as direct access files is the speed and efliciency with which data can
be retrieved. The data are ordered by record number. Any record can be ac-
cessed directly without reading other records. A more detailed description of
the creation and use of direct access files can be obtained from NASA Space
and Earth Sciences Computing Center (NSESCC) publications (1985) and

13



(1986). These subroutine packages are exclusively for the IBM 3081 MVS

operating environment.

3.1 Ice

Compler Refractive Index

Since n is a constant in the microwave region, we only need to consider k in
the table. We divide k values into 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 II in Warren (1984), the largest k for the frequency and temperature ranges
of our interest is 9.54 x 107> (at 300 GHz and 7' = —1°C), and the smallest k is
1.73x107* (at 5 GHz and T' = —60°C). The resolution of 1 x 1072 for each category
is used in view of slow change of Mie quantities within each Ak. Fig. 8 depicts
the imaginary refractive index of ice as a function of frequency and temperature
based on 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 Az is 9x 107* when z < 1073, and gradually increases up to 0.4 when = > 20.
Within each Az, the intermediate value of z 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 ¢ within each Az. Between 10™* and 22.8 of #, Az has nine different
sizes as shown in the Table A.2. The predominant size, which covers from = = 0.1
toz = 4.0 is Az = 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 z needs to be very fine in
order to properly simulate the oscillations. Although Az, 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 spectrum. 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.g. 1 or 25 pm) 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 Az 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 um, otherwise, a phase shift of
size integration from the Mie table may occur. The effect is more pronounced in
the area with sharp spikes. In the experiments using the Wu and Weinman (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 85 GHz, and 16.6 K for 183 GHz. The phase shift,
however, can be minimized if the resolution of z in Mie table is finer especially in
the range of 1 < =z < 10 for ice. Fig. 7 shows that when z = 4, Az needs to have
a resolution of 0.04 or better. The radiative transfer calculations demonstrate that
for ¢ = 4, the resolution of * 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  may not be
the same as Az of Fig. 7. For z > 22.8, both @, and Q. are assumed approaching
an asymptotic value; therefore the Mie quantities of the last category of = are used

to represent the z beyond 22.8.

Mie Quantities

Besides three input variables of size parameter, real and imaginary indices,
three quantities output from the Mie calculations — scattering and extinction 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 (0°,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 tabulating the Mie quantities,
we experimented averaging phase angles in order to save computer storage space
without impacting the accuracy of the Mie table. In Fig. 9, an example of the
first two phase functions of scattering by the ice particles is shown, and in Fig. 10,
the two-degree averaging of the scattering angles for the same case is shown. The

minor differences due to the angle averaging do not significantly affect the results
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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 60 represent the phase functions
being averaged for every 2 and 3 degrees, respectively. Results show that the two-
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 the
frequencies greater than 37 GHz. The reasons for breaking the table into two parts

are:

(a) The low frequencies (5 < v < 37 GHz) need to have a finer resolution of =
but have a smaller ,,,, in the tables; on the contrary, the high frequencies

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

b) the phase functions behave quite differently for the low and high frequencies;
P q y g q
division of the Mie tables in two parts saves significant computer storage

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 (b) the
resolution of m in the table depends on the sensitivity of the Mie solutions to the
variation of m. Fig. 11 shows that the Mie quantities change much more quickly
for smaller real and imaginary refractive indices (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, indicate those complex refractive indices will not exist
in the real atmosphere. We intentionally permit 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.

The sensitivity of Mie results on m is closely related to the z value. Fig. 9b
shows that the values of extinction efficiency factor are strongly dependent on the
change of m value at z = 0.72, while such a dependence is much less obvious for
z = 0.22 and 3.20 (Fig. 11a and c, respectively). Our experiments reveal that when
z = 0.72, the Mie quantities are most strongly dependent on the variation of the
complex refractive index. Such a dependence is weaker when z either increases or
decreases from 0.72. ‘Based on Fig. 11b, 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 n and k in each category of n are listed
in Tables B.1 and B.3 for the low and high frequency parts, respectively, in the
Appendix B.

For each category of n and k, the number of discrete values used for the
averaging is varied dependent on the resolution of An and Ak. For both low and
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 Ak,
and vice versa. For low frequency table, 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 n (5.5 -- 6.2) are required for averaging, but

only up to six of dicrete points of k are used for averaging to represent Ak.
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Size 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 strong absorption in
liquid phase (see Fig. 6). The resolutions of = in the water tables thus are not

required to be as fine as those in the ice table.

Two different sets of size parameter are given in the water tables for the 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 z are given for the low frequency part. The
averaged Mie solutions in the first category of z, covering 1 x 10™* ~ 5 x 107*, also
represent the Mie solutions for z smaller than 1 x 10™*. This approximation does
not significantly affect the accuracy of the Mie tables used in the radiative transfer
calculations, as will be discussed in the next section. For high frequency part, a
total of 71 categories of = are given. In the tables, although the Mie solutions for
both the low and high frequency parts are tabulated from the same x (1 x 10 *), the
maximum z in the low frequency part is only 5, while the maximum @ in the high
frequency part extends to 20. The resolution for z in the low frequency part is much
finer than that in the high frequency part. The Mie solutions for the last categories
of z are used for any z greater than z,,,, in the tables. This approximation is
based on (a) x is unlikely to be larger than ., in the microwave region, and (b)

the Mie solutions usually approach asymptotic values after = exceeds zmqz.

Mie Quantities

The phase functions of the low frequencies are generally quite smooth with
respect to the scattering angles (e.g. Fig. 12 for ¢ = 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 the phase function one and two of scattering
by liquid water droplets for z = 4 at 18 GHz is shown. The curves in Fig. 13 are less
linear than those in Fig. 12, because the scattering pattern at * = 4 is less uniform
compared to that at @ = 1. In fact, the case of # = 4 shows the least smooth phase
functions in the low frequency part of the table (¢ < 5). By averaging every nine
degrees of the phase angles, the phase functions are shown (in Fig. 15) as step
functions. Although the patterns of phase function for 18 and 90 GHz are quite
similar for the same z (see Fig. 13 and 15), their magnitudes are difterent 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, and
20 angles, respectively) of phase functions. The table should be divided into two
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 phase angles saves the computer storage

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 Comparison of Results from Mie Tables and Mie Calculations

The microwave radiative transfer model, used for testing the accuracy and
efficiency of the Mie tables, is based on the model described by Szejwach et 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 transfer 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 further 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 GARP (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 influenced by strong ab-
sorption of liquid water. The brightness temperatures are computed based on the
Wu and Weinman profile (see Fig. 1) for RR = 64 mm/hr over land. Results of
the upwelling brightness tempera,tt‘lres at 50° zenith angle by using the Mie table

(Appendix A) are compared 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 plotted with a resolution of ¢ = 0.2 and show
the resemblance with only slight differences appearing in the region of z between
4 ~ 8. The maximum discrepancy of the extinction coeflicients appears at ¢ = 6

with less than 5% difference.

Water Tables

For cases with liquid water only in the profile, the ice content is assumed
to be zero and liquid water content is distributed 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 z in the Mie table when = becomes larger (Table B.3).
Since the peak absorption of water vapor at 183 GHz is in the upper atmosphere
(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 quantities calculated from the Mie codes and directly
obtained from the water table, respectively. Since the maximum difference of the
Mie quantities between Figs. 11a and b are no more than 1% (at # = 1.2), one can

hardly identify the difference between the two diagrams.

Combination of Ice and Water 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 the brightness temperatures 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 comparison shows the discrepancy to be merely -0.1 K. This may be
due to the compensation from the bias of ice (-1.1 K) and water (0.5 K), which

makes comparison of the mixed phase profile more favorable. This “compensation
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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 RMS Deviations of 144 Profiles

To prove the Mie table is valid for a wide range of frequency, temperature, ice
and water concentrations, a statistical comparison of brightness temperature (7}),
obtained by a direct Mie calculation (subroutine DBMIE) and by using Mie table
is required. The bias and RMS