JuLy 1990

Microwave Radiative Transfer Studies Using Combined Multiparameter Radar and

VIVEKANANDAN, TURK, STEPHENS AND BRINGI

Radiometer Measurements during COHMEX

J. VIVEKANANDAN AND J. TURK

Department of Electrical Engineering, Colorado State University, Fort Collins, Colorado

G. L. STEPHENS

Department of Atmospheric Sciences, Colorado State University, Fort Collins, Colorado

V. N. BRINGI
Department of Electrical Engineering, Colorado State University, Fort Collins, Colorado

(Manuscript received 26 June 1989, in final form 7 December 1989)

ABSTRACT

Theoretical calculations of the upwelling microwave radiances from clouds containing layers of rain, ice, and
a melting region were performed at frequencies of 18, 37, and 92 GHz. These frequencies coincide with high-
resotution microwave radiometer measurements taken aboard the NASA ER-2 high-altitude aircraft during the
summer 1986 COHMEX (Cooperative Huntsville Meteorological Experiment) in Alabama. For purposes of
brightness temperature computations, the storms were modeled with rain, melting phase, and ice layers. The
melting phase region was composed of water-coated ice spheres defined by a “melt index™ in terms of the
volume fraction of water. Single scatter albedo, scattering, and extinction coefficients were computed at the
above frequencies as a function of the rain rate and melt index. In addition, multiparameter radar observations
of the storm were mapped into a cartesian space and averaged over regions comparable to the radiometer
footprint. Vertical profiles of these data under the ER-2 flight path were constructed to reveal quantitative
estimates of regions of rain, melting, and ice phases, and also to retrieve a two-parameter exponential size
distribution. This information was used to compute extinction coefficients and Mie phase matrices for each
layer of specified microphysical characteristics. Upwelling multifrequency brightness temperatures were computed
using plane-parallel radiative transfer modeling, and compared with those observed by the ER-2 airborne ra-
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diometers.

1. Introduction

With the increasing importance of the satellite re-
mote sensing of global rainfall patterns, interpretation
of microwave radiometer measurements over both land
and ocean offers a fundamental advantage over tra-
ditional visible imager techniques. Whereas satellite-
borne visible imagers see only the tops of both precip-
itating and nonprecipitating clouds, passive microwave
radiometers are able to see through regions of overlying
ice or high cirrus clouds, depending on the frequency
of operation. The behavior of the brightness temper-
atures Tz upwelling from regions of both liquid and
ice phase hydrometeors at or near the typical operating
frequencies of 18, 22, 37, and 90 GHz is well docu-
mented. Early work of Wilheit et al. (1977) considered
the emission from rain as measured at 19 GHz by
the Electronically Scanning Microwave Radiometer
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(ESMR-5) over the Gulf of Mexico, and compared the
results of a radiative transfer model to the rain rates
as derived from radar. At this frequency, extinction by
most precipitation-sized hydrometeors is dominated
by absorption. As the rainfall rate increases, the re-
sulting emission will result in an increase in the up-
welling brightness temperature over a cold ocean sur-
face. Emission methods have limited dynamic range;
however, as the 18 GHz emission signal saturates be-
yond a certain rain rate, typically near 15 mm h™'
(Spencer 1986), so the brightness temperature will level
off due to emission from increasingly higher altitude
(colder) rain. This threshold occurs at successively
lower rain rates as the passive emission frequency in-
creases. In addition, the emission at this microwave
frequency can be caused by either rain or nonprecip-
itating cloud water. Also, the variable gain across the
large earth footprint of radiometers at these frequencies
in relation to the horizontal dimensions of the rain
region will typically lead to an underestimate of the
higher rain rates (Lovejoy and Austin 1980), due to
effects from finite clouds and the underlying surface,



562

which has a varying emissivity. Wilheit’s work has been
the basis for methods that relate brightness temperature
to precipitation rates.

At 37 GHz, scattering by precipitation sized hydro-
meteors is significant, resulting in a steady decrease in
the upwelling brightness temperature with increasing
rain rate beyond about 10 mm h™'. As a result, light
rain over an ocean surface can result in brightness tem-
perature depressions comparable to that of heavier rain,
which obscures the ocean surface. Spencer (1986) has
eliminated this ambiguity by simultaneously observing
the 37 GHz polarization difference 73" — T4 from
the SMMR (Scanning Multichannel Microwave Ra-
diometer), which will be large over the ocean surface,
but considerably smaller in the presence of heavier rain.
Additionally, Spencer et al. (1987) have correlated cold
37 GHz brightness temperatures from the SMMR with
the occurrence of severe weather within one hour of
the satellite image time. Wu and Weinman ( 1984) used
a plane parallel radiative transfer model consisting of
layers of ice, water/ice, and water to compute theo-
retically upwelling brightness temperatures at 37 GHz.
Using aspherical water, water/ice, and spherical ice,
they found polarization differences of at most 1 K for
precipitation rates beyond 4 mm h~!. When non-
spherical ice particles were incorporated into the model,
this residual polarization rose to approximately 6 K
past 32 mm h™!. With the 1987 commissioning of the
Special Sensor Microwave Imager (SSM /1), operating
at seven channels between 19 and 85 GHz, essentially
no polarization differences are being seen at 37 GHz,
but 10 K residual polarizations have been noted in
stratiform precipitation surrounding the core of con-
vective activity (Spencer 1988). Technical superiorities
of the SSM /I radiometers and their calibration versus
the older SMMR are outlined by Spencer et al. (1989),
and Hollinger et al. (1987).

Near 90 GHz, the scattering coefficient of ice exceeds
that of water beyond 15 mm h ™! (Spencer et al. 1989).
This results in a rapid decrease in the associated up-
welling T for rain rates beyond a few mm h™!, even
for relatively thin ice layers. Passive microwave obser-
vations of storms from aircraft at 92 GHz have been
analyzed by Heymsfield and Fulton (1988), Wilheit
et al. (1982), and Hakkarinen and Adler (1988), who
noted Tss as low as 70 K over intense thunderstorms
in conjunction with radar and GOES infrared images;
see also Fulton and Heymsfield (1989). Since it is the
ice region that is responsible for the low 92 GHz Tys,
relations linking the underlying rain rate to the ob-
served Tp are somewhat indirect and presumptuous.
Wilheit et al. (1982) have proposed using a 92 GHz
radiometer together with one at 18 GHz in order to
distinguish ice phase (cold rain) precipitation from
non-ice (warm rain) precipitation. Along the same
lines, Spencer et al. (1989) have analyzed some of the
early images from the SSM/1 for several storms oc-
curing in both cold and warm environments to deter-
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mine an 85 GHz threshold for precipitation over both
land and ocean.

The upwelling top-of-atmosphere brightness tem-
perature measured by either satellite- or aircraft-borne
microwave radiometers is determined by the vertical
weighting function of the atmosphere at the frequency
of interest. In precipitating clouds, the weighting func-
tion will peak at successively higher heights as the ob-
servation frequency and/or the rain rate increases (Wu
and Weinman 1984). Hence, multichannel observa-
tions of precipitating clouds can be thought of as con-
taining information revealing the vertical structure of
the cloud. Recently, Mugnai and Smith (1988) have
used storm microphysics that evolve in the time, ver-
tical, and hydrometeor size domains from a cloud
model at seven frequencies ranging from 19 to 231
GHz. Model results demonstrated the pronounced im-
pact of cloud water on the vertical profiles of extinction
coefficient, albedo, and asymmetry factor as the de-
veloping cloud grows in time. The appearance of a dis-
tinct bimodal drop size distribution during the evo-
lution of the cloud was responsible for assigning at least
10% of the cloud transmittance to the cloud water itself.
The use of multichannel Tz-rain rate relationships to
infer some information regarding the vertical structure
of the storm was investigated in Smith and Mugnai
(19883).

Given the inherent uncertainties of the assumed
vertical structure of precipitating storms worldwide,
Wilheit (1986) has suggested the use of a spaceborne
radar colocated with multichannel microwave radi-
ometers to directly measure rainfall structure patterns,
even if it is confined to narrow scans near nadir. Such
a radar could directly observe the vertical inhomo-
geneities in precipitating clouds. Given the constraints
on the radar spatial resolution, frequencies above 10
GHz are preferred, where conventional reflectivity-rain
rate relations underestimate the rain rate due to prop-
agation effects along the beam. Recently, Meneghini
et al. (1989) reported results of rainfall rate measure-
ments using attenuation techniques from a dual-wave-
length airborne radar operating at 3 and 0.87 cm.

The use of dual-frequency, dual-polarization radar
to observe convective storms has been successfully im-
plemented on an increasing number of radars world-
wide. In particular, the use of polarization diversity is
the subject of a recent review by Bringi and Hendry
(1988). The theory, measurement, and interpretation
of these multiparameter radar measurements in pre-
cipitating storms is well documented (Bringi et al.
1986a; Hall et al. 1984; Holt 1984 ). Given this back-
ground, it is our intent to extract information regarding
the microphysical structure of precipitating storms
from the multiparameter radar observations. Expo-
nential drop size distributions characterizing the rain
region will be derived, and used along with the vertical
behavior of the radar observables to initialize our ra-
diative transfer model. For example, the 10 GHz at-
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tenuation can be used to infer the spatial extent of the
liquid water content (Eccles and Mueller 1971). Dif-
ferential reflectivity observations will give an accurate
estimation of the reflectivity-weighted mean drop size
(Jameson 1983). Onset of melting graupel or ice, hail,
and hail-rain mixtures can be inferred as well.

In the discussion to follow, we will first outline the
basic tenets of multiparameter radar theory as related
to the NCAR CP-2 radar. This is intended to give the
reader a flavor for interpretation of the radar observ-
ables as a whole, where they are most useful. In addi-
tion, a brief overview of the radiative transfer model
developed and used in the subsequent calculations is
described. While not specifically addressing the short-
comings of current microwave radiative transfer mod-
eling mentioned above, we will nonetheless present
some sample theoretical computations of the single
scattering parameters from multilayer plane-parallel
models and the associated upwelling T'zs. This proved
useful for showing the sensitivity of varying storm mi-
crophysics on the upwelling T’5. A discussion of a series
of aircraft overflights over the sector scanned by the
CP-2 radar, along with the associated radiative transfer
computations, is the subject of section 3.

2. Radar and radiative transfer models

In the summer of 1986 the SPACE (Satellite, Pre-
cipitation, and Cloud Experiment) was held in north-
ern Alabama as part of COHMEX. As well as providing
a testing ground for future new remote sensors, the
objectives of this experiment also sought further un-
derstanding of the precipitation processes associated
with small convective systems ( Williams et al. 1987).
As part of SPACE, the MPR (Microwave Precipitation
Radiometer) and the AMMS (Advanced Microwave
Moisture Sounder) passive radiometers were flown
aboard the NASA ER-2 high-altitude aircraft. Dual
polarized 18 and 37 GHz measurements were sampled
every 2 seconds above convective regions with the
MPR, which stared 45 degrees below the aircraft di-
rection. The AMMS is a five-channel, 2° beamwidth
radiometer, positioned to scan across-track directly be-
low the aircraft, passing through nadir every 3.3 sec-
onds. This gives a separation between adjacent scan
lines of approximately 700 m. It operates at frequencies
of 92, 183 + 2, 183 =+ 5, and 183 + 9 GHz. The three
channels centered around 183 GHz are used for at-
mospheric moisture soundings, and were not utilized
in this research. Unfortunately, calibration errors on
the data used have rendered the horizontally polarized
MPR measurements unusable, so all MPR brightness
temperatures referred to herein pertain only to the ver-
tically polarized measurements.

In addition, the NCAR CP-2 pulsed Doppler radar
was also operated in the dual-polarization, dual-wave-
length mode, allowing collection of both S-band (3
GHz) and X-band (10 GHz) horizontally polarized
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reflectivities, Zpgr (differential reflectivity) at S band,
LDR (linear depolarization ratio) at X-band, and the
dual-frequency ratio (DFR). At an airspeed of 12.3
km min~!, the ER-2 was able to cover most convective
regions in 3 or 4 minutes, similar to the time required
by the radar to complete a PPI sector scan. A unique
characteristic of this study is the fine resolution of both
the passive and active remote sensors. At an aircraft
altitude of 20 km, the worst-case ground resolution of
the radiometers is 4 km at 18 GHz, thereby minimizing
effects due to finite clouds (Kummerow 1987). At a
range of 50 km and a gate spacing of 300 meters, the
CP-2 pulse volume is approximately 0.2 km?>.

a. Multiparameter radar theory

Multiparameter radar observables depend upon the
spectrum of (i) the particle sizes with respect to the
operating wavelength, (ii) the particle shapes, (iit) the
particle orientation relative to the incident wave di-
rection and polarization state, and (iv) the particle di-
electric constant, which will be complex-valued. The
backscattered power is proportional to the incoherent
sum of the individual power backscattered by each
particle in the radar resolution volume, which are as-
sumed in this study to follow an exponential size dis-
tribution N(D) of the form

N(D) = Nyexp(—3.67D/Dy) mm~'m™3, (2.1)

where Dy is the median drop diameter in mm; i.e., drops
larger than Dy will contribute to half of the total liquid
water content per unit volume. Conventional radar re-
flectivity (Z) at a nonattenuating frequency has long
been used to estimate the rainfall rate through the use
of a relation between Z and rain rate R. Hydrometeors
passing through a melting stage as they transform into
raindrops in stratiform situations can exhibit a “bright
band” slightly below the 0°C isotherm. The presence
of a deep isothermal layer at temperatures near 0°C
contributes to the production of large particles by ag-
gregation, which primarily determines the intensity of
the bright band (Pace 1980). The radar observations
and simulations of the melting layer conducted by
Klassen (1988), and the wind-tunnel ice melting stud-
ies of Rasmussen and Heymsfield (1987) are note-
worthy. In convective situations, strong vertical mo-
tions inside the storm mix hydrometeors of different
phases, and the spatial distributions of regions of rain
and ice overlap, leading to regions of mixed phase. A
region of enhanced Z may also result.
Differential reflectivity Zpg is defined by

Zpr = 10 log(Zu/Zy) dB, (2.2)

where Zy and Zy refer to the co-polar return from the
horizontally and vertically polarized transmitted waves,
respectively, in units of mm® m 3. If the drop size
distribution assumes the form of (2.1), and the prin-
cipal axes of the particles are aligned with the incident
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polarization direction, then Zpg is a measure of the
reflectivity weighted mean axis ratio of the scatterers
in the volume (Jameson 1983). Furthermore, Zpg is
independent of the number concentration Ny, and of
the radar constant, assuming equal or known response
at each polarization state. Both Zy and Zpr will be
positive in rain regions, and Zpg will be near zero or
slightly negative in regions of graupel and hail, respec-
tively.

At X-band, the linear depolarization ratio (LDR ) is
defined by,

LDR = 10 log(Xxy/Xun) dB (2.3)

and the dual-frequency ratio between S- and X-band
(DFR) as,

DFR = 10 log(Zy/Xm:) dB, (2.4)

where Xy, and Xy refer to the co- and cross-polar
returns from a horizontally polarized X-band trans-
mitted wave, in units of mm® m 3. For spherical hy-
drometeors, LDR = —o0, and reaches a typical max-
imum value of —24 dB for oblate raindrops (Bringi et
al. 1986a). In melting regions, LDR can be higher due
to water coating on melting ice particles, or due to wet
growth of ice. Melting graupel can also exhibit LDR
values greater than —20 dB, leading to an LDR bright
band. It is known that the presence of melt water helps
to stabilize the particle orientation (Rasmussen and
Heymsfield 1987). Caution must be exercised when
interpreting LDR measurements since artificially high
values will result due to the differential attenuation
and phase shift of the X-band signal as a result of prop-
agation effects. The NCAR CP-2 radar is capable of
simultaneously measuring Z, Zpr, DFR, and LDR.

The first term of the Mie series expansion (Rayleigh
limit) for the total extinction cross section is propor-
tional to D3, which shows that the microwave atten-
uation is proportional to the drop volume. Although
this is an approximation to the attenuation rate at X-
band, it does show that attenuation is due to a contri-
. bution from the third moment of the drop size distri-
bution N(D) for Rayleigh scatterers. X-band atten-
uation is proportional to the 4.34th moment of the
drop size distribution ( Atlas and Ulbrich 1977), while
reflectivity factor Z (hereafter referred to as reflectivity)
is proportional to the sixth moment of the drop size
distribution. Tuttle and Rinehart (1983) have devel-
oped a method to correct for the attenuation of the X
band signal to allow proper interpretation of the dual-
frequency ratio as the “hail signal,” which is simply
the DFR corrected for attenuation. Since the ray at-
tenuation through the storm is a cumulative process,
the slope of the DFR at any point defines the “specific
attenuation” in decibels per kilometer (in the absence
of any hail or other Mie scatterers). We will use the
symbol A3 to denote the X-band (A = 3 cm) specific
attenuation. For example, a 50 mm h™' rain region
will give rise to a one-way specific attenuation value
of about 1 dB km !, Here, too, the melting region will
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show an enhancement in specific attenuation as the
ice hydrometeors acquire their initial water coat, which
increases the effective dielectric constant of the low- or
high-density ice particles very quickly. Raindrops in a
region of updraft will increase the bulk concentration
of water aloft, which will appear as a region of enhanced
Zy and A3. In such situations, the rainfall rate at the
ground can be small relative to the large reflectivity
values aloft. In Fig. 1, we have modeled the transition
from all ice to all water by defining a melt index for
each particle in terms of the volume fraction of water
as follows

melt index

volume of water
= — X 100%.
volume of water + volume of ice

(2.5)

At 0% melt index, A5 is near zero for all rain rates,
as ice is a poor absorber at microwave frequencies. The
solid line assumes that all particle sizes are at the spec-
ified melt index, while the dashed line assumes that
the smallest particle in the distribution is at twice the
melt index of the largest particle; i.e., the smaller drops
melt quicker. In both situations, the attenuation bright
band reaches a peak near or at about 10% melt index,
mainly due to absorption. For the higher rain rates,
the median drop size D, is large enough that scattering
effects become significant, enough to push the atten-
uation back up again past 50% melt index.

Since the same reflectivity Z can result from dif-
ferent sets of (Ny, Dp) in a two-parameter raindrop size
distribution of the form of (2.1), values retrieved from
Zy and Zpg provide a better approximation of the drop
size distribution in the radar resolution volume (Dov-
iak and Zrni¢ 1984, p. 216). A standard error of 1 dB
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FiG. 1. Specific attenuation A4; for melting ice spheres characterized
by a Marshall-Palmer drop size distribution. Ice acquires a water
coating as it transforms from ice spheres (0 melt index) to water
spheres ( 100 melt index ); see Eq. (2.5). Solid line denotes a constant
melt index throughout the distribution; dashed line denotes smallest
particle in the distribution is at twice the melt index as the largest
particle and varies linearly throughout.
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and 0.1 dB in Zy and Zpg, respectively, gives rise to
about 30% standard error in R at Zpg = 1 dB (Sach-
idananda and Zrnic 1987). Seliga et al. (1986) have
developed relationships between R /Zy and Zpg using
disdrometer measurements. We will use relationships
for R and Dy derived from theoretical gamma raindrop
distributions, and apply these to the observed values
of Zy and Zpg directly under the ER-2 flight path.

b. Radiative transfer modeling

For this study we have invoked the assumption of a
plane parallel atmosphere. This assumption, one usu-
ally made in atmospheric radiative transfer modeling,
has limitations when applied to various types of radia-
tive transfer problems. However, it does not necessarily
imply that the assumption is poor for all types of ra-
diative transfer problems. In a recent paper by one of
the authors (Stephens 1989), the effects of horizontal
heterogeneity were discussed and it was generally
shown that radiative transfer in media dominated by
scattering suffer most from an assumption of plane
parallelism, and those dominated by absorption /emis-
sion, such as in the microwave regime, are less influ-
enced by geometry. Also, since we are dealing with fine
scale aircraft observations, the radiometer ficld of view
is filled with precipitation. Thus, the plane parallel as-
sumption is a better approximation than usual.

The vector radiative transfer model determines the
Stokes parameters for radiation diffusely scattered, ab-
sorbed, and emitted by the atmosphere. The radiative
transfer equation, which has only thermal radiation as
a source for a plane parallel atmosphere, can be written
as

di(r, !
p —(dT—“—) = I(r, p) — = f P(7, u, u)(r, u')du’
T 2 Ja

+ (1 — wo)B(7), (2.6)

where p is the cosine of the zenith angle, 7 is the optical
depth, and wy and P are the single scattering albedo
and phase matrix, respectively. The third term in (2.6)
accounts for the thermal emission by the scattering
particles. The emission vector B is unpolarized and is
of the form B(7) = [ B(+), 0, 0, 0]. The polarized state
of the radiation field is described by the intensity vector

= [I, Q, U, V). The radiative transfer model uses
the rigorous Mie scattering phase matrix. The elements
of the phase matrix are expressed in a Legendre series
(Kattawar et al. 1973).

With the introduction of quadrature, (2.6) can be
written as

dl T, + i n
+p; —L‘;T—”—) = 1(7, 2u) — = 3 P(7, +i, )

Jj=1

X I(Ta u])W] + Z P(T’ i'ﬂi, —“j)I(TS —“])W;
j=!

+ (1 —w)B(7), (2.7)

VIVEKANANDAN, TURK,

STEPHENS AND BRINGI 565

where n and W) are the number of quadrature angles
and weights, respectively. Using discrete ordinates,
(2.7) can be written in a more succinct form as

iﬂ= —tI* + A7 + 8= (2.8)

dr
where t and r are the transmission and reflection ma-
trices {Stephens 1987).

The general method of solution of (2.6) is based on
the method of doubling and adding (Stephens 1976).
The essence of the method relies on repeated use of
the linear nature of the interaction principle, which
itself is a statement of the interaction of radiation with
the medium through the reflection and transmission
matrices. The radiative transfer model also takes the
surface reflection and emission processes into account.

¢. Radiative properties of hydrometeors

The essential ingredients for a radiative transfer
model are the single scattering albedo wg, phase func-
tion, and extinction and absorption coefficients. Hy-
drometeor shapes are assumed to be spherical and the
scattering amplitudes are computed using Mie theory
(Aden and Kerker 1951). Mie computations have been
carried out for melting spherical hail and melting snow
(Bohren and Huffman 1983). The size distribution is
assumed to be Marshall-Palmer with a 20 mm h™!
rain rate.

Figure 2a shows wyp as a function of melt index » for
frequencies of 18, 37, and 92 GHz. The melt index is
defined by (2.5). It is interesting to note the presence
of a distinct dip in wg near 10% melt index at 18 and
37 GHz. Since the brightness temperature is propor-
tional to (1—wyq), the inclusion of a melting layer should
warm the upwelling brightness temperature 7'z at these
frequencies. Figure 2b shows the extinction and scat-
tering coefficients as a function of the melt index. For
melt indices beyond 10%, the melting layer can be
modeled essentially as a rain layer. At 92 GHz, the
optical thickness of even a 1 km ice layer increases
very quickly with rain rate as to obscure any warming
due to a melting region.

In the case of low density ice scatterers such as snow,
the radiative properties are functions of the volume
fractions of ice and water in a water/ice/air matrix.
Figure 3 shows the radiative properties of snow as a
function of volume fraction of ice when the melt water
fraction is zero at 37 GHz. Here w remains close to
unity, indicating that there is no absorption /emission,
and the extinction coefficient increases with the volume
fraction of ice. Figure 4 shows the radiative properties
of snow in the presence of 5% melt water. Mixture
formulas as proposed by Bohren and Battan (1981)
are used to calculate the dielectric constant. Both the
real and imaginary parts of the dielectric constant are
comparable in magnitude. With the increase in the
imaginary part, the melting snow become lossy giving
rise to albedo far below unity. Even though the scat-






