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Overview:

The report of Olson et al. enclosed in this report summarizes
attempts to derive rainfall rates from noisy simulated microwave data
such as might be expected from the Scanning Multifrequency Microwave
Radiometer, SMMR, on SEASAT. It is demonstrated in this report that
data with 4°k random noise, a pessimistic estimate, can still provide
rainfall estimates that are good to 30%. While this result looks
promising, the extraction of such rainfall information requires the
analysis of data from eight channels simultaneously. The radiometer
footprint size varies with frequency so that the radiometers may be
measuring radiation from differing amounts of rain. The brief report by
Chin et al. presents results of a technique designed to restore the
spatial resolution of all of the data to a common optimal size so that
it can then be processed in accord with Olson's algorithm.

The work described above was conducted before actual SMMR data was
available; this situation was remedied during the summer of 1982. We
were surprised to find 37GHz brightness temperatures as low as 165°
associated with heavy midlatitude precipitation. This observation led
to the appreciation that ice hydrometeors may be required in radiative
transfer models. (Wilheit et al. (1982) also recently incorporated ice
hydrometeors in his analysis of 19GHz aircraft measurements of precip-
itations). Olson, along with most of the modeling community, dis-
regarded the effect of ice hydrometeors. It should however be noted
that Beer (1980) found no evidence of ice hydrometeors in his analysis
of the 37GHz images of Cyclone Joan. The importance of ice hydrometeors

in tropical cyclones requires more study so that the inference



from Olson's research should be regarded as preliminary. This study is

being recast to incorporate the radiative effects of ice particles.
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ABSTRACT

A numerical model has been developed to study the transfer of
microwave radiation (6.63 to 37 GHz) through a plane-parallel cloud
of hydrometeors. The effects of multiple-scattering within the
cloud, as well as polarization by the underlying sea surface are
considered in this formulation. Model parameters characteristic of
tropical cyclone rain cells over the ocean are specified, and the
resulting microwave intensities emerging from cloud top are
calculated.

A sensitivity study indicates that the upwelling cloud-top
intensity is responsive to changes in the preciﬁitation column height
and surface reflectivity over the range of frequencies and rainfall
rates considered. Variations in sea surface reflectivity may be
induced by wind stress or roughening by raindrop impaction.

Regression equations derived from model-generated, synthetic
brightness temperature data at the Scanning Multichannel Microwave
Radiometer frequencies form the basis of a rainfall rate inversion
method presented in this study. It is demonstrated that rainfall
rate estimates within an error bound of 307 might be achieved at
rainfall rates greater than 4 mm/hr, despite significant levels of
noise in the data. The applicability of this method is contingent
upon improvements in SMMR image resolution that would allow the

delineation of individual tropical cyclone raincells.



1. Introduction

Methods for inferring the intensity and distribution of rainfall
have been a focus of research efforts in tropical cyclone
meteorology. Since a net latent heating of the atmosphere occurs in
the process of drop formation, precipitation measurements can yield
important information on storm energetics.

The utilization of satellite-borne microwave ;adiometers to make
rainfall observations was initiated with the launching of the
Electrically Scanning Microwave Radiometer (ESMR) instruments on
Nimbus 5 and 6. Microwave brightness temperature (intensity)
measurements by the Nimbus 5 ESMR, with a center frequency of
19.35 GHz, were used by Allison, et al. (1974) to map rainfall areas
in Hurricane Ava and other tropical disturbances.

An analysis of the radiative transfer problem by Wilheit,
et al. (1977) demonstrated that the upwelling brightness temperature
at 19.35 GHz was sensitive to both rainfall rate and the height of
the precipitation column. Subsequently Rodgers and Adler (1979)
derived a semi-empirical relationship between Nimbus 5 ESMR
brightness temperatures and rainfall rates which accounted for the
variability of the precipitation column height. This relationship
was applied with some success to several tropical cyclonic storms to
determine trends in the magnitude and distribution of precipitation

and latent heating.



Weinman and Guetter (1977) developed a method for delineating
areas of rainfall over land and water surfaces on the basis of
Nimbus 6 ESMR (37 GHz) brightness temperature measurements. Such
model computations were later employed by Beer (1980) to estimate
rainfall rates in Cyclone Joan. The ESMR-derived rainfall
distributions in Cyclone Joan were in qualitative agreement with
radar returns.

The potential for mapping regions of tropical cyclone rainfall
has been demonstrated by the ESMR studies. However, the accuracy of
rainfall rate estimates from single-frequency passive microwave
radiometry has, so far, been less than satisfactory for most
applications, Austin and Geotis (1978). Upwelling microwave
brightness temperatures at the ESMR frequencies are not functions of
rainfall rate alone. Changes in other environmental parameters, such
as precipitation column height, Wilheit, et al. (1977), and surface
emissivity/reflectivity, Webster, et al. (1976), can also
significantly affect the upwelling microwave radiances. Roughly
speaking, the number of independent sensor channels should be equal
to or greater than the number of unknown geophysical parameters in
the system. Unfortunately only one microwave channel (19.35 GHz, one
polarization) was available on Nimbus 5 and two channels (37 GHz, two
orthogonal polarizations) on Nimbus 6.

The limitation on the number of channels in the earlier
microwave radiometers has been overcome by the Scanning Multichannel

Microwave Radiometer (SMMR) borne on Seasat and Nimbus 7, which can



measure brightness temperatures in two orthogonal planes of
polarization at five frequencies (6.63, 10.7, 18, 21, and 37 GHz).
The potential for making improved rainfall rate estimates based on

measurements in the new SMMR channels will be demonstrated.

2. The Radiative Transfer Cloud Model

A numerical model is developed to quantitatively describe the -
transfer of microwave radiation in precipitating clouds. The effects
of multiple-scattering and polarization are both considered in this
formulation.

In order to simplify the mathematical development, radiative
properties of the cloud medium are assumed to be uniform in any
horizontal plane. It is further assumed that the radiation field is

axially symmetric.

The extinction optical depth 1 is defined

1(z) = gz kext(z’) dz’ - (2-1)

where z is geometric depth in the cloud medium and koxt(z) is the
total radiative extinction per unit length.

In this paper the intensity of radiation will be expressed in
terms of the equivalent brightness temperature. If the plane
determined by the z-axis and the given radiance path of propagation
is defined as the plane of incidence, then the polarization of any
radiance may then be described in terms of a "vertical” component TB,

and a "horizontal"” component TBy, with planes of polarization



parallel and perpendicular to the plane of incidence, respectively.
The component of brightness temperature in polarization p,
propagating in the direction specified by the nadir angle 0 at
optical depth 1, is designated TBp(T,p), where p = cos A is chosen to
represent the 6 dependence.

At microwave frequencies, the equation of radiative transfer may

be written in the form

dTBp(t,u)
V) ——— - -TBP(T,U) + JP(T,D):

(2-2)
The source function Jp(r,u) represents the addition of radiant energy
along a given path due to atmospheric emission and scattering. In
the present development it is assumed that the effect of scattering
is to completely depolarize the scattered radiance. Model error
resulting from this approximation is small, see Olson (1982), and the
mathematical treatment is simplified. Under this assumption the
energy contribution to each polarized brightness temperature
component is half the total scattered energy, and so the source

function can be written

IpCr,w) = [1 = G(w) ]« T(7)

wa(T) 27 +1 = T8 (r,u’) + TB (r,u’) =
+ _%GF' J £1 p(topsp ) [— . : 1dp . (2-3)




Here, T(t) is the atmospheric temperature at level t in the
cloud, p(T,u;p‘) is the phase function for single scattering, and
ﬁo(t) is the albedo for single scattering.

Appropriate boundary conditions are imposed by specifying both
the upwelling radiance at cloud base (71 = t*) and the downwelling
radiance at cloud top (t = 0). If the earth”s surface is
characterized by an emissivity ep(lul) and reflectivity rp(lul), then

the total radiance incident on the cloud base from below is given by

'I'Bp('t*,u) = e (lubTg + rp(lp.l)TBp(t*,-p.) u<o ,  (2-4)

where Tg is the earth”s skin temperature. Thus, ep(lul)Ts
represents upwelling emission from the earth”s surface, while
rp(|u|)TBp(t*,-u) is that portion of the downwelling cloud radiance
which has been backscattered toward cloud base. .

The radiation incident upon cloud top from above is due to
unpolarized sources (e.g. solar emission or cosmic background
radiation), and so the brightness temperature of this radiation is
constant in any plane of polarization. The upper boundary radiance

condition can be written
TBP(O,p) = TBex(p,) wo . (2-5)

where TBex(u) will be specified in section 4. The equation of

transfer 2-2, along with boundary conditions 2-4 and 2-5 constitute a



well-posed problem which is solved using the Neumann Series method;
ref. van de Hulst (1980).

To evaluate the general performance of the radiative transfer
model, a comparison with the model developed by Weinman and Guetter
(1977) was made. In an attempt to correctly account for the effects
of scattering on the polarization of radiation, Weinman and Guetter
utilized the complete phase matrix for Rayleigh scattering. The
assumption made in the present study is that all radiation is
completely depolarized by scattering.

For a given set of cloud model parameters the upwelling
brightness temperatures at cloud top were computed and compared to
the brightness temperatures calculated by Weinman and Guetter (1977,
Table 4). Corresponding brightness temperatures differed by at most
49K (~2%), with a 1.4% root-mean-square deviation over the entire
set; see Olson (1982). These results suggest that the scalar phase
function approximation 2-3 should not introduce serious error into
the computation of upwelling intensities.

3. Specification of Atmospheric Parameters in the Radiative Transfer
Model
3.1 Liquid Hydrometeors

Liquid hydrometeors may be classified according to size as cloud
droplets or raindrops. Raindrop radii are typically greater than
100 ym and less than 5 mm. In order to define the extinction and
scattering properties of raindrops, Mie scattering theory is

employed.



Mie“s theory completely specifies the electromagnetic properties
of a raindrop as a function of its size parameter ¥ = 2nr/A (r is the
drop radius and A is the wavelength of radiation) and complex index
of refractionm = n - jﬁ. The complex index of refraction of any
raindrop is taken to be that of pure liquid water. The empirical
formula proposed by Ray (1972) is used here to compute the complex
indices of refraction of water at the SMMR frequencies for a range of
environmental temperatures. The Mie extinction and scattering
coefficients and phase function, kext(r), kscat(t), and p(r,u;u’),
respectively, are evaluated numerically.

The Mie parameters are integrated over the entire raindrop-size
distribution to determine the bulk electromagnetic properties of
natural rainfall. The drop-size distribution for hurricane rainfall
proposed by Merceret (1974) is utilized in this study. Power law
fits of the extinction coefficient and albedo for single scattering

(@

o ™ kscat/kext) as functions of rainfall rate are listed in Table

3.1 and may be compared to the results of Savage (1978).

Due to their smaller size, non-precipitating cloud droplets have
electromagnetic properties which can be adequately described by the
approximate Rayleigh theory. 1In addition, the effects of scattering
by cloud droplets are negligible at the microwave frequencies
considered (i.e., koxt = Kapgs the absorption coefficient). The

extinction coefficient for cloud droplets is given by
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6w m° -1
— Im {- } - Lwc (3-1)
} 2 1‘2— b
exte OLX m- + 2

where pL is the density of water (1 gm/cm3), and LWC is the total
liquid water content of the cloud droplets.

In non-precipitating cumulus clouds a typical cloud droplet
liquid water content is .5 gm/m3, with maximum values of about
1 gm/m3. Cloud droplet extinction coefficients computed for a liquid
water content of .5 gm/m3 are listed in Table 3.2.

Radiative extinction by cloud droplets with a liquid water
content of .5 gm/m3 is comparable in magnitude to extinction by
raindrops at rainfall rates of about 2 to 5 mm/hr. Even greater
extinction by droplets is possible in clouds with higher liquid water
content. Measurements made during aircraft penetrations into
raincells of Hurricane Allen indicate typical cloud droplet (r < 40
pm) liquid water contents ranging from .1 to .8 gm/m3, with a mean of
about .5 gm/m3, R. Black (1981). However, a relationship between
rainfall rate and cloud droplet liquid water content has not been

established.

3.2 Ice

Ice-phase hydrometeors may be present at or above the freezing
level in tropical cyclones and other strongly-convective tropical
systems. However, the extinction coefficients of ice particles at
the SMMR frequencies are about two orders of magnitude smaller than

cloud droplets of the same equivalent liquid water content.



Recent radiometric measurements in Tropical Storm Cora by
Wilheit, et al. (1982) suggest that ice may only have a small effect
at frequencies < 19.35 GHz. The presence of ice has been observed in
37 GHz data over midlatitude systems by Spencer,et al. (1982), but
similar measurements in Cyclone Joan (Beer, 1980) show little
evidence of ice.

Although the effects of ice are neglected in the present model,
aircraft probe measurements by R. Black (1982) indicate the existence
of significant numbers of ice particles in tropical cyclone
raincells. TImproved models which include an ice layer above the

liquid precipitation are currently being developed by the authors.

3.3 Mixed-phase Hydrometeors

In radar studies of tropical cyclones and squall-lines a
"bright-band" of high reflectivity is commonly observed below the
freezing level, Battan (1973). The bright-band is caused by the
back-scattering of radiation off melting ice particles.

Unfortunately, the precise structure of the melting layer is not
well known. Distributions in size, shape, and phase of melting
hydrometeors have not been established, and are thought to be quite
sensitive to microphysical processes such as particle aggregation and
breakup. As a consequence of these uncertainties, the effects of
mixed-phase hydrometeors are not considered in this study.

Since significant numbers of these particles occur only in a
relatively thin layer, approximately 400 m thick, their presence is

not expected to greatly influence the transfer of microwave radiation
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in tropical cyclone raincells, which may extend several kilometers in

height.

3.4 Molecular Absorbers

Molecular absorption is generally small at the SMMR frequencies
except at 21 GHz, where water vapor extinction can be equivalent to
extiﬁction by rain for rainfall rates up to 4 mm/hr in a saturated
atmosphere. The effects of molecular absorption are therefore
included in the cloud model.

The model of Meeks and Lilley (1963) is used here to compute the
extinction coefficient of oxygen as a function of frequency,
temperature, and pressure. A number of oxygen lines between 50 and
70 GHz are broadened into a wide absorption band which extends to the
SMMR frequ;ncies. The maximum absorption occurs near the earth’s
surface, where relatively high pressures induce the greatest
broadening effect. For water vapor the model described by Staelin
(1966) ié used to calculate the extinction coefficient as a function
of frequency, pressure, temperature, and vapor density. The
absorption spectrum of water vapor at the microwave frequencies
results mainly from the rotational transition line at 22.235 GHz.

The amount of absorption varies in proportion to the concentration of

vapor (or relative humidity).
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3.5 The Mean Tropical Cyclone Profile

Basic height profiles of temperature, pressure, and humidity
which represent average conditions in tropical cyclone raincells are
selected for use in the radiative transfer model. Such profiles were
obtained as a function of radius from the storm center by Gray and
Frank (1977) to produce the mean profiles of Table 3.3. The mean
profiles of pressure and temperature were compared to soundings
obtained in individual tropical cyclones of differing intensities by
Olson (1982). Despite differences in storm intensity, the
temperatures measured in the individual storms deviated from the
composite temperature at each pressure level by only *3% on average.

At nearly all pressure levels in the tropical cyclone, a
decrease in temperature with increasing radius is observed, however,
the falloff in temperature is very gradual outside the eye-eyewall
region (i.e., at radii greater than ~.39). The rad = 2° composite
pressure/temperature profile is therefore selected for use in the
radiative transfer model to represent mean atmospheric conditions
between .30 and 40 radius. Since nearly all tropical cyclone
rainfall occurs within a radius of 40 or 59, profiles at greater
distance from the storm center need not be considered.

Observed temperatures in the eye-eyewall region (rad < .39) can
vary significantly from storm to storm, and so

modeling of the atmosphere in this region is not attempted.
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Further it is assumed that the rad = 20 composite profile of
specific humidity represents the mean vertical distribution of water
vapor in the tropical cyclone atmosphere between .39 and 4© radius.
Specific humidities at each pressure level deviate from the rad = 2°
value by only ~*1 gm/kg over the .7° - 4° band (see Table 3.3).

In the cloudy atmosphere of active raincells or in the eyewall
region (rad < .39), the composite specific humidity is best
represented by the saturation specific humidity, qS(T), at all levels
where cloud is present (see Table 3.3, rad = 29 column).

The resulting pressures, temperatures, and specific humidities
at designated heights in the rad = 29, mean tropical cyclone
atmosphere are listed in Table 3.4. The heights listed were
determined using the hydrostatic relationship, and serve as primary
data levels in the radiative transfer model. At each level the
electromagnetic properties of the atmosphere are represented by the
total extinction coefficient, which is the sum of the extinction
coefficients of the individual atmospheric constituents, and the
scattering coefficient and phase function of the raindrops.

The extinction coefficients of molecular oxygen and water vapor
are completely determined by the specification of pressure,
temperature, and specific humidity in the mean tropical cyclone
profile. The concentration and height distribution of raindrops or
cloud droplets is varied in certain model tests, but the

electromagnetic properties of individual drops are completely
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determined by the complex index of refraction of water at a given
level temperature.

4. Specification of Boundary Conditions in the Radiative Transfer
Model

The skin temperature Ts, emission coefficient ep(|u|), and
reflection coefficient rp(|u|) of the lower boundary surface must be
specified in the radiative transfer model. Since most tropical
cyclone activity occurs in oceanic regions, specification of these
boundary parameters at the sea surface is of primary importance.

A mean climatological value of sea surface temperature, 300.20K
(27°C), for the month of August in the tropical North Atlantic is
selected as a representative skin temperature in the model;
ref. Sverdrup, Johnson, and Fleming (1942). The most significant
deviatio;s from this mean value would be caused by storm—-generated
upwelling, which can cool the ocean”s surface layer by ~39%, P. Black
(1981). However, the upwelling effect is generally limited to a
50 km wide strip along the storm track, and is not considered in the
present development.

Numerous studies have been performed in attempts to determine
the emission and reflection coefficients of the ocean”s surface under
different envirommental conditions; Saxton and Lane (1952), Stogryn
(1967, 1972), Webster, et al. (1976). These authors have considered
sea surfaces altered by wind-generated foam and waves. In addition,
Olson (1982) has examined the effect of raindrop impaction on the

reflectivity of a water surface.
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As a limiting case, the emitting and reflecting properties of a
perfectly flat sea surface are first considered. The properties of
such a surface are computed from the Fresnel relations; Stogryn
(1967). Upon choosing mean climatological values of surface
temperature (300.29K) and salinity (36.5 parts per thousand) for the
tropical North Atlantic during August, ref. Sverdrup, Johnson, and
Fleming (1942), the complex dielectric constants of sea water at the
SMMR frequencies are computed from Klein and Swift”s (1977)
algorithm. Plane surface reflection coefficients corresponding to
these dielectric constants are presented in Table 4.1. The
associated plane surface emission coefficients can be easily obtained
using the energy conservation condition, ep(lpl) =1 - rp(lul).

Variations in sea state can produce changes in surface
reflection or emission. It has been demonstrated by Olson (1982)
that the most significant modifications of sea surface reflectivity
in the tropical cyclone environment are due to wind-generated foam
and raindrop impaction.

Wilheit (1979) noted a general decrease in sea surface
reflectivity from the plane surface value due to wind-generated foam.

The change in reflection coefficient can be approximated by

0, Uyg <7 m/sec

ArP(Iul)foam g (4-1)

-.006 sec/m (1 - exp[-v/7.5 GHz])-(U20 - 7m/sec) ,

Usg > 7m/sec

where v is the frequency of radiation in GHz, and U20 is the 20 meter
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wind speed in m/sec. The reflectivity change is assumed to be
independent of polarization and nadir angle.

Surface reflectivity departures at the SMMR frequencies due to
wind-generated foam are listed in Table 4.1. Maximum reflectivity
departures of approximately -.2 to -.3 are attributed to the foam
effect at a 20 m wind speed of 60 m/sec. The figures in the table
corresponding to wind speeds greater than 30 m/sec should be regarded
with caution, however, since they represent an extrapolation of
empirical relaionships which were formulated on the basis of
observations at lower wind speeds.

The effect of rain impaction on the reflecting/emitting
properties of a water surface has also been investigated. In an
experiment conducted at the NASA/GSFC facility (Greenbelt, Maryland),
a three-band radiometer sy;tem was employed to measure the upwelling
microwave radiances reflected and emitted by a droplet-roughened pond
surface. Details of this experiment are described in Olson (1982).
Estimated reflectivity departures due to rain impaction at an
equivalent rainfall rate of 220 mm/hr are listed in Table 4.1.

The figures indicate a reduction in water surface reflectivity
(negative departures) due to rain impaction at all SMMR frequencies,
with departure magnitudes increasing with frequency. The greatest
reflectivity departure, Arv,h—rain = -.099 at 37 GHz, is comparable
in magnitude to the foam—induced departure at intermediate wind

speeds (~30 m/sec). The rain-induced departure represents an extreme
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case effect, however, because of the high rainfall rate simulated in
the NASA experiment.

In tropical cyclones the foam effect will most likely
predominate over the rainfall impaction effect because wind speeds
are very high over most of the storm area, while intense rainfall
occurs mainly in limited regions of strong convection.

Only the contribution of the cosmic microwave background to the
total downwelling radiance at the upper boundary of the radiative
transfer model is considered. The microwave background is an
essentially isotropic, unpolarized radiation field with a 2.70K

blackbody spectrum.

5. Model Results

The brightness temperature of microwave radiation at each S;MR
frequency emerging from the top of a tropical cyclone raincell is
computed as a function of varying model input parameters. All
cloud-top brightness temperatures appearing in the tables and figures

of this section are computed for the SMMR viewing angle, which

corresponds to a nadir angle of 1300 (500 from zenith).

5.1 The Basic State

Changes in the model inputs are made in reference to a basic
state which represents the unperturbed ocean/atmosphere system. A
cloudless atmosphere is assumed in this state, with profiles of
pressure, temperature, and specific humidity designated by the mean

cyclone profile in Table 3.4. The absorption spectra of molecular
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oxygen and water vapor, which depend only upon the ambient pressure,
temperature, and specific humidity (see section 3.4) are therefore
completely specified in the basic state atmosphere.

Also in the basic state, the underlying ocean is assumed to be
calm (plane surface), and have a skin temperature of 300.29K (279°C).
Surface reflection coefficients for these conditions have been
derived using the Fresnel relations (see Table 4.1). The surface
reflection coefficients may be depressed due to the influence of
raindrop impaction or foam, but the skin temperature is preserved at
a constant 300.29K.

To the basic state atmosphere may be added cloud and
precipitation droplets, as well as additional water vapor, but the
primary profiles of pressure and temperature are maintained in all

~

model tests.
5.2 The Variation of Cloud-top Brightness Temperature with Rainfall
Rate and Precipitation Column Height

In the following model computations, layers of
precipitation-size drops are added to the basic state atmosphere.
The rainfall rate, or equivalently, the precipitation liquid water
content is assumed to be uniform within the precipitation layer
boundaries.

Radar observations of fully developed tropical cyclone raincells
outside the eyewall region indicate columns of precipitation which
extend from the surface to near or just above the freezing level (5

to 6 km height), P. Black (1981). Significant quantities of



18

precipitation-size drops reach greater heights only in the strong
updrafts of the eyewall.

To simulate raincells of various heights (or cells in different
stages of development), precipitation layers of differing thicknesses
are tested at each rainfall rate. In each case a uniform layer of
precipitation is added to the basic state atmosphere between the
surface and "column height" H, where H can be 3.8, 4.8, 5.8, or
6.8 km. These heights were chosen because of their relative
displacement from the freezing level, which occurs at a height of 4.8
km.

The reflectivity departures measured during the NASA experiment
(see Table 4.1) are added to the bhasic state reflection coefficients
to obtain appropriate reflection coefficients for this model

experiment.

Tp-rain = Tp-plane * ATp-rain (5-1)

Although the experimentaliy—derived reflectivity departures,
Arp—rain’ were induced by droplet impaction at an unusually high
rainfall rate, the resulting disturbed-surface reflection

coefficients (r ) are still likely to be more realistic than the

p-rain
plane surface values. Indeed, similar departures are induced by the
action of surface wind stress when the 20-meter wind speed is

approximately 30 m/sec (see section 4).
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Model-generated cloud-top brightness temperatures at 6.63, 10.7,
18, and 37 GHz are plotted as functions of rainfall rate in Figs. 5.1
through 5.8; see also Olson (1982). The 21 GEz brightness
temperatures are not significantly different from those at 18 GHz.

The qualitative behavior of the brightness temperature curves
can be explained in terms of the relative importance of absorption
and scattering in the precipitation layer. At low rainfall rates the
absorbing effect of the precipitation layer predominates. As the
rainfall rate and total optical depth of the layer increase, less of
the relatively low intensity surface emission (on the order of 1500K
brightness temperature) is transmitted. The surface component is
replaced by higher intensity cloud emission (the mean cloud
temperature is approximately 2850K). The resultant cloud-top
brightness temperature therefore increases with rainfall rate.~

The cloud-top brightness temperature continues to increase with
rainfall rate until the precipitation layer becomes so radiatively
opaque that only radiation emitted near the top of the layer is
transmitted to space. The maximum cloud-top brightness temperature
is nearly the same as the air temperature at the top of the
precipitation column.

As the absorption effect produces smaller and smaller changes in
brightness temperature, the previously minor effect of scattering by
raindrops begins to predominate, causing the brightness temperature
to decrease. The brightness temperature decreases because the

upwelling cloud emission is diluted by backscattered, low intensity
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radiances from space. As the rainfall rate increases, the proportion
of larger drops, which scatter more efficiently, also increases (see
section 3.1). Thus the brightness temperature continues to decrease
as the rainfall rate, and the magnitude of the scattering effect,
increase.

Finally, it may be noted that the brightness temperature in the
vertical polarization is generally greater than the brightness
temperature in the horizontal polarization at any given frequency,
column height, and rainfall rate. This is due to the influence of
surface emission, which is always greater in the vertical
polarization at any frequency. The effect of scattering by raindrops
tends to depolarize the cloud-top radiances.

5.3 The Variation of Cloud-top Brightness Temperature with Surface
Reflectivity/Emissivity

In this section, cloud-top brightness temperatures are generated
for different sea surface reflectivities and rainfall rates, while
other physical parameters are maintained at constant values.

The action of Qind—generated foam is expected to produce the
greatest range of sea surface reflectivity values under storm
conditions. Reflectivity departures derived from Wilheit”s (1979)
foam model are used to compute appropriate reflection coefficients
for various wind speeds.

+ A

Ip-foam = Tp-plane Tp-foam (5-2)
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In particular, surface reflectivities corresponding to 20-meter wind
speeds of 0, 20, 40, and 60 m/sec are considered (see Table 4.1). As
in the last section, a layer of precipitation-size drops is added to
the basic state atmosphere; however, the precipitation column height
is fixed at a typical value of 5.8 km. Computed cloud-top brightness
temperatures at 6.63, 10.7, 18, and 37 GHz are plotted versus
rainfall rate in Figs. 5.9 through 5.16, see also Olson (1982).

The effect of wind stress is to increase the cloud-top
brightness temperature over its calm surface value (U20 = 0 m/sec).
The contribution of surface emission to the upwelling cloud-top
radiance is enhanced due to wind-generated foam, and so the resultant
brightness temperature increases.

As the rainfall rate increases, and the precipitation layer
becomes more radiatively opaque, less of the surface emission is
transmitted by the cloud. Since the radiative extinction by
raindrops at a given rainfall rate increases substantially with
frequency, the effect of varying surface emission (or wind speed) on
the resultant upwelling brightness temperatures is greatly diminished
at the higher microwave frequencies. Also, the upwelling brightness
 temperature increases almost linearly with the 20-meter wind speed at

any given frequency and rainfall rate.
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5.4 The Effect of Non-precipitating Cloud Droplets on Computed
Cloud-top Brightness Temperatures

Because the microwave electromagnetic properties of
non-precipitating cloud droplets are accurately described by the
Rayleigh approximation (see section 3.1), only the total liquid water
content of the droplets must be known to specify the appropriate
extinction coefficients. Recent measurements by Sax and Keller
(1978) and R. Black (198l) indicate average cloud droplet liquid
water contents of .5 gm/m3,,which are roughly uniform with height and
only very gradually decrease above 1500 m (+8.5°C).

To approximate conditions which might be found in non-precipita-
ting tropical cyclone clouds, cloud droplet layers with a uniformly
distributed liquid water content of .5 gm/m3 are added to the basic
state atmosphere. The droplet layers are assumed to extend from the
surface to 3.8, 4.8, 5.8, 6.8, 7.3, and 9.5 km, covering a wide range
of layer thicknesses. Water vapor is also added to the mean profile
until the atmosphere is saturated at all levels. The underlying
ocean surface is characterized by the. "precipitation-roughening”
reflection coefficients (Eq. 5-1) in order to directly compare the
model results with those derived for precipitating clouds in section
5.2.

Computed cloud-top brightness temperatures are plotted as
functions of cloud-top height in Figs. 5.17 through 5.20; see also

Olson (1982).
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The cloud-top brightness temperature increases almost linearly
with cloud top height at 6.63, 10.7, and 18 GHz. At 37 GHz, however,
the average extinction by cloud droplets is large enough for
significant reabsorption of radiation near the cloud top to occur.
Therefore, the effect of increasing absorption by the entire cloud
layer, which initially raises the brightness temperature, is
eventually balanced by the concurrent lowering of the effective
emitting temperature of the cloud as the air temperature at cloud top
decreases. The net result is a brightness temperature curve which
first rises and then falls as the cloud top height is increased
(Fig. 5.20).

Given a particular cloud layer thickness and polarization, the
brightness temperature increases with frequency, which is due to
greater absorption by cloud droplets at the higher frequencies (see
Table 3.2).

Usually the intensity emerging from the tops of non—precipita-
ting clouds is less than that which emerges from columns of
precipitation, except at low rainfall rates. Comparing Figs. 5.17 -
5.20 with Figs. 5.1 - 5.8, it is evident that the upwelling intensity
at the top of the 5.8 km thick cloud droplet layer is approximately
equal to the intensity emerging from a precipitation layer of the
same thickness at rainfall rates of 4, 3, and 3 mm/hr at 6.63, 10.7,
and 18 GHz, respectively. An exception to the general intensity
relationship occurs at 37 GHz, where the upwelling brightness

temperature at the top of the 5.8 km cloud droplet layer is at least
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50K greater than the corresponding precipitation layer brightness
temperature at any rainfall rate. This result is explained by the
prominent effect of scattering in the rain layer at 37 GHz, which
lowers the resultant brightness temperature significantly. It should
be noted, however, that non-precipitating clouds of smaller liquid
water contént (LWC <.5 gm/m3) would necessarily absorb less
radiation, and therefore the brightness temperatures upwelling from
these clouds would generally be less than the temperatures plotted in
Figs. 6.17 = 6.20. In this case brightness temperatures upwelling
from both precipitating and non-precipitating clouds at 37 GHz could

be comparable.

6.. Analytical Formulae for Representing Model Output

In the analysis to follow it will be particularly convenient to
work with simple analytical expressions for the brightness
temperature curves produced in section 5. Specifically, brightness
temperatures will be expfessed as explicit functions of R, the

rainfall rate; H, the precipitation column height, and r_, the

p’
surface reflectivity.

At relatively low rainfall rates, where brightness temperature
generally increases with rainfall rate, an adequate representation of
the brightness temperature curves may be obtained using a
single-layer, isothermal, absorbing atmosphere model. In this

approximation, a simple expression for the cloud-top intensity at

nadir angle 6 = cos-lu° can be derived.
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TBg(O,uo) =[1- rp(luol)]-Ts-eTatm/“o
+ Tatm (1 - eTatm/uo)-[l + rp(luol)etatm/uo]

+ TBex(‘uo)-rp(|uol)-eZTatm/uo : (6-1)

Here, T,y and 154y are the temperature and total optical depth,
respectively, of the single-layer model atmosphere. The extinction
coefficient for rainfall is assumed to vary in proportion to a fixed

power of the rainfall rate.

'Y

= ARZ =
extp A°R (6-2)

Paramters A and a are fitted constants, to be specified later.

The total optical depth of the atmosphere then becomes
Tatm = [EéxtR + Eéxtc] * B+ 101 (6-3)

where E;xtc is a bulk extinction coefficient for non-precipitating
cloud droplets, Tl is the total optical depth of molecular
absorbers, and H is the height of the precipitation column.

It is further assumed that the effective thermodynamic
temperature of the absorbing atmosphere is a linear function of

precipitation column height.

Tatm = Tp + T2°H (6-4)



26

The parameters T1 and T, are fitted constants.

At 18 and 37 GHz, the effect of droplet scattering predominates
at moderate to high rainfall rates, and brightness temperatures
generally decrease slowly with increasing rainfall rate. The
single-layer, absorbing atmosphere model fails to provide a good fit
to the computed cloud-top brightness temperatures at these
frequencies and rainfall rates. The decaying portions of the
brightness temperature curves can be well-represented, however, by

the form of an exponential with a linear correction.

TBp(0,y) = Gee D°R + T3 + T, eH (6-5)

The parameters G, D, T3 and T, are fitted constants. The surface
reflection coefficient, rp(lpol), does not appear in expression 6-5,
because it was demonstrated in section 5.3 that the cloud-top
brightness temperature is essentially independent of changes in
surface reflectivity at sufficiently high rainfall rates at 18 and
37 GHz.

Expression 6-5 is fit to computed brightness temperatures which
correspond to rainfall rates between 24 and 64 mm/hr at 18 GHz, or to
rainfall rates between 8 and 64 mm/hr at 37 GHz. Expression 6-1 is
fit to the remaining portions of the brightness temperature curves at
these frequencies, as well as the entire curves at 6.63 and 10.7 GHz.
At 18 and 37 GHz the transition between the fitted functions 6-1 and

6-5 is made smooth by interpolating linearly between the functions in
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the rainfall rate intervals 20 - 28 mm/hr (18 GHz) and 4 - 8 mm/hr
(37 GHz). 1In these intervals the brightness temperature curves are

represented by

" RU il R o R . RL -
TB,(0, bo) = {RU_"T*E} * TBp(0,p,) + {W} * TB,(0,p,) , (6-6)

where Ry is the upper bound of the rainfall rate interval, Ry is the
lower bound, TBg(O,po) is given by Eq. 6-1 and TB;(O,po) by Eq. 6-5.
By employing a non—linear regression procedure, the parameters
A, a, Ty TZ’ or G, D, T3, T, which produce the minimum mean square
.deviation between the model-computed brightness temperatures and
those derived from the analytical expressions 6-1 or 6-5 can be
determined. In this manner the analytical expressions are fit to the
family of brightness temperature curves at each frequency and
polarization in the precipitation column height study of section 5.2.
Of course, the surface reflection coefficients were held fixed at the
"precipitation-roughening” values (see section 4) in that particular
model experiment. The reflection coefficient rp(lpol) in Eq. 6-1 is
therefore set equal to the appropriate "precipitation—~ roughening”
value at By = cos 130°. Model-computed brightness temperatures
corresponding'to other surface reflectivities are not included in the
fitting procedure, because the observed linear relationship between

brightness temperature and surface reflectivity is already
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well-represented in the analytical expression 6-1, and is not
affected greatly by the choice of fitting parameters.

The best-fit parameters A, a, Ty, Ty, and G, D, T3, T4 for each
frequency and polarization are listed in Table 6.1, along with the
root—-mean—-square brightness temperature deviation between the model-
computed and fitted points. The root-mean—-square deviations, on the
order of 1 to 29K, are quite small, indicating that the analytical
curves provide reasonable fits to the actual model-computed points.
7. The Estimation of Rainfall Rates by Statistical Analysis of
Cloud-top Brightness Temperatures

The unknown geophysical parameters of primary importance in the
general inversion problem are the rainfall rate, precipitation column
height, and surface reflectivity. The surface reflectivity is both
frequency and polarization-dependent, and it also varies in response
to changes in surface wind stress and rain impaction. In the context
of a tropical cyclone it is reasonable to assume that changes in
surface reflectivity would be primarily due to variations in wind
stress (see section 4). Thus Wilheit”s formula (Eq. 4-1) can be used
to replace surface reflectivity with a more general parameter, the
20-meter wind speed, which is independent of the frequency and
polarization of the radiation considered. The number of unknown
geophysical parameters is thereby reduced from ten to the following
three: rainfall rate, precipitation column height, and 20-meter wind
speed. An attempt will be made to ascertain the functional

dependence of each of these variables on the SMMR brightness
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temperature measurements at 6.63, 10.7, 18, and 37 GHz in both
vertical and horizontal polarizations (a total of eight separate
channels).

A statistical approach to the inversion problem is utilized in
the present study. Each dependent variable (geophysical parameter)
is expressed as a linear combination of the independent variables

(brightness temperature measurements),

n

R =a, + 12‘1 a; TBy (7-1)
n
H = b, + 121 b; TBy (7-2)
n
Upg = ¢, + 121 c; TBy , (7-3)

where the subscripted variables ajy, bi’ and cy are ad justable
coefficients. The coefficients which yield the best-fit relationship
(in the mean square sense) between the dependent and independent
variables are determined by the method of step-wise regression; see
Draper and Smith (1981).

The form of the equations (7-1 to 7-3) suggests that a good fit
to any sensor data might only be obtained where the relationship
between the geophysical parameters and cloud-top brightness
temperature is linear. Unfortunately the relationship between
rainfall rate, which is the parameter of greatest interest here, and
brightness temperature is generally non-linear, except at 6.63 GHz
(see Figs. 5.1 = 5.8). This problem is overcome by performing

separate regression analyses over the rainfall rate intervals 0 - 4
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mm/hr, 4 = 8 mm/hr, 8 = 16 mm/hr, 16 - 24 mm/hr, 24 - 32 mm/hr, and
32 - 64 mm/hr. Over these intervals the response of cloud-top
brightness temperature to changes in rainfall rate is approximately
linear in any chénnel. For simplicity, regression fits for
precipitation column height and 20-meter wind speed are also
performed over the same rainfall-rate intervals.

Ideally, a large data set consisting of microwave sensor
measurements over several tropical cyclones with coincident surface
observations of rainfall rate, precipitation column height, and
20-meter wind speed should be employed in the regression analysis.

An alternative approach, which is utilized here, is to create a
synthetic data set based on the output of the radiative transfer
cloud model. Given a rainfall rate, precipitation column—height, and

‘20—meter wind speed, the corresponding cloud-top brightness
temperatures at 6.63, 10.7, 18, and 37 GHz in both polarizations can
be generated using the analytical expessions developed in section 6
(see Eqs. 6-1, 6-5, and 6-6). What remains to be determined are
realistic distributions of R, H, and Uyo values which might typically
occur in a tropical cyclone.

Since separate regression analyses are performed over six
distinct intervals in the 0 - 64 mm/hr range, the imposition of a
rainfall rate distribution over this range.would be meaningless.
Instead, rainfall rates are uniformly distributed on each of the six
rainfall rate intervals. Likewise, precipitation column heights are

distributed uniformly between typical limits of 3.8 and 6.8 km.
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It is assumed that wind speeds are distributed radially by

20 kmq+d
Uypg(rad) = 60 m/sec - [—?53_]

5 rad > 20 km (7-4)
as suggested by Riehl (1954, p. 288).

Various radii, and therefore wind speeds, are selected on the
assumption that storm observations are uniformly distibuted over the
area between radii of 20 and 450 km. In this radial band 20-meter
wind speeds will range from 13 to 60 m/sec by Eq. 7-4, and
consequently the relationship between surface reflectivity and wind
speed is linear (see Eq. 4-1).

The various combinations of R, ﬁ, and Uyg values are randomly
generated, ignoring any possible correlations between the variables.
Fifty sets of these parameters are produced for each rainfall rate
interval, along with the corresponding cloud-top brightness
temperatures in the eight SMMR channels. In computing the cloud-top
brightness temperatures it is assumed that the model atmosphere
contains no non-precipitating cloud droplets, and that the
distribution of water vapor is characterized by the mean tropical
cyclone profile (see section 3.5); i.e., cloud-free conditions
prevail. The effect of adding clouds to the model -atmosphere is
examined at the end of this section.

For a given set of environmental conditions, sensor measurements
of brightness temperature may not agree with model-computed cloud-top

brightness temperature due to instrumental error or inaccuracies in
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the model formulation. To simulate the effects of these error
sources in the synthetic data set, randomly-generated,
Gaussian—-distributed noise is added to each brightness temperature
computed by the model. Three separéte cases are considered,
corresponding to Gaussian noise factors with standard deviations of
50K, 20K, and 4% . In each case the noise has zero mean.

A noise figure of ~19K is compatible with errors currently
reported for the SMMR data. Additional errors could arise from poor
sensor spatial resolution. The best resolution attained by the SMMR
instrument is at 37 GHz, where a single brightness temperature
measurement represents a spatial average over a ~400 square kilometer
area at the earth”s surface. This area must be reduced to
cumulus-scale (less than 10 km x 10 km) before the measured
brightness temperatures will begin to represent "cloud-top”
brightness temperatures, as defined in this study. It is assumed
here that the necessary resolution will be achieved, and that the
residual error in the corrected brightness temperature measurements
will be on the order of 59K or less, thus falling into the range of
added noise in the regression data.

The regression coefficients a;, by, and ¢4 for which best fit
expressions are obtained in each of the six rainfall rate intervals
are listed in Tables 7.1 - 7.3, along with the fraction of thé total
variance in each geophysical parameter which is explained by the

corresponding regression formula.
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A true test of the regression formulae is to invert brightness
temperature data, comparing the fainfall rates, precipitation column
heights, and 20-meter wind speeds derived from the regression
formulae with those observed. One hundred additional combinations of
rainfall rate, precipitation column height, and 20-meter wind speed
are generated at random to produce cloud-top brightness temperatures
via Eqs. 6-1, 6-5, and 6-6. Thus, one hundred independent "sensor
observations”, each consisting of brightness temperature
"measurements” in the eight SMMR channels, are simulated. The
various combinations of geophysical parameters, R, H, and U20’ which
are used to generate the brightness temperatures, will serve as
"ground truth” in this test.

Although values of H and U,, are distributed as in the
regression data sets, rainfall rates are allowed to range over the
full 0 - 64 mm/hr interval, following a distribution suggested by the
tropical cyclone data compositing analysis of Gray and Frank (1977).
The rainfall frequency distribution indicated by their figures

closely fits

Y(R) = .105/R _ (7-5)

where Y(R) dR is the fraction of total observations where the

rainfall rate is between R and R + dR.
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Gaussian distributed noise at the levels prescribed in the
regression data is added to the "inversion" brightness temperature
data to form three test sets.

In the foregoing development, separate regressioﬁ formulae were
produced for each of six rainfall rate intervals. Therefore, a
method for identifying the correct rainfall rate interval on the
basis of the brightness temperature data alone must be included in
the inversion procedure. The following method is suggested.

Initially, a rough estimate of the rainfall rate can be made
using the 6.63 GHz horizontal brightness temperature "measurement”.
In this channel the relationship between cloud-top brightness
temperature and rainfall rate is approximately linear over the entire
0 - 64 mm/hr interval (see Fig. 5.1), and so a reasonable linear

regression fit

R= 300 ™ vhe eap i~ 35.0 um/hr (7-6)

hr-%%

to the model-computed points in the interval 4 mm/hr < R < 32 mm/hr
is made for nominal conditions: H = 5.8 km; surface reflectivity is
equal to the "precipitation-roughening” value.

Given the 6.63 GHz horizontal brightness temperature, a crude
first guess of the rainfall rate is derived using formula 7-6. This
rainfall rate will fall into one of the six rainfall rate intervals.
The regression equations 7-1 to 7-3 corresponding to that particular

interval are then employed, using brightness temperature
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"measurements” in the eight channels, to yield estimates of rainfall
rate, precipita;ion column height, and 20-meter wiﬁd speed.

If the new estimate of rainfall rate lies within the initial
interval, then the original.interval choice is assumed to be correct,
and the values of R, H, and Uy derived from the corresponding
regression equations are considered to be final "best" estimates.

If the regression estimate of rainfall rate falls into an
interval other than the original rainfall rate interval, then the
regression equations corresponding to the new interval are used to
produce revised estimates of R, H, and UZO'

If the revised regression estimate of rainfall rate falls within
the corresponding domain of the regression, then the revised
estimates of R, H, and U,; are considered best estimates. Otherwise
the procedure outlined in the last paragraph is repeated until the
estimated rainfall rate falls within the corresponding regression
interval.

The inversion procedure just described is applied to the
brightness temperature test data. Each set of cloud-top brightness
temperatures in the eight SMMR channels is inverted to yield
estimates of R, H, and UZO' These parameter values can then be
compared to the parameters which were used originally to generate the
cloud-top temperatures. The latter set of parameters will act as
“"ground truth” in this test; therefore, error in a parameter estimate

is defined as its deviation from the "ground truth" value.
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To help clarify the analysis of the inversion results, all test
cases in which the rainfall rate is less than .l mm/hr are classified
as "no rain"” cases. Out of 100 test cases, 35 are classified as
"non-raining” by this criterion. For the remaining 65 cases in each
noise level category the root-mean-square errors in the geophysical
parameter estimates are listed in Table 7.4, along with the mean
"ground truth” values of the parameters.

It should be noted that the distribution of rainfall rates is
somewhat biased towards low rainfall rate cases (R = 10.6 mm/hr).
Nevertheless, r.m.s. errors in the rainfall rate estimates appear to
be quite reasonable (~lmm/hr). In addition, there is only a modest
increase in error in response to increased levels of noise in the
regression/inversion brightness temperature data. This last result
is important because it suggests that the retrieval of rainfall rates
from the microwave brightness temperature measurements may not depend
critically on the details of the cloud modeling or the precision of
the sensor measurements themselves.

Specific results of the rainfall rate inversion test are
represented diagrammatically in Figs. 7.1 - 7.3. The ordinate in
each figure is the deviation of the estimated rainfall rate from its
"surface truth"” value. The deviations (discrete points) are plotted
as functions of rainfall rate. For reference purposes, isopleths of

percentage error are also included in these diagrams.
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Although the average magnitude of errors generally increases
with rainfall rate, the percentage error in the rainfall rate
estimates tends to decrease as the rainfall rate increases. At the
Gotse ™ 49K level, maximum errors are close t6 30% at 4 mm/hr, while
they decrease to about 15% at 64 mm/hr. This result is comparable to
the error estimate derived by Chang and Milman (1982).

Root-mean-square errors in the precipitation column height
estimates (~15% of the mean value) and 20-meter wind speed (~20%) are
also quite tolerable. The error in the wind speed estimates clearly
increases with the noise level in the regression/inversion data,
whereas the error in the column height estimates varies little and
exhibits somewhat more ambiguous behavior.

In acfuality, both raindrops and non-precipitating cloud
droplets coexist in tropical cyclone raincells, but the relative
populations of these droplets in active cells is still not well
known. Nevertheless, the effect of liquid cloud droplets on the
inversion method can be studied using the single-layer, absorbing
atmosphere model (see section 6).

The height distribution of liquid cloud droplets is expected to
be roughly proportional to the height distribution of raindrops.

Therefore a bulk cloud droplet extinction coefficient, K

extc is

proposed in order to make the total optical depth of cloud droplets,

kéxtc'ﬂ’ proportional to the precipitation column height. For the

purposes of this study the extinction coefficient kéxtc is defined
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Rexte = Tdrop/5-8 km 7-7)

Here, Tdrop is the total optical depth of a layer of uniformly
distributed, non-precipitating liquid cloud droplets with a liquid
water content of .5 gm/m3, which extends from the surface to a height
of 5.8 km in the meaﬁ tropical cyclone atmosphere (see Table 3.4).
Such a layer of liquid cloud droplets is roughly consistent with
aircraft probe measurements of liquid water contents in tropical
cyclone raincells, R. Black (1981). The cloud droplet extinction
coefficient, so defined, is introduced into the single-layer model
(see Eq. 6-1).

It is also assumed that the model atmosphere is saturated, as
opposed to the unsaturated "mean" tropical cyclone atmosphere.
Extinction by the additional water vapor needed to saturate the
atmosphere is included in the molecular optical depth term, Tmol» ©Of
the single-layer model.

Aside from the alterations made in Réxtc and 7t .;, all other
parameters in the single-layer model are maintained at their previous
values.

As in the foregoing development, synthetic brightness
temperature data is generated using the fitted expressions 6-1, 6-5
and 6-6. The effects of cloud droplets are represented in these
expressions except at 18 GHz with R > 28 mm/hr and at 37 GHz with
R>8 mm/hr, a deficiency which could have a significant influencg on

the selection and weighting of channels in the regression analysis.
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Gaussian-distributed noise with zero mean and a standard
deviation of 20K is added randomly to brightness temperatures in each
of the regression/inversion data sets.

Coefficients in the resulting regression formulae (7-1 throdgh
7-3) are listed in Table‘7.5.
| Comparing the 29K noise level regression equations in Table 7.5
(.5 gm/m3 LWC cloud layer) with the corresponding expressions in
Tables 7.1 = 7.3 (no cloud droplets), it may be noted that the
rainfall rate and 20-meter wind speed formulae explain a smaller
fraction of the variance in these parameters when cloud droplets are
present in the model atmosphere. The average decrease in explained
variance is small, however (~3%). Conversely, the precipitation
column height formulae generélly show some improvement in explaining
parameter variance with the addition of the cloud layer.

As a final test of the regression formulae which were developed
for the cloudy tropical cyclone atmosphere, the expressions in
Table 7.5 are used to invert an independent data set of one hundred
sensor observations, where each observation consists of brightness
temperature “"measurements” in the eight SMMR channels. The
brightness temperature data is generated from the fitted expressions
6-1, 6-5, and 6-6. In order to be consistent with the regression
data set, a .5 gm/m3 LWC cloud droplet layer of thickness H is
included in the saturated model atmosphere. Also,
Gaussian—distributed noise having zero mean and a standard deviation

of 20K is added at random to the brightness temperature data.



40

The same inversion procedure that was applied to the
"cloud-free" data is employed here. Resulting estimates of rainfall
rate, precipitation column height, and 20-meter wind speed are
compared to the "ground truth” values which were used to generate the
brightness temperature data.

The r.m.s. errors in the rainfall rate, precipita;ion column
height, and 20-meter wind speed estimates (not shown) are not
significantly different from those in the "cloud-free" inversion
estimates; see Olson (1982). Errors in the rainfall rate estimates
are plotted versus rainfall rate in Fig. 7.4. The distribution of
errors differs negligibly from the corresponding distribution in the
“cloud-free" analysis (see Fig. 7.2).

Given the assumption that the quantity of non-precipitating
liquid water (in cloud droplets) is simply proportional to the height
of the precipitation column, it has been demonstrated that the
inversion method can still produce reasonable estimates of rainfall
rate. Data support for more elaborate parameterizations of the
liquid water distribution in tropical cyclone raincells is lacking at

the present time.

8. Conclusions

The radiative transfer model developed in this study has been
shown to perform satisfatorily based on a comparison with the Weinman
and Guetter (1977) model results. Although the partitioning of
energy between the polarized components of drop-scattered radiation

is simplified in the present model (energy is divided equally between
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the components), the resultant upwelling brightness temperatures in a
representative set of test cases differ by only 1.49K r.m.s. from the
corresponding temperatures of Weinman and Guetter, who utilized the
complete Rayleigh phase matrix to describe the partitioning of
scattered energy. The maximum brightness temperature deviationm is
40K (2%) over the eﬂtire set.

Model parameters which characterize environmental conditions
within tropical cyclone raincells have been determined. In addition
to absorption and scattering by raindrops, the absorption of
microwave radiation at the SMMR frequencies by non-precipitating
cloud droplets, molecular oxygen, and water vapor in the hurricane
atmosphere is considerable. 1Ice particles and mixed-phase
hydrometeors should have only a minor effect and are not included in
the present model.

Boundary radiances in the model are characterized by the sea
surface temperature and surface reflectivity (lower boundary), and
the cosmic microwave background (upper boundary). The sea surface
reflectivity varies considerably with surface conditions.
Wind-induced foam would account for most of the variability in
surface reflectivity within the hurricane environment. However, it
has bee& demonstrated experimentally by Olson (1982) that raindrop
impaction of the surface, which can lower the reflectivity by as much

as ~.1 at 37 GHz, has an effect of nearly the same magnitude.
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In model simulations of the microwave radiative transfer in
tropical cyclone raincells over the ocean (excluding the effects of
non-precipitating liquid water), cloud-top brightness temperatures at
each of the SMMR frequencies 6.63, 10.7, 18, and 37 GHz increase
fairly rapidly with rainfall rate until a maximum value is attained.
This is followed by a relatively gradual decrease in cloud-top
brightness temperature with rainfall rate which can be attributed to
raindrop scattering effects.

Nominal variations in precipitation column height and sea
surface reflectivity can cause significant changes in the brightness
temperature versus rainfall rate relationship. Cloud-top brightness
temperatures tend to increase (decrease) with increasing
precipitation column height if the rainfall rate is less than
(greater than) the critical value. Increases in surface reflectivity
always result in diminished brightness temperatures, except in those
cases where the clouds are so optically thick that the surface
boundary radiances are totally obscured. In such cases, no change in
brightness temperature is observed. Moreover, the response of
cloud-top brightness temperature to changes in sea surface
reflectivity (or 20-meter wind speed) is nearly linear at any given
frequency and rainfall rate.

The brightness temperatures of 6.63, 10.7, and 18 GHz radiation
emerging from a non-precipitating liquid water cloud (5.8 km thick,
LWC = .5 gm/m3) are about equal to the intensities emerging from a

precipitation layer of the same thickness at rainfall rates of a few
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millimeters per hour. At 37 GHz, the upwelling brightness
temperature at the top of such a non-precipitating cloud is actually
somewhat greater than the corresponding precipitation layer
brightness temperature at any rainfall rate. In general it may be
concluded, however, that the discrimination between lightly
precipitating and non-precipitating cléuds in satellite imagery at
these frequencies might be difficult.

The radiative transfer modeling demonstrates the potential of
the 6.63 and 10.7 GHz channels to provide information on tropical
cyclone rainfall rates that was heretofore unavailable from sensor
channels at higher microwave frequencies. Cloud-top brightness
temperatures in the 6.63 GHz channels are sensitive to changes in
precipitation intensity over the entire range of rainfall rates from
0 to 64 mm/hr. Brightness temperature sensitivity is observed in the
10.7 GHz channels up to a rainfall rate of ~32 mm/hr. In contrast,
the response of the 18 and 37 GHz brightness temperatures to changes
in rainfall rate is minimal at rainfall rates greater than 16 mm/hr.

Regression equations derived from model-generated synthetic
brightness temperature data form the basis of a rainfall rate
inversion method presented in section 7. The synthetic data
represent a plausible set ;f SMMR brightness temperatures over a
tropical cyclone. Actual SMMR hurricane data with coincident surface
truth (rainfall rate observations) are not available at present. It
is assumed in this development that individual raincells are resolved

in the satellite imagery; i.e., each brightness temperature
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represents an area of nearly uniform precipitation. Thus the
applicability of the rainfall rate inversion method is contingent
upon improvements in SMMR resolution that would allow the delineation
of individual tropical cyclone raincells (less than 10 km x 10 km).
The best resolution presently available is ~16 km x 25 km at 37 GHz.

Gaussian-distributed noise is added to the synthetic data in
order to simulate instrumental and/or modeling errors.

Independent model-generated data sets were produced for the
purpose of testing the inversion method. It is demonstrated that the
inversion method can yield reasonable estimates of rainfall rate from
brightness temperature measurements in the SMMR channels despite
significant noise levels in the data. As Gaussian noise levels are

increased from Oy = 5% to 4%, the r.m.s. error in rainfall

oise

-~

rate estimates over the hurricane data set increases from .55 to 1.7
mm/hr. Although errors in individual rainfall rate estimates tend to
increase with rainfall rate, percentage errors decrease as
precipitation intensity increases. Maximum percentage errors

decrease from ~307% at 4 mm/hr to ~15% at 64 mm/hr (ch = 40K

oise
case). The addition of a non-precipitating cloud droplet layer
(LWC = .5 gm/m3; thickness equal to the precipitation column height)
to the model atmosphere has a negligible effect on the performance of
the inversion method.

The test results suggest that the success of this statistical

inversion method may not depend critically on noise levels in the

brightness temperature data or errors in the modeling. The
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statistical approach might also be used to make retrievals of
precipitation column height and 20-meter wind speed. Of course, the
ultimate practicability of any inversion method cannot be evaluated
without actual satellite sensor measurements and concurrent
observations of the geophysical variables in question. A coordinated
effort to measure rainfall rates and other relevant quantities such
as wind speed, sea surface temperature, and the distribution of cloud

liquid water should be implemented.
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Table 3.1 Best-fit parameters for power curve representations of
tropical cyclone rainfall extinction coefficient and albedo for
single scattering at 273.15°K. The coefficient of determination,
wz, for each least squares fit 1s also listed.

kextR = yR" (kextR in km-l for R in mm/hr)

Frequency[GHz] ¥ n w2
6.63 8.31 x 1074 1.15 .996
10.7 2.95 x 1073 1.14 .999
18. 1.06 x 10~2 1.10 .999
21. 1.54 x 10~2 1.08 1.00
3. 6.13 x 102 .974 1.00

Bo = AR (50 dimensionless, R in mm/hr)

Frequency[GHz] A K w2
6.63 1.22 x 1072 .354 .997
10.7 2.47 x 1072 .367 1.00
18. 6.59 x 102 .346 .998
21. 9.13 x 1072 .311 .996
37. 2.37 x 1071 .159 .986



Table 3.2 Cloud droplet extinction cgefficients at 273.15°K for a
total liquid water content of .5 gm/m”.

Frequency[GHz] kext[km~1]
6«63 4.75 x 1073
10.7 1.23 x 1072
18. 3.42 x 1072
21. 4.62 x 10”2

37. 1.33 x 107!



Table 3.3 Mean tropical cyclone temperature and humjdity profiles (Gray
and Frank, 1977).

T,q mean temperature, specific humidity

eye i ‘rad = [7° (radius in degrees latitude)
Pressure [mb] T[°K]  qlgm/kg] TI[°K] qlgm/kg]
sfc —a = -=T 297.6 19.4
950 298.0 19.2 297.0 18.4
900 295.2 17.1 294.2 16.8
850 293.4 15.3 292.0 15.3
800 291.8 13.8 289.8 14.0
700 287.4 10.4 284 .4 112
600 283.2 7.8 278.2 8.2
500 275.8 . 4.7 270.8 6.0
400 266.0 2.8 262.0 3.5
300 252.2 1.2 249.2 1.5
250 241.8 .6 239.8 -—-
200 228.6 e 227.2 i
150 213.4 e 212.4 -—=
100 196.0 = 196.0 =5
rad = 2° rad = 4°
- Pressure [mb] TI[°K]  qlgm/kg] qs[gm/kg] T[°K] qlgm/kg]
sfec 298.8 19.4 -—— 299.2 18.8
950 296.8 17.3 20.0 296.8 16.1
300 294.0 15.7 17.7 294.0 14,5
850 291.6 13.8 16.1 291.6 12.5
800 289.2 12.1 14.8 289.2 10.7
700 283.8 9.1 11.6 283.8 7.6
600 2772 6.5 8.7 276.8 5.3
500 270.0 4.3 6.1 269.2 3.3
Loo 260.4 2.2 3.6 259.,2 |
300 2L46.2 .8 1.4 245.0 .6
250 236.8 ——— o 235.2 -—
200 224 .4 —— —— 223.0 —-—
150 209.6 -— -—— 208.6 -——
100 197.6 -—— -— 196.8 - ———




Table 3.3 (cont.)

Mean Tr0pical+
Profile (Jordan,

rad = 8° rad = 12° 1958)
Pressure [mb]  T[°K] "qlgm/kq] T[°K] qlgm/kg] | TI°K] qlgm/kg]
sfc 298.8 177 298.4 17.1 299.4 18.2
950 296.4 15.0 . 295.4 14,1 296.2 15.3
900 293.2 13.1 292.6 12.6 293.0 13.0
850 290.8 111 290.0 10.7 290.4 11.0
800 288.4 9.3 287.5 8.9 287.8 8.4
700 283.2 6.1 282.4 5.8 281.8 5.8
600 276.2 k.o 275.4 3.9 274 .6 3.6
500 268.0 2.4 267.2 2:2 266.2 2.1
Loo 257.8 1.2 257:0 1.1 255.4 -——
300 243.2 4 242.2 R 240.0 ---
250 233.6 ——— 232.6 —— 229.8 -——
200 221.6 —-—— 221.2 -—— 218.0 -—
150 208.0 —-_—— 208.0 —— 205.6 ——
100 197.0 -—— 197.8 -—— 199.6 ——

*mean sounding for the period July-October, 1946-1955



Table 3.4 The mean tropical cyclone profile.+ Listed are primary
data levels of the radiative transfer model, applicable to the region
between radii of .3° and 4° (radius measured in degrees latitude

from eye position).

Height [km]

12.3
9.48
7.34
6.78
5.79
4.79
3.78
3.24
1.65

0.00

z!km[

0.00
2.79
4.93
5.48
6.48
7.48
8.49
9.03
10.6

12.3

P[mb]

200.4
300.2
400.8
431.1
490.0
555.8
628.9
672.0
810.7

980.2

T[K]

227.0
245.2
258.4
261.6
267 .4
273 .2
278.8
281.8
290.2

298.8

q[gm/kg]

0.00

0.80

2.20

2.85

4‘09

5.53

725

8.37

12.5

19.4

*based upon the r=2° composite profile of Gray and Frank (1977).

*depth in the cloud model.



Table 4.1 Reflection coefficients for a plane sea surface
(T ™ 300.2%, salinity = 36.5 ppt) at the SMMR frequencies.
Also listed are reflection coefficient departures due to
wind-generated foam and rain impaction.

Freq. Nadir Uso AIv,h Arv,h
[GHz] Angle[o] v Th [m/sec] foam rain (220 mm/hr)
6.63 0 -+633 4633 0 .000 -.056
10 .629 .638 10 -.010
20 615 651 20 -.046
30 .590 .673 30 -.081
40 991 <705 40 -.116
50 491 .745 50 -.151
60 399 .796 60 -.187
70 «255 .855
10.7 0 .625 .625 0 .000 -.062
10 .620 .629 10 -.014
20 .606 .643 20 -.059
30 .581 .665 30 -.105
40 .541 .697 40 -.150
50 .480 .739 50 -.196
60 .388 .790 60 -.241
70 .245 .851
18. 0 .608 .608 0 .000 -.072
10 .604 .613 10 -.016
20 .589 .627 - 20 -.071
30 .564 .650 30 -.125
40 .523 .683 40 -.180
50 461 726 50 -.234"
60 .368 .780 60 -.289
70 .228 .844
2l. 0 .601 .601 0 .000 -.076
10 .596 .606 10 -.017
20 .582 .620 20 -.073
30 556 .644 30 -.130
40 .314 677 40 -.186
50 <493 721 50 -.242
60 .360 .775 60 -.299
70 .221 .840
37 0 .560 .560 0 .000 -.099
10 .555 .565 : 10 -.018
20 .539 .580 20 -.077
30 512 .605 30 -.137
40 469 .641 40 -.196
50 .405 .688 50 -.256
60 .313 .748 60 -.316

70 .184 .820
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Table 6.1 Best-fit parameters for the analytical brightness
temperature curve fits. The parameters A and a listed yleld
values of EextR in km~! for R in mm/hr (see Eq. 7-3).

6.63 GHz, vertical polarization

(2 mm/hr < R < 64 mm/hr)

A = 4.00 x 1074
a =1.29 )
T, = 3.06 x 102°K
Ty = =3.14%K/km

Root-mean-square deviation = 1.23°K

6.63 GHz, horizontal polarization

(2 mm/hr < R € 64 mm/hr)

A = 3.89 x 1074
a =1.29

T, = 3.14 x 102°K
T, = -3.13%K/km

Root-mean-square deviation = 1.96°K

10.7 GHz, vertical polarization

(2 mm/hr < R € 64 mm/hr)

A =2.64 x 1073
a =1.20

T, = 2.90 x 10%2°k
Ty = =3.29°K/km

Root-mean-square deviation = 1.37°K

10.7 GHz, horizontal polarization

(2 mm/hr €< R € 64 mm/hr)

A=2.62 x 1073

a =1.19

T, = 2.92 x 102°K
T, = =3.49°K/km

Root-mean-square deviation = 1.64°



Table 6.1 (cont.)

18. GHz, vertical polarization

(2 mm/hr € R € 24 mm/hr)

A =1.35x 1072
a = 1.08

T, = 2.82 x 10%°K
T, = -2.77°K/km

Root-mean-square deviation = 1.36°K

(24 mm/hr < R € 64 mm/hr)

¢ = 3.10 x 101°x

D =2.73 x 10~2 hr/mm
T, = 2.76 x 102°K

T, = —4.87°K/knm

Root-mean-square deviation = «522°K

18. GHz, horizontal polarization-

(2 mm/hr € R € 24 mm/hr)

A =1.27 x 1072
a = 1.08

T, = 2.82 x 102°K
T, = -2.79°K/knm

Root-mean-square deviation = 1.25°K

(24 mm/hr < R € 64 mm/hr)

G =2.96 x 1019k

D = 2.26 x 10_2 hr/mm
Ty = 2.74 x 1029k

T, = —4.76°K/knm

Root-mean-square deviation = .736°K



Table 6.1 (cont.)

37. GHz, vertical polarization

(1 mm/hr € R < 8 mm/hr)

A = 8.61 x 1072

a = 9.05 x 1071

T, = 2.72 x 10%°k
(o]

T, = -2.26°K/kn

Root-mean-square deviation = 2.67°K

(8 mm/hr < R < 64 mm/hr)

¢ = 2.18 x 1019k

D = 5.44 x 10~2 hr/mm
Ty = 2.65 x 102°K

T, = —4.18°K/km

Root-mean-square deviation = .387°K

37. GHz, horizontal polarization

(1 mm/hr € R € 8 mm/hr)

A =7.10 x 1072
a = 1.06

T, = 2.70 x 10%°K
T, = =2.05°K/km

Root-mean-square deviation = 2.18°K

(8 mm/hr < R € 64 mm/hr)

G = 2.14 x 1019k

D = 5.33 x 10~2 hr/mm
Ty = 2.65 x 102°K

T, = —4.16°K/km

Root-mean-square deviation = .377°K



Table 7.1 Coefficients for the rainfall rate regression on synthetic

brightness temperature data with o ;.. = .5°K, 2°K, and 4°K.

8
R=a + ) a, TB

where
TB; - 6.63 GHz, vertical channel
By - 6.63 GHz, horizontal channel
TB3 = 10.7 GHz, vertical channel
By = 10.7 GHz, horizontal channel
TBg - 18. GHz, vertical channel
TBg - 18. GHz, horizontal channel
TBy - 37. GHz, vertical channel

TBg - 37. GHz, horizontal channel

Units: R[mm/hr]
TB, [ °K]
a,[mm/hr]

(o]
3y y=1,...,g[mm/hr="K]



Table 7.1 (cont.)
Rainfall Rate Interval '

0-4mm/hr 4-8mm/hr  8-16mm/hr  16-24wm/hr  24-32mm/hr 32-64mm/hr

%noise -5°K

a, -21.32 -69.91 -115.9 -166.8 -216.4 -464.7
a; -.0998 -.1936 -.1567 -.5454 -.6003 -.2564
a, 0.000 -.0158 .1394 +5351 .6624 .8013

as 0355 .1120 -.3213 -.3673 -.0124 -.2442
a, -.0250 1552 .3585 .3817 «1757 0.000

ag .0509 -.0807 .1590 .1382 -.0553 .2655

ag .0512 0.000 0.000 .0750 -.1543 4248

ay .1301 .1452 +2733 .3915 .5758 .3969

ag -.0728 .1824 «1233 .2614 «5295 .7798

Explained .9826 9695 .9784 .9226 .8934 .9843

Variance

%noise = 2°K

a, -8.318 -45.87 -123.5 -140.9 -193.0 -461.1
a; -.0364 -.0842 -.0205 -.1393 -.0699 .3429

a, -.0115 -.0236 -.0312 .0916 .2386 . .3899

as 0.000 .0655 -.0130 .1754 .0736 -.1162
a, -.0062 .0720 .1821 .1511 .1525 .1034

ag .0243 0.000 .1564 .0865 0.000 .3446

ag .0461 .0233 .0539 0.000 0.000 3734

ay .0392 .0526 .1502 .0984 .3500 «2952

ag -.0233 .0970 . .0621 .1873 .1991 . .3506

Explained 9642 .8342 9349 7476 .6902 .9617

Variance



Table 7.1 (cont.)
Rainfall Rate Interval

0-4mm/hr 4-8mm/hr  8-16mm/hr 16-24mm/hr 24=-32mm/hr 32-64mm/hr

o = 49K

g -4.842 -21.72  -95.04 -99.53 -119.9 ~376.4
a) -.0222 -.0373  .0194 -.0487 .0074 .3158
ay 0.000 -.0145  -.0143 .0467 1551 . .3533
as -.0125 .0308 0228410 ~ 1724 .0686 -.0355
a, 0.000 .0509 .1165 .0938 .0818 1181
as .0191 .0075 .1072 .0684 -.0108 .2762
ag .0392 .0264 .0776 -.0062 .0124 12666
ay .0106 .0098 .0763 .0388 .1988 .2225
ag -.0056 L0410 .0329 .1184 1224 .2159
Explained  .9467 .7240 .8875 6465 .5376 9110

Variance



Table 7.2 Coefficients for the precipitation column height
regression on synthetic brightness temperature data with

Onoise = -5°K, 2°K, and 4°K.

b; TB
g1 1 1

where
TB; - 6.63 GHz, vertical channel
TB) = 6.63 GHz, horizontal channel
Tg3 = 10.7 GHz, vertical channel
TB, - 10.7 GHz, horizontal channel
TBS - 18. GHz, vertical channel
TBg — 18. GHz, horizontal channel
TBy - 37. GHz, vertical channel

TBg = 37. GHz, horizontal channel

Units: H[km]
© TBy[°K]
by [km]
bi, i=1, cee ,B[km/OK]



Table 7.2 (cont.)
Rainfall Rate Interval

O-4mm/hr 4-8mm/hr  8-16mm/hr 16-24mm/hr 24-32mm/hr 32-64mm/hr

%noise = -5%K

by 131.9 95.45 88.54 83.88 77.62 80.02

by -.1457 .1325 -.0231 .0535 .0446 .0043

by 1437 ¢ 0.000 .0346 -.0596 -.0480 -.0221
b, -.2298 -.1296 .0502 .0228 -.0060 -.0022
by .4395 -.0626 -.0684 -.0122 -.0041 -.0160
bs -.1171 .0518 -.0795 -.0897 -.0217 -.0604
bg -.1634 .0600 .0308 -.0229 0.000 -.0741
by -.5357 -.1658 -.1543 -.0998 -.1286 -.0559
bg .2816 -.2369 -.1138 -.1131 -.1350 -.0714
Explained .6095 .9692 .9860 .9872 .9941 .9911

Variance

%noise = 2°k

bg 39.16 64.71 80.66 71.10 61.75 73.56

by -.0218 0467 -.0443 .0052 .0068 -.0182
b, 0464 -.0054 .0520 0.000 -.0100 -.0031
bq -.0696 -.0769 0.000 -.0396 -.0072 -.0196
by .0725 0.000 -.0226 .0180 0.000 -.0207
bs .0210 .0104 -.0854 -.0699 -.0257 -.0518
be -.0355 .0325 0.000 -.0387 -.0084 -.0619
by -.1732 -.0943 -.1020 -.0464 -.0871 -.0510
bg .0659 -.1427 . -.0798 -.0814 -.0955 -.0416
Explained .2613 7428 .8945 .9175 .9605 .9260

Variance



Table 7.2 (cont.)
Rainfall Rate Interval

0-4mm/hr 4—8mm/hr 8-16mm/hr  16-24mm/hr  24-32mm/hr 32-64mm/hr

%noise 4°x

bo 15.35 2127 59.58 47 .40 41.05 57.78

bl 0.000 .0202 -.0406 .0065 .0058 -.0138
bz .0107 -.0088 .0361 .0078 .0022 -.0020
b3 -.0263 -.0325 0.000 -.0319 -.0038 -.0202
b4 .0349 .0081 -.0050 .0231 .0088 -.0137
b5 .0258 .0071 -.0637 -.0466 -.0200 -.0418
b6 -.0168 .0305 -.0127 -.0338 -.0041 -.0479
b7 -.0621 -.0467 -.0634 -.0245 -.0583 -.0379
b8 .0124 -.0618 -.0540 -.0576 -.0717 -.0282
Explained .1698 .5436 7474 .8021 .9155 .7902

Variance



Table 7.3 Coefficients for the 20-meter wind speed regression on
synthetic brightness temperature data with onoise = .5%°K, 2°K,
and 4°K. ‘

8
Upg = c. + cy TB
20 o 1;1 I

where
TB; - 6.63 GHz, vertical channel
TBy = 6.63 GHz, horizontal channel
TBy - 10.7 GHz, vertical channel

TB, — 10.7 GHz, horizontal channel

TBg - 18. GHz, vertical channel
TBg ~ 18. GHz, horizontal channel
TB; = 37. GHz, vertical channel

TBg = 37. GHz, horizontal channel

Units: U,qg[m/sec]
TB, [°K]
¢, [m/sec]

¢y, 1=1,...,8[n/sec=K]



Table 7.3 (cont.)

Rainfall Rate Interval

0-4mm/hr 4-8mm/hr  8-16mm/hr  16-24mm/hr  24-32mm/hr 32-64mm/hr

%noise -5%K

co -99.16 -147.6 -177.8 -276.2 -339.0 -206.3
¢ 3747 .8453 1.520 1.954 2.340 2.686

Co .2741 «5325 -.2601 -.6277 -.9070 -1.620
cq .3497 0.000 4162 .8493 0.000 -.5566
cy .1578 -.3851 -.6520 -1.016 -.5282 .2669

Cg 0.000 0.000 -.2487 .1780 .3407 -.1102
Cg -.2760 .0739 .2843 .5629 .9156 .3316

cy -.1583 0.000 -.1270 -.3192 -.8922 7718

cg .1306 0.000 0.000 -.4090 1217 -1.002
Explained .9942 .9893 .9709 .9434 .8475 4771

Variance

%noise = 2°K

co -100.0 -129.8 -79.82 -208.7 -110.6 -81.25
¢ 2675 .5741 .9696 .8431 .6942 .2988

cy .2085 .4865 0.000 2446 .0242 -.1744
cs .3776 .1062 .2638 -.1075 .0674 -.0604
A .2067 -.1769 -.3849 -.4721 -.5103 .1425

Cs 0.000 -.0425 -.2446 .0786 -.1075 0.000

Cg -.2562 -.0950 -.1576 .5985 .1584 .0838

cy -.0529 .1214 .0534 .0597 -.3647 .2650

cg 0644 0.000 - .0913 -.1480 .6593 -.1898

Explained 9266 .8973 8111 7390 .5093 «1132
Variance ;



Variance

Table 7.3 (cont.)
Rainfall Rate Interval g
) 0-4mm/hr 4—8mm/hr  8-16mm/hr  16-24mm/hr  24-32mm/hr 32-64mm/h:x
%noise 47K
<o -71.18 -79.61 -38.82 -97.51 -9.604 -54.,62
c1 .1638 .3851 .6310 4221 .2955 .0841
co .1880 .3996 .0156 «2535 - .0596 -.0455
c3 .3039 .0916 .1850 -.1340 .0660 0.000
c4 .1869 -.0908 -.2182 -.2377 -.2847 .1013
cg 0.000 -.0383 -.1834 -.0571 -.1505 .0193
cg -.1786 -.1007 -.2293 .4598 0.000 .0454
cy -.0498 .1210 .1059 .0174 -.2138 1424
cg .0313 -.0666 .0701 -.1158 .4069 -.0792
Explained .7669 «7315 .5938 .5999 o37172 .0781



Table 7.4 Root-mean-square errors in the geophysical parameter estimates
based on the inversion test brightness temperature data where R > .1 mm/hr.

Root-Mean-Square Error

Noise in Regres- Parameter Mean Values in the Estimate of
sion/Inversion N _ &
Data R[mm/hr] H[km] Upplm/sec] | R[mm/hr] H[km] Uz0l[m/sec]
‘ I
)
Snadan = 3K 10.6 5.20 16.1 , .548 .715 1.46
0
Shoige. ™ 2°K 10.6 5.20 16.1 ; 1.25 .693 3.04
)
Thotse ™ 4K 10.6 5.20 16.1 [ 1.69 .782 3.60
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Table 7.5 Coefficients for th
height, and 20-mete
temperature data with Opoise
cloud droplet layer of thick

where

Units:

R =

Uz0

TBq
TBy
iy
TB,
TBg
TBg
TB,

TBg

8
a, +izla
8
b, +i;1b

r wind spee

TB4

1
1 TBy

8
-0 P cy; TB
o iil } > |

= 6.63

. 6.63

- 10-7

= 1007

" 18-

= 18.

e 37.

- 37.

GHz,
GHz,
GHz,
GHz,
GHz,
GHz,
GHz,

GHz,

vertical channel

horizontal channel

vertical channel

horizontal channel

vertical channel

horizontal channel

vertical channel

horizontal channel

R{mm/hr], H[km], Upo(m/sec]

Tg[°K]

a,[mm/hr], by [km], c,[m/sec]

a4, 1=1,...,
by 4=1,...,
Cq, 1=1,...,

8[mm/hr—°K]
s[km/OK]
8[m/sec—°K]

e rainfall rate, precipitation column
d regressions on synthetic brightness
= 2°K. A uniform .5 gm/m3 LwWC

ness H is added to the model atmosphere.



Table 7.5 (cont.)
Rainfall Rate Interval !

0-4mm/hr 4-8mm/hr  8-16mm/hr 16-24mm/hr 24=-32mm/hr 32-64mm/hr

R Regression

ag -38.90 -53.74 -151.5 -147.5 -206.4 -499.3
a; 0.000 -.0886 -.0201 -.1436 -.0626 .3786

a -.0464 -.0414 -.0418 .1011 2494 .4105

as .0231 .0905 .0151 .2072 .0855 -.1210
a, -.0285 .0683 .2066 «1522 . .1499 .1156

ag .0362 .0251 .1910 .0927 0.000 .3666

ag .0695 .0274 .0835 0.000 0.000 .3922

ay .0903 .0448 .1524 .0870 .3663 <3175

ag -.0079 .0935 .0545 .1766 .2048 .3671

Explained .9305 .7659 .9196 .7088 .6513 .9572

Variance

H Regression

by 80.14 59.45 82.11 70.41 60.90 74.65
by -.0771 .0336 -.0424 .0083 .0068 -.0192
by .0871 .0102 .0553 0.000 -.0082 -.0036
b,y -.0783 -.0801 -.0078 -.0426 -.0090 -.0214
b, .0975 .0326 -.0234 .0172 0.000 -.0225
bg -.0172 -.0141 -.0897 -.0689 -.0241 -.0512
bg -.0187 .0218 -.0130 -.0418 -.0066 -.0615
by -.1994 -.0764 -.0944 -.0425 -.0868 -.0517
bg -.0338 —e1222 . -.0702 -.0789 -.0950 -.0409
Explained .6614 .7525 .8995 .9206 .9599 .9248

Variance



Table 7.5 (cont.)

Rainfall Rate Interval

0-4mm/hr 4-8mm/hr  8-16mm/hr  16-24mm/hr  24-32mm/hr 32-64mm/hr

U20

Regression
o =233.2 -200.1 -118.4 =273.3 -140.4 -81.83
¢ 4414 .5671 1.064 .8566 .6909 .2848
cq .1558 . e9221 -.0604 T L2342 .0399 -.1642
cq .4383 .1802 .2520 -.1130 .0470 -.0581
cy .0573 -.2634 -.3907 -.4644 -.5180 .1507
Cs 0.000 -.0486 -.2405 .1060 -.0896 0.000
cg -.2810 -.1169 ~«2335 .6671 .1675 .0819
cy .2092 .2285 .1622 .1126 -.3326 .2628
cg .2496 1464 .1735 -.0667 .7320 -.1904
Explained .8926 .8776 .7966 .7146 .4981 .1096

Variance
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Restoration of Multichannel Microwave Imagery
To Estimate Rainfall Rates in Hurricanes
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and
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Dept. of Meteorology

University of Wisconsin-Madison
Madison, Wisconsin 53706

Abstract

Eight synthetic multichannel microwave images, each having different
spatial resolution, were restored to a common optimal resolution to estimate
rainfall. The restoration utilizes a constrained iterative technique.



Restoration of Multichannel Microwave Imagery
To Estimate Rainfall Rates in Hurricanes

R. T. Chin, and C. L. Yeh and W. S. Olson, and J. A. Weinman
Dept. of Elect. and Comp. Engr. Dept. of Meteorology

University of Wisconsin-Madison
Madison, Wisconsin 53706

I. Background

Multichannel microwave radiometers on the Seasat and Nimbus 7 satellites
offer a quantitative method to measure rainfall amounts over the ocean. The
emissivity of the ocean surface is low and varies predictably with wind speed;
it thus provides a good background for observing precipitation. The theory
and initial validation of this concept was given by Wilheit et al. [1]

Recently Olson [2] employed a radiative transfer model to simulate the
polarized brighteness temperatures that a Scanning Multichannel Microwave
Radiometer (SMMR) would measure from hurricanes above sea surfaces at several
frequencies. These brightness temperatures depend upon the rainfall rates,
rain column heights, and the emissivities of the wind roughened sea
surfaces. The information content of each channel is a variable function of
these parameters and their relationships are nonlinear. A piecewise-linear
regression algorithm was then applied to the synthetic data in the manner
discussed by Smith and Woolf [3] to infer rainfall rates. The regression
method employs data from eight of the SMMR channels.

Unfortunately, the size of the antenna of the SMMR on Nimbus-7 imposes a
diffraction 1imit on the angular resolution such that the relative angular
response, [H], of the radiometer is

20, (ka sin8) 12
[H(e) )= [ : ] (1)

ka sin®

where a is the antenna radius, © is the angular deviation from the antenna
centerline, k = 2m/\ 1is the wave number and J.(®) is the first-order Bessel
function. The various channels of SMMR therefo}e each have a different
footprint size (i.e., the 6.6, 10.7, 18.0, and 37.0 GHz channels with two
polarizations have footprints of 148 x 95, 91 x 59, 55 x 41, and 27 x 18 km
respectively). It is difficult to apply the regression algorithm unambiguously
to real SMMR data because each channel measures radiation from an area which may
contain differing amounts of rain. This study overcomes the diffraction
limitation imposed on spatial resolution by means of image restoration.

II. Restoration of Spatial Resolution

The distribution of rain bearing clouds, ?, the observed microwave
image, g, the noise distribution, e, and the point spread function of the
degradation, [H], are related by the following linear equation:
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the University of Wisconsin-Madison WARF Foundation under Grant 135-2028.
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g =[HIF +¢ (2)

The inverse problem, in which f is derived from the measured E in the presence
of noise, requires the inversion of Fredholm integral equations of the first
kind. This linear Inversion requires the existence and uniqueness of an inverse
transformation [H]"*. However, even if [H]™* exists and is unique, it may be
ill-conditioned, so that a trival perturbation in g can produce nontrivial
perturbation in f. Thus, an ill-conditioned problem can produce undesirable
effects such as noise amplification, resulting in grainy images.

This problem can be avoided by using a constrained iterative restoration
algorithm to reconstruct the multichannel images. It is well established in the
literature that a finite object has an analytic spectrum. Analyticity implies
that knowledge of only part of the spectrum is sufficient to uniquely determine
the remainder of the spectrum. Hence, the complete spectrum may be derived from
the diffraction limited image of a finite object. This remarkable property has
been applied with some success by Gerchberg [4], Papoulis [5], Papoulis and .
Chamzas [6], Howard [7], and Rushforth et al., [8] to invert one and two
dimensional signals. This property also provides the theoretical basis for our
method to match the footprints of multichannel microwave images.

The spatial image restoration can be considered as an operator,@®, chosen to
estimate the portion of the spectrum of the actual rain field missed by
diffraction limited imaging. The operataor @ can be defined as the two-
dimensional FFT of g within some known extent. The known extent of the
hurricane is determined by the a priori information provided by the 37 GHz
channel (the highest frequency channel of the SMMR with the best spatial
resolution), and possibly visible and infrared images. The additional spectral
components generated by @ when added to the incomplete spectrum of the observed
image, restores the resolution of the image. This process is then iterated to
achieve optimal resolution.

III. Results

We initially utilized the 37 GHz channels to providean apriori estimate of the
spatial extent of the rain cells that is incorporated into the algorithm.
Results of our initial investigation are shown in Fig. 1. A synthetic hurricane
image was created in a 16 x 16 image field. Noise free antenna temperatures of
both the 37 GHz and the 6.6 GHz channels were generated. The 37 GHz image
regions that have no rain were used as a constraint to extend the resolution of
the 6.6 GHz image data. Fig. la shows the cross sections of the rain cells in a
synthetic image of a hurricane before and after the restoration. The degraded
6.6 GHz image resolution has been enhanced to a large degree after a few
iterations. The synthetic images of the entire model hurricane that would be
measured at 37 GHz, the original degraded 6.6 GHz, and the enhanced 6.6 GHz model
hurricane rain cells are shown in Figs. 1b, 1c and 1d, respectively.

Data distorted by noise has rendered it difficult to continue the spectrum
beyond the original diffraction limitation. Additional spatial and spectral
constraints were therefore introduced to restore the noisy images.

The spectral constraints are based on a knowledge of the highest cutoff

frequency (i.e., 37 GHz), and a knowledge of the degradation point spread
function. More precisely, the magnitude and the phase information of a few low-
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frequency components of [H] are derived and they are used to replace the
magnitude and phase of the spectrum of the degraded image.

Spatial constraints are based on the estimated extent of rain areas, derived -
from 37 GHz, visible and infrared images, the upper and lower bounds of the
measured brightness temperatures, and some physical attributes of hurricanes.
Wind patterns around a hurricane are approximately axially symmetric with
respect to the hurricane eye and we have incorporated this constraint as a
preprocessing step to smooth out some of the noisy data. It has been
demonstrated in our simulation that by performing a running average of the wind
speeds along a circular sector around the hurricane, substantial noise is
reduced.

The procedure to restore low frequency bandlimited images (i.e., the 6.6,
10.7, and 18.0 GHz) to the optimal resolution (i.e., the 37 GHz) is summarized in
Fig. 2. This procedure has been applied to a set of noisy images. In one example
additive white noise with an rms value of 4°K was added to both the 37 GHz and
6.6 GHz synthetic images. Within a few iterations, we obtained the restored
image scan as shown in Fig. 3. The 6.6 GHz noisy image is nearly completely
restored to the optimal resolution.

IV. Conclusions

The constrainted iterative restoration procedure has been demonstrated
through computer simulations to be effective in restoring the spatial resolution
of all of the SMMR channels to a 27 x 18 km footprint. An obvious next step is
to apply this procedure to real SMMR data.
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Figure 1: a) Enhancement of the resolution of a synthetic 6.6 GHz noise
free image of a hurricane. This enhancement algorithm uses the
known extent of the image shown in b) to enhance the degraded
6.6 GHz image shown in c). The derived enhanced image is shown in d).
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