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Abstract
The polarization effects caused by horizontally aligned oblate hydrometeors show significant differences
compared to the effect of spherical particles. Even in the presence of a thick ice cloud above the precipitation
layer the oblate raindrops may still have an impact on the polarization differences(TB;v � TB;h) observed
from space. For large oblate ice particles with aspect ratios as high as 3.3 the polarization difference is
strongest for 85 GHz (more than 40 K). Other reasonable choices of ice particle shape above a layer of
nonspherical rain drops can alter the results such that the polarization difference at 37 GHz exceeds the
85 GHz polarization signal, reaching +15 K for 37 GHz at a rain rate of 50 mm/h. The scattering signal at
85 GHz is very sensitive to ice mass, but also depends very much on the ice particle shape. By choosing
different ice shapes we demonstrate the large range of polarization signatures that can be expected and which
include the results reported in the literature. Since different rain events are probably associated with different
kinds of ice particles, the 85 GHz scattering signature is a very ambiguous source of information if it is used
without additional information. At low frequencies (below 37 GHz) there is hardly any sensitivity to the ice
particle shape. The information is directly linked to the water mass and raindrop shape which is known to a
much better extent than the ice particle shape.

Zusammenfassung
Die von horizontal angeordneten, abgeplatteten Hydrometeoren verursachten Polarisationseffekte, zeigen sig-
nifikante Unterschiede im Vergleich zu den Effekten bei sph¨arischen Partikeln. Selbst bei Vorhandensein
einer dicken Eiswolke oberhalb des Niederschlagsniveaus k¨onnen die abgeplatteten Regentropfen immer
noch einen Einfluss auf die von Weltraum beobachteten Polarisationsdifferenzen(TB;v�TB;h) besitzen. Bei
großen, flachen Eispartikeln mit einem Seitenverh¨altnis bis zu 3.3 ist die Polarisationsdifferenz bei 80 GHz
(über 40 K) am st¨arksten. Andere, sinnvoll ausgew¨ahlte Eispartikelformen ¨uber der Schicht mit den nicht-
sphärischen Regentropfen k¨onnen doe Ergebnisse dergestlat ver¨andern, dass doe Polarisationsdifferenz bei
37 GHz das Signal der Polarisation bei 85 GHz ¨ubersteigen; sie erreichen +15 K bei 37 GHz und einer
Regenintensit¨at von 50 mm/h. Das Streusignal bei 85 GHz ist sehr empfindlich bez¨uglich der Masse des
Eises, aber h¨angt auch sehr stark von der Form der Eispartikel ab. Durch die Wahl verschiedener Eisformen
erklären wir den weiten Bereich der Polarisationssignaturen, der erwartet werden kann und Ergebnisse aus
der Literatur umfasst. Unterschiedliche Regenereignisse r¨uhren von unterschiedlichen Arten von Eispartikeln
her. Somit ist die Signatur der Streuung bei 85 GHz eine sehr vieldeutige Informationsquelle, wenn sie ohne
Zusatzinformation benutzt wird. Im Bereich niedriger Frequenzen (unter 37 GHz) findet man so gut wie keine
Empfindlichkeit gegen¨uber der Eispartikelform. Die Information ist unmittelbar mit der Masse des Wassers
und der Form der Regentropfen verbunden; letztere ist wesentlich besser bekannt als die Form der Eispartikel.

1 Introduction

Most algorithms for rain retrieval from passive mi-
crowave measurements from space are based on for-
ward radiative transfer modeling. Thus the quality of
these algorithms rely on the quality of the used radia-
tive transfer models. The signals exploited by he derived
algorithms differ depending on the surface conditions,
namely ocean or land. Many algorithms rely directly or
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indirectly on the observed polarization differences at dif-
ferent frequencies. Over oceans the reduction of atmo-
spheric transparency due to the hydrometeors reduces
the large polarization generated by the ocean surface.
Over land surfaces the combined effects of the reduc-
tion of radiation intensity due to both the screening of
the strong surface emission and hydrometeor scattering
is used at high frequencies as signals.

The atmospheric effects on microwave radiation con-
sist of a well understood emission and absorption pro-
cess by various gas species and the emission, absorp-
tion and scattering process by hydrometeors. While the
gas interaction is unpolarized with no angular variation,
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the effects of hydrometeors exhibit a dependence on di-
rection and polarization of radiation. Furthermore, they
have a less predictable impact on the angular pattern of
intensity and the state of polarization by themselves (e.g.
LIU and SIMMER, 1996; CZEKALA and SIMMER, 1998;
CZEKALA , 1998; HORNBOSTELet al., 1999). These ef-
fects have not been taken into account in current retrieval
algorithms.

In this paper we will explore by simple atmospheric
setups the range of variability and uncertainty to be ex-
pected by the effects of emission, extinction, and scatter-
ing by taking into account the shape variability of large
hydrometeors.

We will focus on some commonly used satellite fre-
quencies and the corresponding down-looking viewing
geometry. Low frequency radiation (e.g. below 37 GHz)
tends to penetrate clouds and even moderate rain. These
frequencies are mostly taken for emission based retrieval
techniques over radiatively cold ocean surfaces. The
amount of emitted radiation is largely determined by the
liquid water path (LWP) for low frequencies with con-
siderable transparency. With increasing opacity at higher
frequencies (37 and 85 GHz) the vertical distribution of
precipitation within the atmosphere (hydrometeor verti-
cal profile) becomes more important, at least until mod-
erate optical thicknesses. For higher optical depth the
profile importance decreases due to transmission re-
duction, but the retrieval then will focus on the upper-
most parts of the atmosphere. With the 85 GHz chan-
nels of the Special Sensor Microwave/Imager (SSM/I),
launched on the Defense Meteorological Satellite Pro-
gram (DMSP) satellites in 1987 for the first time, a con-
siderably larger frequency is available for remote sens-
ing of rain (PRABHAKARA et al., 1992; ADLER et al.,
1993). Due to the larger size parameters (particle size
compared to wavelength) the absorption by liquid water
is much larger than in the low frequency range. This ab-
sorption saturates the emission signal already at the on-
set of rainfall at very low rain rates (RR). A retrieval of
RR is still possible, however, through indirect measure-
ment: Large RR are often associated with a significant
ice mass above the raining cloud. These ice particles
have an absorption coefficient two orders of magnitude
lower than water and act like almost non-absorbing scat-
terers. Their size, which is comparable to the wavelength
at 85 GHz, makes scattering very efficient. The bright-
ness temperature depression caused by the ice scattering
above rain layers is used to derive the corresponding rain
rate.

Obviously, such methods require accurate model-
ing of the scattering process, which is affected also by
shape and orientation of the hydrometeors (CZEKALA
and SIMMER, 1998; CZEKALA , 1998; CZEKALA et al.,
1999). While there has been some effort to use non-
spherical ice particles, the effect of the liquid phase be-
low has mostly been neglected. The attenuation of radio
waves by realistically shaped raindrops had been con-
sidered already by OGUCHI (1960, 1964) and also by

ASANO and YAMAMOTO (1975) more than 25 years
ago. A study using oblate ice and rain was carried out
by WU and WEINMAN (1984), but the radiative trans-
fer aspects treated approximative. Their model used the
nonspherical scattering coefficients in the EDDINGTON
approximation which was solved independently for two
orthogonal polarizations. Recently, there is a growing
number of microwave models taking into account non-
spherical particles in full vector radiative transfer cal-
culations (HAFERMAN, 1999). However, they still as-
sume either randomly oriented particles (HAFERMAN et
al., 1997), or concentrate on ice particles above rain lay-
ers and cirrus particles at high frequencies (EVANS and
STEPHENS, 1995a; EVANS et al., 1998). Our study will
focus on the combined effect of rain and ice particle lay-
ers, both containing nonspherical particles.

Most precipitation algorithms use only the bright-
ness temperature depression due to scattering and the
depolarizing effects of hydrometeors on the polarization
which originates from the sea surface. Although depo-
larizing due to hydrometeors is the dominant effect in
amplitude, it is well known that multiple scattering by
hydrometeors (even when using Lorenz-Mie theory for
spherical particles) produces some amount of polariza-
tion by itself (LIU and SIMMER, 1996). Separate effects
of liquid rain and non-precipitating ice clouds have al-
ready been demonstrated by CZEKALA and SIMMER
(1998) and CZEKALA (1998), respectively. Here we will
extend these studies to typical rain structures contain-
ing mixtures of liquid and frozen particles including
non-precipitating cloud layers. We further extend the
studies by using different surface conditions, ranging
from highly polarizing surfaces to for non-polarizing
surfaces.

Thus, the observed polarization in the presence of
precipitation will always be a mixture of three compo-
nents: (1) surface emitted polarization, (2) polarization
due to liquid rain drops, (3) polarization due to ice parti-
cles above the rain layer. The aim of this study is to show
that the complete understanding of the mixture of polar-
ization contributions to the total satellite observed signal
will be crucial for improving precipitation retrieval from
space.

The following section will give a short outline of the
required radiative transfer theory, followed by a short
model description. For a complete review of theory and
model see CZEKALA and SIMMER (1998). The effects
of nonspherical hydrometeors in different model atmo-
spheres are presented in Section 3, followed by a de-
tailed discussion of the results in Section 4. Section 5
will summarize our conclusions.

2 Theoretical background

2.1 Vector radiative transfer
For a description of polarized radiation within an one-
dimensional plane parallel atmosphere containing non-
spherical particles of arbitrary orientation the vector
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radiative transfer equation for the Stokes vectorI =
(Iv; Ih;U;V ) (VRTE, e.g. TSANG et al., 1985; HAFER-
MAN et al., 1997; EVANS and STEPHENS, 1995a)

cosθ
d I(z;θ)

dz
= � σe(z;θ) I(z;θ)

+ σa(z;θ)B(T (z))

+

πZ

0

P(z;θ;θ0 ) I(z;θ0 ) sinθ0dθ0 (2.1)

is used, withz the vertical position,θ the zenith angle of
propagation direction,T (z) the temperature at heightz,
B(T ) the temperature dependent emission according to
Planck’s law, andθ0 the direction of incoming radiation
that is scattered into the direction of propagationθ. For
azimuthally symmetric and isotropic problems, which is
also a necessary limitation for Eqn. (2.1),I can be solved
for without bothering aboutU andV . The extinction ma-
trix σe(z;θ) describes the loss of radiation due to absorp-
tion and scattering. Emission is described by a vector
of absorption coefficients that depend on direction and
state of polarization. The phase matrixP(z;θ;θ0 ) con-
tributes to the source function, representing the amount
of intensity that is scattered by hydrometeors from in-
coming directionsθ0 to the directionθ. For arbitrary con-
ditions this system of integro-differential equations must
be solved numerically.

If the size parameterχ=2πr=λ � 1 we are in the
range of the Rayleigh approximation, where the shape
of the particle is of no importance. For particles that are
large compared to the wavelength (χ� 1) the geomet-
ric optics approximation (ray tracing) may be applied.
In the range of particle sizes comparable to wavelength
exact solutions of Maxwell’s equations have to be used,
taking into account the shape of the particle.

For nonspherical particles numerical models have
been developed to obtain the amplitude scattering
function (a variety of methods can be found in:
MISHCHENKO et al., 1999) from which all radiation in-
teraction parameters can be calculated.

2.2 Model description

For solving the VRTE we apply the successive order
of scattering (SOS) method. In the present study a set
of 24 propagation directions (12 Gaussian angles per
hemisphere) is used for the directional discretization
of the radiation field. Although the model includes an
ocean surface reflection module and a sea ice module
(FUHRHOP et al., 1998), only Fresnel reflection prop-
erties are used here. The upper boundary condition is
set equivalent to the cosmic background radiation of
TB;cosmic = 2:7 K. Absorption by atmospheric gases (wa-
ter vapor, molecular oxygen and nitrogen) is calculated
according to LIEBE et al. (1993). The single scattering
properties of hydrometeors are computed by Lorenz-
Mie theory in case of spheres and with the EBCM

T-matrix method by MISHCHENKO (2000) when non-
spherical particles are considered.

Depending on the hydrometeor species different
drop size distributions (DSD) are used to estimate the
polydisperse interaction parameters. For this study we
use the Marshall-Palmer distribution (MARSHALL and
PALMER, 1948) for precipitation particles. In case of
nonspherical particles the radius of a sphere with the
same volume as the spheroid is used to characterize the
size of a nonspherical particle (volume equivalent ra-
dius). For simplicity the same DSD is applied for liquid
and frozen precipitating hydrometeors.

We are aware of possibly more adequate size dis-
tributions for frozen particles. However, since we did
not bother to obtain consistency between the relation of
mass and mass fluxes for both phases we consider this an
unnecessary detail. The same holds for ice particle type,
which might be attributed to the nonspherical shapes.
Our assumption is, that in effect our simple model is but
one realization of a possible mixture of hail, graupel,
and snow, which all might be present in a precipitating
cloud.

Precipitating particles are always computed in the
range from 100µm to 5 mm with 50 equally spaced
intervals. These intervals might be somewhat large, but
they are sufficient for the purpose of this study, namely
the signal reliability to be expected from influences of
non-spherical particles.

When describing drop shapes, we refer to the work
of CHUANG and BEARD (1990), who derived rotational
symmetric shapes with cross sectionsr = r(θ) that can
be described by a series of Chebyshev polynomials.
Based on model results, the aspect ratioα, defined as
the ratio of vertical and horizontal maximum extension,
can be approximated by a fourth order fit depending on
diameter.

For our calculations, the Chebyshev shapes are ap-
proximated by spheroids of the same volume and the
same aspect ration because the single scattering model
that is currently used is restricted to this more symmet-
ric geometry. A recent study (CZEKALA et al., 1999)
demonstrated that approximating the Chebyshev shapes
with spheroids leads to only small errors, especially for
liquid particles.

3 Theoretical results

3.1 Atmospheric conditions

We consider a very simplified rain event in the lower
atmosphere. The temperature and humidity profiles are
set to a mean midlatitude summer profile. Between 2 km
and ground level a vertically constant rain rate is as-
sumed. A water cloud with a LWC of 0.5 g/m3 reaches
from 1 km to cloud top of 3 km. Ice particles are placed
above the 273 K isotherm (melting layer) up to a height
of 3 km with the same mass per layer compared to
the rain column. For both, rain and ice particles, the
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Table 1: Definition of test cases.

Shape of Shape of
Raindrops Ice Particles

A Spheres (No Ice Particles)
B Oblate Spheroids (No Ice Particles)
AC Spheres Spheres
AD Spheres Oblate Spheroids
BC Oblate Spheroids Spheres
BD Oblate Spheroids Oblate Spheroids

Marshall-Palmer DSD is applied by using the volume
equivalent radius for nonspherical hydrometeors.

The approximation of raindrops by oblate spheroids
with their rotational axis aligned to the vertical is a real-
istic assumption. Applying the same sizes, shapes and
masses also to large precipitating ice particles is not
meant as a perfect approximation to the real ice par-
ticles like hail, snow, or graupel. Our intention here is
to investigate the basic effects of ice particle scattering
above raining layers. Certainly the ice particle shapes
vary much more than those of water drops, but the as-
sumption of oblate particles has still some validity. The
amount of ice that we use in this study is certainly rather
high. For smaller ice masses the signal from the raining
layers will be less disturbed by the ice scattering. With
the chosen atmospheric setup, however, we are able to
better understand the fundamental combined effects of
rain and ice particle scattering. More realistic calcula-
tions, on which retrieval schemes may be set up, should
take into account the shapes of ice particles and their
vertical profiles in more detail. In addition, such calcu-
lations would also have to account for three-dimensional
geometry in order to give reliable results in case of con-
vective cells which are known to have small scales com-
pared to the satellite field of view.

For reasons of comparison the clear atmosphere
(without any hydrometeors) and the cloudy atmosphere
(only the water cloud) are calculated as test cases. Ra-
diative transfer results of the rainy atmosphere are cal-
culated with and without an ice particle layer (Table 1).
The water cloud is always present in the precipitating
cases and modeled using spherical particles.

All six situations were calculated for two different
surface conditions and a variation of the rain rate be-
tween 0 and 100 mm/h. We are aware of the fact that
the rain rates at the high end become inconsistent with
the assumed non-raining cloud, but since only possible
effects are addressed, we consider this as not important.
Using the surface emissivityε = 1:0 assumes a perfect
black body and results in a strong unpolarized surface
emission. It allows us to study the polarization effects
of the hydrometeors without polarization effects by the
surface, which is typical for land surfaces. Alternatively,
the frequency dependent reflection of a flat water surface

Figure 1: Total brightness temperatureTB = (TB;v +TB;h)=2 versus
zenith angle of propagation at different frequencies for 20 mm/h rain
rate. Three different situation are shown: case B with emissivity set
to ε = 1:0 (a), case BD withε=1:0 (b), case B with polarizing sea
surface below (c).

is used to study the polarization effects in the presence
of large PD from surface emission.

3.2 Angular dependence

The variation of total intensity with zenith angle for
oblate rain particles without ice (case B) is shown in
Fig. 1a for a rain rate of 20 mm/h andε=1:0. Angles less
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Figure 2: Angular dependence of PD for different cases, all withε= 1:0 and RR = 20 mm/h: (a) case A, (b) case B, (c) case AC, (d) case BD.

than 90� relate to observations from space (e.g. satel-
lite observations), while larger angles show the down-
welling radiances at the surface (e.g. observations by a
ground based radiometer).

When observing the atmosphere from above, the
main contribution is the thermal emission from the sur-
face. With increasing opacity to higher frequencies the
radiation originates from higher layers of the atmo-
sphere, reducingTB. For downward directions we see
that for this case the atmosphere is partly transparent for
the lower four frequencies. Due to the small signal from
space and only small contributions from the atmosphere
the resultingTB remains rather cold.

Adding a further precipitating layer with ice particles
of the same precipitation rate from 2 km to 3 km height
(case BD, Fig. 1b) leaves the results for downward di-
rections nearly unchanged. The upwelling radiation is
affected by the brightness temperature depression due to
scattering, showing the highest efficiency at 85 GHz.

Fig. 1c shows the effect of sea surface emis-
sion/reflection. The mean emissivity is significantly
smaller than one, leading now to lower brightness tem-
peratures also at upward directions. For long optical path
lengths (angles close to the horizontal) and also at higher
frequencies the atmosphere becomes opaque enough to

causeTB to be close to the physical temperature of the
layers in the upper atmosphere.

Figs. 2a to 2d give the resulting PD from four cal-
culations with 20 mm/h rain rate and black body surface
emission (ε=1:0). The atmospheric conditions are set to
the cases A, B, AC, and BD, respectively (Tab. 1). The
most evident feature for nonspherical particle shapes
(cases B and BD) is the negative PD at downward di-
rections. This feature may have large impacts on ground
based observations. The details have been discussed
elsewhere (CZEKALA and SIMMER, 1998; CZEKALA et
al., 2001a,b).

The PD which an airborne sensor would observe is
always positive, but smallest for the spherical rain parti-
cles without ice (case A, Fig. 2a). At the SSM/I obser-
vation angle (53�) and with so far assumed atmospheric
conditions the 37 GHz signal shows the largest PD com-
pared to other channels. Oblate raindrops result in an
enhanced PD in upward directions, especially for the 19,
22, and 37 GHz channels (case B, Fig. 2b). Adding ice
particles increases the positive PD for spherical parti-
cles (case AC, Fig. 2c), but this behavior is even stronger
for oblate ice particles (case BD, Fig. 2d). The observed
PD increases with zenith angle until the atmosphere be-
comes opaque near the horizontal direction. This point
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of saturation is reached for the higher frequencies at
smaller zenith angles, with no saturation at all for 6.6
and 10.7 GHz.

Polarization at the top of the atmosphere due to ice
particle scattering is most efficient at 37 GHz with the
above choice of ice particle shape. However, the re-
ported SSM/I observations of PD above mesoscale con-
vective systems state that the PD signature at 85 GHz
very often is larger than at 37 GHz (HEYMSFIELD and
FULTON, 1994). Possible reasons for this discrepancy
are:
(1) The modeled 85 GHz polarization difference is too
small because of the assumed quite spherical ice particle
shape. The shape would affect the 85 GHz signal more
than the 37 GHz signal due to the larger size parameter
for the single scattering calculations. The 37 GHz sig-
nal is also sensitive to the liquid phase (while the liquid
phase has no significant effects on the 85 GHz channel
due to high absorption).
(2) The optical thickness at 85 GHz due to gas absorp-
tion and the water cloud in the atmospheric layers con-
taining the oblate ice particles is too high. This leads to
a saturated and thus more isotropic distribution of radi-
ation at 85 GHz with only very small amounts of PD.
At 37 GHz the transparency of the cloudy atmosphere is
still large enough to produce significant amounts of PD.
(3) Averaging over the field of view in satellite observa-
tions will decrease the precipitation induced signal be-
cause in most cases the antenna pattern will be filled
with raining and non-raining areas (or areas with smaller
rain rates than the maximum rain rate). The observed
signal of the inhomogeneous scene is a non-linear mix-
ture of several rain rates. This effect of inhomogene-
ity is more pronounced for the lower frequencies due
to their increased footprint size. Thus the strong signal
calculated for 37 GHz and a high rain rate in a one-
dimensional atmosphere would only be received if the
rain rate is constant within an area from which most of
the total signal originates (about 74�58 km for 37 GHz
and 30�26 km for 85 GHz).
(4) In this study we assume perfect alignment of the
oblate particles and thereby overestimate the generation
of polarization. The ice particles introducing a polar-
ization signal at 85 GHz also include smaller ice crys-
tals which are not large enough to be effective scatterers
at 37 GHz. For particles the assumption of horizontal
alignment is more justified than for large particles (hail,
snow), which are more likely to show tumbling. How-
ever, recent investigations by PRIGENT et al. (2000) as-
sess the influence of semi-random orientation in more
detail. They demonstrate that a variation of the parti-
cles rotational axis within+/�10� off the vertical alters
the polarization induced by oblate ice particles only by
about 10%.

In addition to the above explanations we want to
make clear that a reproduction of the results reported
by HEYMSFIELD and FULTON (1994) can be achieved
with different atmospheric definitions: When using more

Figure 3: (a) Change in PD (∆PD=PDBD�PDAD) when using oblate
particle shape for both phases (case BD) instead of spherical rain
and oblate ice particles (case AD). The rain rate is set to 20 mm/h,
the surface emissivity toε= 1:0 in both cases. (b) Change in PD
(∆PD=PDBD�PDAC) when using oblate shapes for both phases (case
BD) instead of spheres for both (case AC). The rain rate is set to
20 mm/h, but the surface emissivity is set to Fresnel reflection.

oblate shapes for ice particles or when placing the ice
particles in colder atmospheres or at higher altitudes the
PD at 85 GHz increases (see Section 3.4). The precise
influence of ice particle shape on the polarization, espe-
cially at 37 and 85 GHz, will be investigated later in this
study.

A closer look on the difference of two calculations
shows that the PD originating from the liquid hydrom-
eteors can be seen from above even through the layer
of ice particles (Fig. 3). Both calculations were carried
out with 20 mm/h rain rate and an emissivity ofε= 1:0,
one using oblate shapes for both liquid and frozen par-
ticles, the other one using oblate ice particles but spher-
ical rain drops. We refer to the resulting change in PD
as∆PD=PDoblate�PDspheres. In the following∆PD will
always designate the result of subtracting spherical re-
sults from nonspherical results. The effect in∆PD is
very close to the difference of oblate and spherical parti-
cles in the absence of the ice layer, pointing out the need
of taking the shape of raindrops into account even when
hidden by an ice layer above.
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By switching the surface emissivity to sea surface
conditions the observed PD at upward directions is dom-
inated by the polarized surface. This effect produces
for example a PD up to 60 K at the top of the atmo-
sphere for 10.7 GHz and will not be totally damped by
the rain mass within the atmosphere. However, the PD
generation by rain and ice layers is still observable in
the difference of the more realistic shapes (case BD,
both phases with oblate particles) and the simplified as-
sumption (case AC, both phases modeled as spheres)
(Fig. 3b).

In contrast to cases withε = 1:0 the transition from
spherical to nonspherical oblate particle shape does not
increase the PD at all frequencies. Instead, at some fre-
quencies the upwelling PD is enhanced by nonsphericle
particle shape (positive∆PD for 85, 37, and 22 GHz)
while at others the PD is lowered (negative∆PD for
10.7 and 6.6 GHz). At 19 GHz both enhancement and
decrease of PD take place, depending on the angle of
observation.

The angle and frequency dependence of this result
can be reduced to the question of total optical thick-
ness and its effect on the distribution of radiation. At
higher frequencies the lower atmosphere is opaque and
therefore acts similar to a warm black body surface:
The amount of upwelling radiation is large in all up-
ward directions from 0 to 90 degrees. At low frequencies
the surface emitted radiation is roughly half the amount
at black body conditions. Additional amounts of radi-
ation are emitted by the atmosphere itself. For direc-
tions close to the horizontal the optical path is geometri-
cally increased and the brightness temperature raised to
amounts close to ambient physical temperatures.

This self-emission of the atmosphere increases with
increasing angle and increasing frequency and there-
fore generates a more isotropic radiation field. Only in
case of non-isotropic radiation negative PD is produced.
At 10.7 and 19 GHz the situation changes from non-
isotropic to isotropic with increasing angle of observa-
tion. At 85 GHz again the optical thickness within the
lower layer of this model atmosphere is too large to
produce any significant upward directed polarization ef-
fects.

This change in PD is not originating from the polar-
ized emission of the surface but from the changed inten-
sity distribution caused by the lowered emissivity of the
ocean surface. This was proven by reproducing similar
changes in∆PD for the same atmospheric conditions but
using a Lambertian (non-polarizing) surface with a simi-
larly low emissivity as the ocean (see Fig. 9a and Fig. 9b
in CZEKALA et al. (1999)).

3.3 Rain rate dependence
The results presented so far were calculated with a fixed
rain rate of 20 mm/h. Fig. 4a shows the PD produced by
a liquid rain layer above a black body emitting surface
(case B) versus the rain rate for a zenith angle of 56 de-
grees. The resulting PD clearly depends on the optical

Figure 4: (a) PD versus rain rate for different frequencies (case B,
rain layer with oblate spheroids, viewing angle of 56 degrees and
black body surfaceε= 1:0). (b) Change in PD (∆PD=PDBD�PDAC)
versus rain rate when using oblate raindrops and ice particles (case
BD) instead of spheres for both (case AC) at a viewing angle of
56 degrees and black body surfaceε= 1:0.

thickness produced by the water mass in the atmosphere.
The sensitivity to rain rate (indicated by the slope of
the curves for the lowest rain rates) is increasing with
with frequency, but saturation is reached at decreasing
rain rates for increasing frequencies. A special situation
is observed for 85 GHz: The optical thickness due to
cloud water, gas absorption and a minimum amount of
rain leads to an optical thickness large enough to pro-
duce a fully isotropic radiation field within the rain lay-
ers. Thus no PD is produced for pure rain layers with
this atmospheric setup.

The difference of PD calculated with non-spherical
rain and ice particles on the one hand and spherical par-
ticles on the other hand (∆PD=PDBD�PDAC) also varies
with rain rate (Fig. 4b).∆PD is highest for 19, 22, and
especially 37 GHz. Above sea surfaces and at low rain
rates PD is dominated by the surface induced polariza-
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Figure 5: (a) PD versus rain rate over water surface. Oblate rain-
drops and oblate ice particles are used (case BD). (b) Correspond-
ing change in PD (∆PD=PDBD�PDAC) versus rain rate when using
oblate raindrops and ice particles (case BD) instead of spheres for
both (case AC). This is similar to Fig. 4, but with sea surface emis-
sion.

tion (Fig. 5a). With increasing rain rate the atmosphere
becomes opaque and PD is damped. After saturation
(when no PD from the surface is reaching the cloud
top) we observe again increasing PD which is induced
by scattering of the upwelling radiation by nonspheri-
cal hydrometeors of both phases, liquid and frozen. At
25 mm/h the PD at 37 GHz reaches 10 K, which totally
originates from hydrometeors.

Finally, the changes in PD when using the oblate
shapes instead of the spherical shapes over water sur-
faces (Fig. 5b) is much more complicated than in the
case of perfect black body emission (Fig. 4b). For opti-
cally thick atmospheres the radiation is close to isotropic
and additional positive PD is produced by oblate parti-
cles. At low opacities the non-isotropic conditions in the
upwelling radiation produced by the sea surface cause
additional negative PD. It is important to understand
that the non-isotropic radiation will produce negative

PD only in combination with oblate particles. Spheri-
cal particles always lead to a positive PD. At small rain
rates simulations with spherical particles will overesti-
mate PD. The reason is that nonspherical particles pro-
duce negative PD in a situation when the intensity distri-
bution is highly non-isotropic due to the lowered ocean
emission. This negative PD leads to a decrease of the
large positive PD from the surface. Scattering at spher-
ical particles will not produce this negative fraction of
PD and therefore the resulting∆PD is larger.

With increasing opacity caused by increasing rain
rate the atmosphere becomes opaque, the intensity dis-
tribution becomes more isotropic and the negative PD
caused by nonspherical particles changes to positive val-
ues. This point is reached at lower rain rates for higher
frequencies. Further increase of rain rate makes the sur-
face invisible from above. The only resulting PD (at fre-
quencies above 10.7 GHz) is then produced by the hy-
drometeors. In this situation the nonspherical particles
polarize the radiation more efficiently than spheres. Cal-
culations neglecting the aspherical shape will underesti-
mate the PD.

3.4 Comparison to reported polarization
signatures

Residual polarization differences above optically thick
precipitation events have been reported by a number of
researchers (SPENCER et al., 1989; HEYMSFIELD and
FULTON, 1994; PETTY and TURK, 1996). In the doc-
umented cases the PD at 85 GHz reached values of
about 5 to 13 K with smaller amounts (up to 7 K) for
37 GHz. They all speculated that this PD is caused by
nonspherical oblate ice particles. Modeling efforts have
been made to confirm these observations. Model results
(PETTY and TURK, 1996; HAFERMAN, 1999) support
the assumption that large oblate ice particles produce the
positive PD found at 85 GHz.

Recently, there has been an approach by ROBERTI
and KUMMEROW (1999) (hereafter RK99) to reproduce
the observations at 37 and 85 GHz reported by HEYMS-
FIELD and FULTON (1994) with a one-dimensional ra-
diative transfer model and model output from an atmo-
spheric mesoscale model (MM). The MM output spec-
ified the mass of cloud water, cloud ice, rain, graupel,
and snow in each layer. The shape of rain drops and
graupel is assumed to be spherical, while snow parti-
cles were modeled as nonspherical particles. They suc-
ceeded to obtain results consistent with the observations
after changing some microphysical parameters (the as-
pect ratio used for the oblate snow particles and the per-
centage of the spherical graupel additionally converted
to snow) based on a sensitivity study: From the varia-
tion of the graupel-to-snow conversion rate (0 to 100%)
and aspect ratio (2.0 to 5.0) those parameters were cho-
sen that explained the observations of HEYMSFIELD and
FULTON (1994). They stateTo obtain the desired ∆TV�H
in the anvil, the content of snow originally present in the
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Figure 6: Dependence of PD on RR over polarizing sea surface for a viewing angle of 56 degrees for different selections of particle shape
(for details see text): (a) spherical rain and spherical ice particles, (b) nonspherical rain and ice particles of Type-I, (c) nonspherical rain
and ice particles of Type-II, (d) nonspherical rain and ice particles of Type-III are used.

cloud seems to be too low. It is necessary to transform
50% of the graupel to snow to start obtaining ∆TV�H of
11 K at 85 GHz with ∆TV�H < 6K at 37 GHz. (ROBERTI
and KUMMEROW, 1999, p. 2101). No microphysical ex-
planation is offered. So the main conclusion from this
paper is that oriented oblate ice particles lead to posi-
tive PD for spaceborne observations, which is consistent
with other studies on this topic (EVANS and STEPHENS,
1995b; CZEKALA , 1998).

However, there are two limitations in the study of
RK99. First, the numerical noise of roughly 2 K in the
calculated TB and PD of RK99 mask the results for
small snow densities (their Figs. 3, 4, and 5). Second,
the model results for oriented oblate particles presented
in RK99 were calculated with a one-dimensional radia-
tive transfer model that mixed single scattering param-
eters of randomly oriented particles (computed with a
T-Matrix code which was restricted to randomly ori-

ented particles) and perfectly aligned particles (calcu-
lated with the discrete dipole approximation).

This simplification is not well justified since the in-
teraction of relative high upwelling brightness tempera-
ture with ice particles is largely affected by the extinc-
tion. In addition, for oriented nonspherical particles an-
gle dependent matrices have to be used (see Eqn. (2.1)).

Another recent study (PRIGENT et al., 2000) investi-
gates the residual polarization difference found in trop-
ical SSM/I observations. They report that the PD over
ocean never reaches zero for 37 and 85 GHz, which ob-
viously supports also our findings of hydrometeor gener-
ated PD. PRIGENT et al. (2000) also support their anal-
ysis of SSM/I data with model calculations of oblate ice
particles above spherical rain particles. They assume ro-
tationally symmetric particles with a random distribu-
tion of their rotational axis in the azimuthal plane. The
distribution of the particles axis in the zenith direction
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is continuously varied, covering all distributions from
perfect alignment to random orientation. They conclude
that oriented ice particles are capable of generating the
observed positive PD, while randomly oriented particles
are not.

Our calculations generally produced small or vanish-
ing positive PD at 85 GHz, but noticeable PD at 37 GHz.
This is caused by our model atmosphere which assumed
(1) ice particles with small nonsphericity (same aspect
ratios as the water drops), (2) a low melting layer height
which results in a significant absorption at 85 GHz above
the precipitation by the remaining atmosphere, and (3)
a small vertical extension of the layers containing the
frozen precipitation: Only within 1 km ice particles were
present.

The above assumptions are realistic for some weather
conditions at mid and high latitudes, but naturally will
not produce a large scattering signal at 85 GHz. The fol-
lowing calculations were performed with a different at-
mospheric structure that contained also more frozen hy-
drometeors. The sea surface temperature is 293 K, the
melting layer with 273 K is located at 3 km. Below 3 km
a vertically constant rain rate is assumed. From 3 to 4 km
precipitation is split into a mixture of liquid and frozen
precipitation. From 4 to 6 km only frozen precipitation
particles are used. A calm water surface (Fresnel reflec-
tion) is used at the lower boundary. Rain is modeled as
before, but three different ice particle types are used:
The same size-dependent aspect ratio as used for rain
(“Type-I”, equivalent to the prior computations), a fixed
aspect ratio of 1.7 (which means oblate particles) for all
sizes of hydrometeors (“Type-II”), and a fixed aspect ra-
tio of 3.0 also regardless of particle size (“Type-III”).
These choices are not meant to be valid descriptions of
the hydrometeor type that can be found in graupel, hail,
or snow, but they bear some relation to the parameters of
natural ice particles in clouds and allow for a rough esti-
mation of the extremes that may affect the rain retrieval.

The rain rate dependence of the PD was recalculated
over an ocean surface using four scenarios: (a) spherical
particles for rain and ice (Fig. 6a), (b) oblate rain and
Type-I ice particles (Fig. 6b), (c) oblate rain and Type-II
ice particles (Fig. 6c), and (d) oblate rain and Type-III
ice particles (Fig. 6d). All 4 calculations show the re-
duction of surface produced PD with increasing optical
thickness. The full spherical calculation (Fig. 6a) reveals
the smallest PD after saturation, but saturation is reached
at very high rain rates for 10.7 GHz and no saturation at
all occurs at 6.6 GHz.

With nonspherical rain and nonspherical ice particles
of increasing nonsphericity of the ice particles (Figs. 6b–
6d) the PD is increased at the four higher frequencies,
but with different sensitivity. Especially 37 and 85 GHz
show a strong response. While for spherical particles
and the least nonspherical particles of Type-I the 85 GHz
PD is always smaller than the 37 GHz signal, the situa-
tion is reversed for ice particles of Type-II and Type-III
for moderate rain rates up to 10 and 15 mm/h, respec-

tively. This is a reasonable range for average rain rates
in a satellite field of view.

For the lowest two frequencies (6 and 10 GHz) a de-
crease in PD takes place. This decrease is not due to a
more efficient screening of the surface PD but due to
the additional negative PD produced by the nonspherical
particles in semi-transparent atmospheres with low sur-
face emissivity. This negative PD is also produced by the
hydrometeors when using a non-polarizing surface with
the same average emissivity instead of the polarizing sea
surface. It is obvious that low frequencies are much less
affected by ice particle shape. At 6 and 10 GHz the re-
sults are identical and for the intermediate frequencies
of 19 and 22 GHz the change in PD is still small. But at
37 and 85 GHz the PD entirely depends on ice particle
shape.

It is worth to mention that the low frequencies are
perfectly insensitive to ice particle shape, but not to rain
particle shape (comparison of Fig. 6a and Fig. 6c). There
is a significant difference in the PD at 6 and 10 GHz that
is arising only due to nonspherical water drops below a
very large ice particle layer.

4 Discussion

Our results demonstrate that rain and ice particle shape
both have an impact on the polarization difference as
observed from a spaceborne sensor, leaving the average
brightness temperature almost unaffected. Since the ver-
tically and horizontally polarized signals are influenced
in different ways by interaction with the hydrometeors,
a thorough knowledge of the origin of the PD signal is
essential to understand the pattern of multi-channel re-
sults. Even if the PD is not explicitly used in a retrieval
process, the measured radiances are always polarized
measurements and therefore depend on polarization ef-
fects within the atmosphere.

The PD produced by the hydrometeors within the at-
mosphere always adds up with PD that originates from
surface effects. This effect is stronger for scattering by
large oblate ice particle in large altitudes, but also ob-
served at all other frequencies and for liquid hydrome-
teors. In fact, the PD signal introduced by oblate rain-
drops is observable at low frequencies even if the rain
layer is covered by large amounts of ice. In addition, the
specific shape of the ice particles has only a small im-
pact on the signal at low frequencies. As a consequence,
the polarization signal at low frequencies contains di-
rect information about the rainfall intensity itself. With
a knowledge of the ocean surface properties and an un-
derstanding of the connection between PD and precipi-
tation this knowledge can possibly help to improve the
quality of precipitation retrieval.

Up to now the hydrometeor-induced PD (including
the effects of particle nonsphericity) is not accounted for
in multi-channel approaches of microwave rain retrieval.
Furthermore, those precipitation retrievals which rely on
the 85 GHz scattering signature as the main source of



P
R

O
O

F

Meteorol. Z., 11, 2002 H. Czekala & C. Simmer: HYPAM: Polarization of microwave radiation 59

information, depend on a precise knowledge of ice par-
ticle shape. If the ice particle shape is not known then
the interpretation of the observed radiances is at least
dangerous. Different types of precipitation may be asso-
ciated with hail stones, large snow flakes, graupel, melt-
ing particles, small ice crystals, mixtures of all, or no ice
at all (warm rain). Thus the performance of scattering
based retrievals depends possibly more on the type of
precipitation event than on precipitation intensity. In ad-
dition, the correlation between the ice which is present
above the melting layer and the rainfall rate is imperfect,
which again emphasizes the need of using the informa-
tion that is contained in the low frequency PD. This in-
formation is directly linked with the rain signal due to
the larger transparency of the atmosphere and the better
known shape of raindrops.

Our calculations use ice particle shape and vertical
profiles that are artificially created. Nonetheless this at-
mospheric setup is not unphysical because all parame-
ters are varied in reasonable intervals. Our results for
the different ice particle shapes indicate the range of the
PD that may be produced by different types of rain and
point out the problems that arise when focusing on this
sensitive signal.

From this simple setup much can be learned for the
understanding of how the observed signals are gener-
ated by the atmosphere. However, there are still im-
provements to be made. A variation of particle size dis-
tributions, ice particle density, explicit treatment of the
melting layer, and three-dimensional geometry were ne-
glected in this study. These shortcomings are not ex-
pected to alter the overall conclusions. A decreased par-
ticle density together with adjusted fall velocity will lead
to an significant increase in particle number in order to
obtain the mass flux of precipitation above and below
the melting layer. These increased numbers of scatter-
ing particles will increase the resulting PD. The same is
expected for the melting layer which contains large non-
spherical melting particles which very effectively scatter
and emit microwave radiation due to their size and re-
fractive index, which varies with the mixing of ice, air,
and water. While the permittivity and density changes of
melting particles have been investigated (BAUER et al.,
2000), the combined effects with nonsphericity of melt-
ing ice particles have not been investigated up to now.
On the contrary, there are other effects which will lead
to some decrease of the expected polarization effects.
Non-perfect orientation of the particles will smooth the
results somehow, as will drop oscillations and tumbling
of the particles. The effects of ice particle vertical align-
ment in the electrical field within a thunderstorm has
also not been considered by now.

5 Summary and conclusions
We have used a one-dimensional microwave vector ra-
diative transfer model to calculate the effects of non-
spherical hydrometeors with fixed orientation on satel-
lite observed microwave radiation. The model shows

good agreement with ground based measurements
(CZEKALA et al., 2001a) which confirm the correct
treatment on nonspherical precipitation. The model cal-
culated polarization signatures are discussed and com-
pared with reported observations and other model re-
sults.

By using different surface boundary conditions and
atmospheric compositions we showed that the polariza-
tion difference produced by oblate particles is generally
larger than for spherical particles. However, this result is
reversed for the lowest frequencies together with small
surface emissivities. Low frequencies are very sensitive
to the liquid part of the precipitation, high frequencies to
the ice phase. The PD produced by rain in the low fre-
quencies is only little changed by ice layers above and
can be observed even in the presence of large ice masses.

Surface generated polarization and hydrometeor gen-
erated polarization add up to a combined signal. Identi-
fying the different contributions is crucial for microwave
rain retrievals. Using all available information contained
in multi-frequency microwave measurements is essen-
tial. Focusing only on the 85 GHz scattering signature
may be misleading due to the very strong sensitivity to
particle shape. The a-priori unknown ice particle shape
makes this signal ambiguous and suggests the additional
use of the smaller but less ambiguous signals at low fre-
quencies with the correct treatment of rain drop shape
and orientation.
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