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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 differéfges Tgn) 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 beiasthen Partikeln. Selbst bei Vorhandensein
einer dicken Eiswolke oberhalb des Niederschlagsniveamsiédi die abgeplatteten Regentropfen immer
noch einen Einfluss auf die von Weltraum beobachteten Polarisationsdiffer€RzenTs ;) besitzen. Bei

grof3en, flachen Eispartikeln mit einem Seitenediriis bis zu 3.3 ist die Polarisationsdifferenz bei 80 GHz
(Uber 40 K) am stiksten. Andere, sinnvoll ausgatlie Eispartikelformember der Schicht mit den nicht-
spharischen Regentropferokinen doe Ergebnisse dergestlatavetérn, dass doe Polarisationsdifferenz bei

37 GHz das Signal der Polarisation bei 85 Glizersteigen; sie erreichen +15 K bei 37 GHz und einer
Regenintensitt von 50 mm/h. Das Streusignal bei 85 GHz ist sehr empfindlicludieh” der Masse des

Eises, aber dwigt auch sehr stark von der Form der Eispartikel ab. Durch die Wahl verschiedener Eisformen
erklaren wir den weiten Bereich der Polarisationssignaturen, der erwartet werden kann und Ergebnisse aus
der Literatur umfasst. Unterschiedliche Regenereignigsesn 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 gegeubier 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 indirectly on the observed polarization differences at dif-
ferent frequencies. Over oceans the reduction of atmo-

Most algorithms for rain retrieval from passive misPheric transparency due to the hydrometeors reduces
crowave measurements from space are based on Y¢- large polarization generated by the ocean surface.
ward radiative transfer modeling. Thus the quality éver land surfaces the combined effects of the reduc-
these algorithms rely on the quality of the used radf#@n of radiation intensity due to both the screening of
tive transfer models. The signals exploited by he derivitg strong surface emission and hydrometeor scattering
algorithms differ depending on the surface conditiori§,used at high frequencies as signals. o

namely ocean or land. Many algorithms rely directly or The atmospheric effects on microwave radiation con-

: _sist of a well understood emission and absorption pro-
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the effects of hydrometeors exhibit a dependence onAlEANO and YAMAMOTO (1975) more than 25 years
rection and polarization of radiation. Furthermore, thego. A study using oblate ice and rain was carried out
have a less predictable impact on the angular patterrbpfWu and WEINMAN (1984), but the radiative trans-
intensity and the state of polarization by themselves (€&y. aspects treated approximative. Their model used the
Liu and SMMER, 1996; ZEKALA and SMMER, 1998; nonspherical scattering coefficients in theENGTON
CZEKALA, 1998; HORNBOSTELet al., 1999). These ef-approximation which was solved independently for two
fects have not been taken into account in current retriewethogonal polarizations. Recently, there is a growing
algorithms. number of microwave models taking into account non-

In this paper we will explore by simple atmospherispherical particles in full vector radiative transfer cal-
setups the range of variability and uncertainty to be eulations (FAFERMAN, 1999). However, they still as-
pected by the effects of emission, extinction, and scattesme either randomly oriented particlesafiERMAN et
ing by taking into account the shape variability of larga., 1997), or concentrate on ice particles above rain lay-
hydrometeors. ers and cirrus particles at high frequenciesAkEs and

We will focus on some commonly used satellite freSTEPHENS 1995a; E/ANS et al., 1998). Our study will
guencies and the corresponding down-looking viewifigcus on the combined effect of rain and ice particle lay-
geometry. Low frequency radiation (e.g. below 37 GHeYs, both containing nonspherical particles.
tends to penetrate clouds and even moderate rain. Thes®lost precipitation algorithms use only the bright-
frequencies are mostly taken for emission based retriavass temperature depression due to scattering and the
techniques over radiatively cold ocean surfaces. Tiepolarizing effects of hydrometeors on the polarization
amount of emitted radiation is largely determined by théhich originates from the sea surface. Although depo-
liquid water path (LWP) for low frequencies with confarizing due to hydrometeors is the dominant effect in
siderable transparency. With increasing opacity at higlaenplitude, it is well known that multiple scattering by
frequencies (37 and 85 GHz) the vertical distribution bffdrometeors (even when using Lorenz-Mie theory for
precipitation within the atmosphere (hydrometeor veripherical particles) produces some amount of polariza-
cal profile) becomes more important, at least until motien by itself (Liu and SMMER, 1996). Separate effects
erate optical thicknesses. For higher optical depth #ieliquid rain and non-precipitating ice clouds have al-
profile importance decreases due to transmission meady been demonstrated byEKALA and SMMER
duction, but the retrieval then will focus on the uppe(1998) and QEKALA (1998), respectively. Here we will
most parts of the atmosphere. With the 85 GHz chasxtend these studies to typical rain structures contain-
nels of the Special Sensor Microwave/lmager (SSM/lpg mixtures of liquid and frozen particles including
launched on the Defense Meteorological Satellite Prman-precipitating cloud layers. We further extend the
gram (DMSP) satellites in 1987 for the first time, a costudies by using different surface conditions, ranging
siderably larger frequency is available for remote serigom highly polarizing surfaces to for non-polarizing
ing of rain (RRABHAKARA et al., 1992; MLER et al., surfaces.
1993). Due to the larger size parameters (particle sizeThus, the observed polarization in the presence of
compared to wavelength) the absorption by liquid waterecipitation will always be a mixture of three compo-
is much larger than in the low frequency range. This atents: (1) surface emitted polarization, (2) polarization
sorption saturates the emission signal already at the due to liquid rain drops, (3) polarization due to ice parti-
set of rainfall at very low rain rates (RR). A retrieval ofles above the rain layer. The aim of this study is to show
RR is still possible, however, through indirect measurihat the complete understanding of the mixture of polar-
ment: Large RR are often associated with a significamation contributions to the total satellite observed signal
ice mass above the raining cloud. These ice particiesl be crucial for improving precipitation retrieval from
have an absorption coefficient two orders of magnitudpace.
lower than water and act like almost non-absorbing scat-The following section will give a short outline of the
terers. Their size, which is comparable to the wavelengtguired radiative transfer theory, followed by a short
at 85 GHz, makes scattering very efficient. The brightiodel description. For a complete review of theory and
ness temperature depression caused by the ice scatteniodel see CEkKALA and SMMER (1998). The effects
above rain layers is used to derive the corresponding raimonspherical hydrometeors in different model atmo-
rate. spheres are presented in Section 3, followed by a de-

Obviously, such methods require accurate moddiled discussion of the results in Section 4. Section 5
ing of the scattering process, which is affected also Wl summarize our conclusions.
shape and orientation of the hydrometeorgg€aLA
and SMMER, 1998; CZEKALA, 1998; CZEKALA etal., 2 Theoretical background
1999). While there has been some effort to use non- o
spherical ice particles, the effect of the liquid phase bl Vector radiativetransfer

low has mostly been neglected. The attenuation of raggy 5 description of polarized radiation within an one-
waves by realistically shaped raindrops had been c@finensional plane parallel atmosphere containing non-
sidered already by GuUCHI (1960, 1964) and also bygpherical particles of arbitrary orientation the vector
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radiative transfer equation for the Stokes vectos T-matrix method by MSHCHENKO (2000) when non-
(Iy,1h,U,V) (VRTE, e.g. TSANG et al., 1985; KAFER- spherical particles are considered.
MAN et al., 1997; EANS and SSEPHENS 1995a) Depending on the hydrometeor species different
drop size distributions (DSD) are used to estimate the
dT(z0) _ polydisperse interaction parameters. For this study we
- (2,0) 1(z,0) use the Marshall-Palmer distribution @sHALL and
PALMER, 1948) for precipitation particles. In case of
(z8)B(T(2) nonspherical particles the radius of a sphere with the
n_ ~ same volume as the spheroid is used to characterize the
+/P(z,9;9’)l(z,6’) sing'd®’ (2.1) size of a nonspherical particle (volume equivalent ra-
0 dius). For simplicity the same DSD is applied for liquid

. . . . . and frozen precipitating hydrometeors.
is used, withz the vertical position@ the zenith angle of We are aware of possibly more adequate size dis-

propagation direction (z) the temperature at heighf tributions for frozen particles. However, since we did

El(;-rzctl?’se Itaevr\:\p;enr(%:uiﬁz %?r%iggﬁnéﬁrrggfr'ﬂoﬁ ar(;%(i);(tjig]r% bother to obtain consistency between the relation of
that is scattéred into the direction of pro ag aiofor Mass and mass fluxes for both phases we consider this an
propag unnecessary detail. The same holds for ice particle type,

azimuthally symmetric and isotropic problems, which {5y " ioht be attributed to the nonspherical shapes.
%fsvﬁr?c?uctebsgt?\rgr!Ir:nI?gg&fgrrwg\?n;I'(r?élley\ﬁir]ngteiosr?x? Our assumption is, that in effect our simple model is but

= rng i one realization of a possible mixture of hail, graupel,
trix 0¢(2,8) describes the loss of radiation due t0 absorgsy gnow, which all might be present in a precipitating
tion and scattering. Emission is described by a vechgud

of absorption coefficients that depend on direction an Précipitating particles are always computed in the

state of polarization. The phase matf%z,6;8) con- range from 100um to 5 mm with 50 equally spaced

tributes to the source function, representing the amoisiervals. These intervals might be somewhat large, but

of intensity that is scattered by hydrometeors from ithey are sufficient for the purpose of this study, namely

coming direction® to the directiorf. For arbitrary con- the signal reliability to be expected from influences of

ditions this system of integro-differential equations musbn-spherical particles.

be solved numerically. When describing drop shapes, we refer to the work
If the size parametex =21 /A < 1 we are in the of CHUANG and BEARD (1990), who derived rotational

range of the Rayleigh approximation, where the shag@mmetric shapes with cross sectians r(6) that can

of the particle is of no importance. For particles that age described by a series of Chebyshev polynomials.

large compared to the wavelength % 1) the geomet- Based on model results, the aspect ratjodefined as

ric optics approximation (ray tracing) may be applie¢he ratio of vertical and horizontal maximum extension,

In the range of particle sizes comparable to waveleng#n be approximated by a fourth order fit depending on

exact solutions of Maxwell's equations have to be usefiameter.

taking into account the shape of the particle. For our calculations, the Chebyshev shapes are ap-
For nonspherical particles numerical models hageoximated by spheroids of the same volume and the

been developed to obtain the amplitude scatterisgme aspect ration because the single scattering model

function (a variety of methods can be found inhat is currently used is restricted to this more symmet-

MisHCHENKO et al., 1999) from which all radiation in-ric geometry. A recent study @EKALA et al., 1999)

cosd

= -0
dz €

teraction parameters can be calculated. demonstrated that approximating the Chebyshev shapes
. with spheroids leads to only small errors, especially for
2.2 Model description liquid particles.

For solving the VRTE we apply the successive order

of scattering (SOS) method. In the present study a set Theoretical results

of 24 propagation directions (12 Gaussian angles per

hemisphere) is used for the directional discretizati i iti

of the radiation field. Although the model includes a%?l Atmospheric conditions

ocean surface reflection module and a sea ice modide consider a very simplified rain event in the lower

(FUHRHOP et al., 1998), only Fresnel reflection propatmosphere. The temperature and humidity profiles are
erties are used here. The upper boundary conditiorsét to a mean midlatitude summer profile. Between 2 km
set equivalent to the cosmic background radiation arfid ground level a vertically constant rain rate is as-
Tg,cosmic = 2.7 K. Absorption by atmospheric gases (wasumed. A water cloud with a LWC of 0.5 gfmeaches

ter vapor, molecular oxygen and nitrogen) is calculatb]dm 1 km to cloud top of 3 km. Ice particles are placed

according to LEBE et al. (1993). The single scatterin@bove the 273 K isotherm (melting layer) up to a height
properties of hydrometeors are computed by Loreraf-3 km with the same mass per layer compared to
Mie theory in case of spheres and with the EBCRhe rain column. For both, rain and ice particles, the
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Table 1: Definition of test cases. i "L'E\:':'?‘:?____
Shape of Shape of 200 LN e ]
Raindrops Ice Particles A """ ]
A Spheres (No Ice Particles) g ]
B Oblate Spheroids (No Ice Particles) 2 ol ]
AC Spheres Spheres F  eoc
AD Spheres Oblate Spheroids 100~ ... 10.7 GHz .
BC  Oblate Spheroids Spheres Toade O\ e
BD  Oblate Spheroids Oblate Spheroids oF T e e ]
0 — 5‘0 N 160 — 150

zenith angle / degree

Marshall-Palmer DSD is applied by using the volume
equivalent radius for nonspherical hydrometeors. r -
The approximation of raindrops by oblate spheroids 250 =TI ———,
with their rotational axis aligned to the vertical is a real- f \\';‘:-/-
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

200

150}

TB / Kelvin

to investigate the basic effects of ice particle scattering I 6.6GHz

above raining layers. Certainly the ice particle shapes 1007 ... 10.7 GHz ]
vary much more than those of water drops, but the as- I ;‘2’;‘2‘ gﬂi

sumption of oblate particles has still some validity. The s0f- == 37.0 GHz .
amount of ice that we use in this study is certainly rather [ —- 886CGHz

high. For smaller ice masses the signal from the raining 0 %0 nith angle1/0(§)egree 150

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 i
rain and ice particle scattering. More realistic calcula- 250
tions, on which retrieval schemes may be set up, should f
take into account the shapes of ice particles and their 2001
vertical profiles in more detail. In addition, such calcu- i
lations would also have to account for three-dimensional
geometry in order to give reliable results in case of con-

150

TB / Kelvin

vective cells which are known to have small scales com- [ — 6.6GHz

pared to the satellite field of view. 1007 o 18-1 gn; ]
For reasons of comparison the clear atmosphere L 2l 209GHz

(without any hydrometeors) and the cloudy atmosphere 50 == 37.0 GHz .

(only the water cloud) are calculated as test cases. Ra- [ oTo BBeCHE T

diative transfer results of the rainy atmosphere are cal- 0 %0 enith angle / degree 150

culated with and without an ice particle layer (Table 1),

The water cloud is always present in the preC|p|tat|Q nith angle of propagation at different frequencies for 20 mm/h rain

cases and modeled using spherical particles. rate. Three different situation are shown: case B with emissivity set

All six situations were calculated for two dlfferen[o € = 1.0 (a), case BD witle=1.0 (b), case B with polarizing sea

surface conditions and a variation of the rain rate be-
tween 0 and 100 mm/h. We are aware of the fact th%{face below (©).

the rain rates at the high end become inconsistent with . .

the assumed non-raining cloud, but since only possibid!sed to study the polarization effects in the presence
effects are addressed, we consider this as not import@htarge PD from surface emission.

Using the surface emissivity= 1.0 assumes a perfect

black body and results in a strong unpolarized surfage Angular dependence

emission. It allows us to study the polarization effects

of the hydrometeors without polarization effects by théhe variation of total intensity with zenith angle for
surface, which is typical for land surfaces. Alternativelgblate rain particles without ice (case B) is shown in
the frequency dependent reflection of a flat water surfd€ig. 1a for a rain rate of 20 mm/h ame-1.0. Angles less

ure 1: Total brightness temperatuiig = (Tgy + Tgn)/2 versus
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Figure2: Angular dependence of PD for different cases, all with1.0 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. satehuseTg to be close to the physical temperature of the
lite observations), while larger angles show the dowtayers in the upper atmosphere.
welling radiances at the surface (e.g. observations by aFigs. 2a to 2d give the resulting PD from four cal-
ground based radiometer). culations with 20 mm/h rain rate and black body surface
When observing the atmosphere from above, tbmission §=1.0). The atmospheric conditions are setto
main contribution is the thermal emission from the sulhe cases A, B, AC, and BD, respectively (Tab. 1). The
face. With increasing opacity to higher frequencies thest evident feature for nonspherical particle shapes
radiation originates from higher layers of the atmdeases B and BD) is the negative PD at downward di-
sphere, reducing@g. For downward directions we seeections. This feature may have large impacts on ground
that for this case the atmosphere is partly transparentdased observations. The details have been discussed
the lower four frequencies. Due to the small signal froaisewhere (ZEKALA and SMMER, 1998; CZEKALA et
space and only small contributions from the atmospheig 2001a,b).
the resultingTs remains rather cold. The PD which an airborne sensor would observe is
Adding a further precipitating layer with ice particlealways positive, but smallest for the spherical rain parti-
of the same precipitation rate from 2 km to 3 km heighktes without ice (case A, Fig. 2a). At the SSM/I obser-
(case BD, Fig. 1b) leaves the results for downward diation angle (53 and with so far assumed atmospheric
rections nearly unchanged. The upwelling radiation denditions the 37 GHz signal shows the largest PD com-
affected by the brightness temperature depression dupaed to other channels. Oblate raindrops result in an
scattering, showing the highest efficiency at 85 GHz. enhanced PD in upward directions, especially for the 19,
Fig. 1c shows the effect of sea surface emi&2, and 37 GHz channels (case B, Fig. 2b). Adding ice
sion/reflection. The mean emissivity is significantlgarticles increases the positive PD for spherical parti-
smaller than one, leading now to lower brightness tegles (case AC, Fig. 2c¢), but this behavior is even stronger
peratures also at upward directions. For long optical p&dn oblate ice particles (case BD, Fig. 2d). The observed
lengths (angles close to the horizontal) and also at higR& increases with zenith angle until the atmosphere be-
frequencies the atmosphere becomes opaque enougiomoes opaque near the horizontal direction. This point
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of saturation is reached for the higher frequencies at @} 1
smaller zenith angles, with no saturation at all for 6.6 5L N
and 10.7 GHz. I ]
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 i
very often is larger than at 37 GHz @¥MSFIELD and 10 10.7 GHz

Delta PD /K

FuLTON, 1994). Possible reasons for this discrepancy Po=- ;g-g g:i
are: o '

A5 —w.  37.0 GHz
(1) The modeled 85 GHz polarization difference is too 5: —- 856 gHz

small because of the assumed quite spherical ice particle o s 100 150
shape. The shape would affect the 85 GHz signal more zenith angle / degree
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 [ . 19.4GHz
still large enough to produce significant amounts of PD. [ -- 222GHz
(3) Averaging over the field of view in satellite observa- T e
tions will decrease the precipitation induced signal be- Y BT T E—T
cause in most cases the antenna pattern will be filled zenith angle / degree
with raining and non-raining areas (or areas with smallggure3: (a) Change in PDAPD=PLsp—PDap) when using oblate
rain rates than the maximum rain rate). The observeiditicle shape for both phases (case BD) instead of spherical rain
signal of the inhomogeneous scene is a hon-linear Mike oblate ice particles (case AD). The rain rate is set to 20 mm/h,
ture of several rain rates. This effect of inhomogenie surface emissivity te=1.0 in both cases. (b) Change in PD
ity is more pronounced for the lower frequencies dwsPD=PDsp—PDac) when using oblate shapes for both phases (case
to their increased footprint size. Thus the strong sigrem) instead of spheres for both (case AC). The rain rate is set to
calculated for 37 GHz and a high rain rate in a onge mm/h, but the surface emissivity is set to Fresnel reflection.
dimensional atmosphere would only be received if the
rain rate is constant within an area from which most oblate shapes for ice particles or when placing the ice
the total signal originates (about ¥468 km for 37 GHz particles in colder atmospheres or at higher altitudes the
and 30x 26 km for 85 GHz). PD at 85 GHz increases (see Section 3.4). The precise
(4) In this study we assume perfect alignment of thefluence of ice particle shape on the polarization, espe-
oblate particles and thereby overestimate the generatially at 37 and 85 GHz, will be investigated later in this
of polarization. The ice particles introducing a polastudy.
ization signal at 85 GHz also include smaller ice crys- A closer look on the difference of two calculations
tals which are not large enough to be effective scattersh®ws that the PD originating from the liquid hydrom-
at 37 GHz. For particles the assumption of horizontaleors can be seen from above even through the layer
alignment is more justified than for large particles (haif ice particles (Fig. 3). Both calculations were carried
snow), which are more likely to show tumbling. Howeut with 20 mm/h rain rate and an emissivityef 1.0,
ever, recent investigations byRRSENT et al. (2000) as- one using oblate shapes for both liquid and frozen par-
sess the influence of semi-random orientation in mdieles, the other one using oblate ice particles but spher-
detail. They demonstrate that a variation of the parital rain drops. We refer to the resulting change in PD
cles rotational axis within-/—10 off the vertical alters asAPD=P Dy ste—PDspheres. In the following APD will
the polarization induced by oblate ice particles only laways designate the result of subtracting spherical re-
about 10%. sults from nonspherical results. The effectARD is

In addition to the above explanations we want teery close to the difference of oblate and spherical parti-
make clear that a reproduction of the results reportelds in the absence of the ice layer, pointing out the need
by HEYMSFIELD and RULTON (1994) can be achievedof taking the shape of raindrops into account even when
with different atmospheric definitions: When using moit@dden by an ice layer above.

Delta PD / K
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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 with= 1.0 the transition from
spherical to nonspherical oblate particle shape does not I .
increase the PD at all frequencies. Instead, at some fre- Al
quencies the upwelling PD is enhanced by nonsphericle 0 20 40 60 80 100
particle shape (positivaPD for 85, 37, and 22 GHz) Rain Rate / (mm/h)
while at others the PD is lowered (negatit®D for
10.7 and 6.6 GHz). At 19 GHz both enhancement and 10 (b) S
decrease of PD take place, depending on the angle of : -7 d
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- I .
tions close to the horizontal the optical path is geometri- A R R R
cally increased and the brightness temperature raised to 0 20 40 60 80 100
amounts close to ambient physical temperatures. Rain Rate / (mm/h)

This self-emission of the atmosphere increases witlgure 4: (a) PD versus rain rate for different frequencies (case B,
increasing angle and increasing frequency and thegin layer with oblate spheroids, viewing angle of 56 degrees and
fore generates a more isotropic radiation field. Only ftack body surface = 1.0). (b) Change in PDAPD=PIp—PDxc)
case of non-isotropic radiation negative PD is produc#grsus rain rate when using oblate raindrops and ice particles (case
At 10.7 and 19 GHz the situation changes from noRP) instead of spheres for both (case AC) at a viewing angle of
isotropic to isotropic with increasing angle of observab degrees and black body surface 1.0.
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 fjckness produced by the water mass in the atmosphere.
fects. _ , - The sensitivity to rain rate (indicated by the slope of
~ This change in PD is not originating from the polaihe curves for the lowest rain rates) is increasing with
ized emission of the surface but from the changed intgfith frequency, but saturation is reached at decreasing
sity distribution caused by the lowered emissivity of thain rates for increasing frequencies. A special situation
ocean surface. This was proven by reproducing simijaropserved for 85 GHz: The optical thickness due to
changes ilAPD for the same atmospheric conditions bifoyud water, gas absorption and a minimum amount of
using a Lambertian (non-polarizing) surface with a simiain |eads to an optical thickness large enough to pro-
larly low emissivity as the ocean (see Fig. 9a and Fig. 8ice a fully isotropic radiation field within the rain lay-
in CZEKALA et al. (1999)). ers. Thus no PD is produced for pure rain layers with

: this atmospheric setup.
33 Rainrate dependence The difference of PD calculated with non-spherical
The results presented so far were calculated with a fixaih and ice particles on the one hand and spherical par-
rain rate of 20 mm/h. Fig. 4a shows the PD produced tigles on the other hand\PD=PLyp—PDac) also varies
a liquid rain layer above a black body emitting surfaaeith rain rate (Fig. 4b)APD is highest for 19, 22, and
(case B) versus the rain rate for a zenith angle of 56 @specially 37 GHz. Above sea surfaces and at low rain
grees. The resulting PD clearly depends on the opticaes PD is dominated by the surface induced polariza-

PD/K

Delta PD / K




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

LY ‘(a‘), 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-

50, duce negative PD in a situation when the intensity distri-
« bution is highly non-isotropic due to the lowered ocean
a ; e e - emission. This negative PD leads to a decrease of the
a 0,_'~_'--;'-'-£-_--_'__";--:-;--_---:;-;--:-_’ large positive PD from the surface. Scattering at spher-
I ] ical particles will not produce this negative fraction of
— Seat ] PD and therefore the resultifgPD is larger. _ _
- 194 GHz ] With increasing opacity caused by increasing rain
_50; T ;23%3 gﬂi ] rate the atmosphere becomes opaque, the intensity dis-
| —- 856GHz ] tribution becomes more isotropic and the negative PD
B e —— caused by nonspherical particles changes to positive val-
0 20 40 60 80 100 . . , :
Rain Rate / (mm/h) ues. Thls_ point is rea_ched at Iower_ rain rates for higher
frequencies. Further increase of rain rate makes the sur-
————————————— face invisible from above. The only resulting PD (at fre-
10 (b) T quencies above 10.7 GHz) is then produced by the hy-
I Pt et ] drometeors. In this situation the nonspherical particles
[ o S ] polarize the radiation more efficiently than spheres. Cal-
5r e /,«*"' ] culations neglecting the aspherical shape will underesti-
x LT e ] mate the PD.
E 0 ¢ J’ ‘. el e N
e 3 3.4 Comparison toreported polarization
S gl signatures
I : Residual polarization differences above optically thick
10k . precipitation events have been reported by a number of
i : researchers (NCERet al., 1989; HYMSFIELD and
L . .. FuLTON, 1994; RETTY and TURK, 1996). In the doc-

0 20 40 60 80 100 umented cases the PD at 85 GHz reached values of
Rain Rate / (mm/h) about 5 to 13 K with smaller amounts (up to 7 K) for
Figure 5: (a) PD versus rain rate over water surface. Oblate raig7 GHz. They all speculated that this PD is caused by
drops and oblate ice particles are used (case BD). (b) CorrespoR@nspherical oblate ice particles. Modeling efforts have
ing change in PDAPD=PDsp—PDac) versus rain rate when usingheen made to confirm these observations. Model results
oblate raindrops and ice particles (case BD) instead of spheres(PETTY and TURK, 1996; HAFERMAN, 1999) support
both (case AC). This is similar to Fig. 4, but with sea surface emiﬁqe assumption that |arge oblate ice partides produce the
sion. positive PD found at 85 GHz.
Recently, there has been an approach lmBRRTI
and KuMMEROW (1999) (hereafter RK99) to reproduce
tion (Fig. 5a). With increasing rain rate the atmosphettee observations at 37 and 85 GHz reported ey Ms-
becomes opaque and PD is damped. After saturatiBLD and FULTON (1994) with a one-dimensional ra-
(when no PD from the surface is reaching the clouiative transfer model and model output from an atmo-
top) we observe again increasing PD which is inducsepgheric mesoscale model (MM). The MM output spec-
by scattering of the upwelling radiation by nonspheiified the mass of cloud water, cloud ice, rain, graupel,
cal hydrometeors of both phases, liquid and frozen. &td snow in each layer. The shape of rain drops and
25 mm/h the PD at 37 GHz reaches 10 K, which totalyraupel is assumed to be spherical, while snow parti-
originates from hydrometeors. cles were modeled as nonspherical particles. They suc-
Finally, the changes in PD when using the oblateeded to obtain results consistent with the observations
shapes instead of the spherical shapes over water afier changing some microphysical parameters (the as-
faces (Fig. 5b) is much more complicated than in tipect ratio used for the oblate snow particles and the per-
case of perfect black body emission (Fig. 4b). For optientage of the spherical graupel additionally converted
cally thick atmospheres the radiation is close to isotropic snow) based on a sensitivity study: From the varia-
and additional positive PD is produced by oblate partien of the graupel-to-snow conversion rate (0 to 100%)
cles. At low opacities the non-isotropic conditions in thend aspect ratio (2.0 to 5.0) those parameters were cho-
upwelling radiation produced by the sea surface cassn that explained the observations aisFIELD and
additional negative PD. It is important to understarfelULTON (1994). They stat&o obtain the desired AT, _y
that the non-isotropic radiation will produce negativie 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-Ill are used.

cloud seems to be too low. It is necessary to transform ented particles) and perfectly aligned particles (calcu-
50% of the graupel to snow to start obtaining AT,y of lated with the discrete dipole approximation).
11K at 85 GHzwith ATy_y < 6K at 37 GHz (ROBERT!I This simplification is not well justified since the in-
and KuMMEROW, 1999, p. 2101). No microphysical exteraction of relative high upwelling brightness tempera-
planation is offered. So the main conclusion from thiare with ice particles is largely affected by the extinc-
paper is that oriented oblate ice particles lead to pason. In addition, for oriented nonspherical particles an-
tive PD for spaceborne observations, which is consistgig dependent matrices have to be used (see Egn. (2.1)).
with other studies on this topic (NS and SSEPHENS Another recent study @GENT et al., 2000) investi-
1995b; CZEKALA, 1998). gates the residual polarization difference found in trop-
However, there are two limitations in the study dtal SSM/I observations. They report that the PD over
RK99. First, the numerical noise of roughly 2K in thecean never reaches zero for 37 and 85 GHz, which ob-
calculated TB and PD of RK99 mask the results faiously supports also our findings of hydrometeor gener-
small snow densities (their Figs. 3, 4, and 5). Secoraded PD. RIGENT et al. (2000) also support their anal-
the model results for oriented oblate particles presenyesis of SSM/I data with model calculations of oblate ice
in RK99 were calculated with a one-dimensional radiparticles above spherical rain particles. They assume ro-
tive transfer model that mixed single scattering paratationally symmetric particles with a random distribu-
eters of randomly oriented particles (computed withtian of their rotational axis in the azimuthal plane. The
T-Matrix code which was restricted to randomly oridistribution of the particles axis in the zenith direction
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is continuously varied, covering all distributions frortively. This is a reasonable range for average rain rates
perfect alignment to random orientation. They concludea satellite field of view.
that oriented ice particles are capable of generating theFor the lowest two frequencies (6 and 10 GHz) a de-
observed positive PD, while randomly oriented particlesease in PD takes place. This decrease is not due to a
are not. more efficient screening of the surface PD but due to
Our calculations generally produced small or vanistire additional negative PD produced by the nonspherical
ing positive PD at 85 GHz, but noticeable PD at 37 GHparticles in semi-transparent atmospheres with low sur-
This is caused by our model atmosphere which assunfigee emissivity. This negative PD is also produced by the
(1) ice particles with small nonsphericity (same aspdwtdrometeors when using a non-polarizing surface with
ratios as the water drops), (2) a low melting layer heigthte same average emissivity instead of the polarizing sea
which results in a significant absorption at 85 GHz abog#grface. It is obvious that low frequencies are much less
the precipitation by the remaining atmosphere, and @jected by ice particle shape. At 6 and 10 GHz the re-
a small vertical extension of the layers containing tiggllts are identical and for the intermediate frequencies
frozen precipitation: Only within 1 km ice particles wer8f 19 and 22 GHz the change in PD is still small. But at
present. 37 and 85 GHz the PD entirely depends on ice particle
The above assumptions are realistic for some weatRBaPe- _ _
conditions at mid and high latitudes, but naturally will !t is worth to mention that the low frequencies are
not produce a large scattering signal at 85 GHz. The fBerfectly insensitive to ice particle shape, but not to rain
lowing calculations were performed with a different aparticle shape (comparison of Fig. 6a and Fig. 6c). There
mospheric structure that contained also more frozen Ky2 significant difference in the PD at 6 and 10 GHz that
drometeors. The sea surface temperature is 293 K, #harising only due to nonspherical water drops below a
melting layer with 273 K is located at 3 km. Below 3 knYerY large ice particle layer.
a vertically constant rain rate is assumed. From 3to 4 km
precipitation is split into a mixture of liquid and frozem Discussion
precipitation. From 4 to 6 km only frozen precipitation
particles are used. A calm water surface (Fresnel refl@ur results demonstrate that rain and ice particle shape
tion) is used at the lower boundary. Rain is modeled laath have an impact on the polarization difference as
before, but three different ice particle types are usediserved from a spaceborne sensor, leaving the average
The same size-dependent aspect ratio as used for baightness temperature almost unaffected. Since the ver-
(“Type-I”, equivalent to the prior computations), a fixetdcally and horizontally polarized signals are influenced
aspect ratio of 1.7 (which means oblate particles) for aildifferent ways by interaction with the hydrometeors,
sizes of hydrometeors (“Type-II"), and a fixed aspect ra-thorough knowledge of the origin of the PD signal is
tio of 3.0 also regardless of particle size (“Type-llI")essential to understand the pattern of multi-channel re-
These choices are not meant to be valid descriptionssofts. Even if the PD is not explicitly used in a retrieval
the hydrometeor type that can be found in graupel, haitpcess, the measured radiances are always polarized
or snow, but they bear some relation to the parametersrifasurements and therefore depend on polarization ef-
natural ice particles in clouds and allow for a rough estécts within the atmosphere.
mation of the extremes that may affect the rain retrieval. The PD produced by the hydrometeors within the at-
The rain rate dependence of the PD was recalculatedsphere always adds up with PD that originates from
over an ocean surface using four scenarios: (a) spherstaface effects. This effect is stronger for scattering by
particles for rain and ice (Fig. 6a), (b) oblate rain arndrge oblate ice particle in large altitudes, but also ob-
Type-l ice particles (Fig. 6b), (c) oblate rain and Type-#erved at all other frequencies and for liquid hydrome-
ice particles (Fig. 6¢), and (d) oblate rain and Type-li¢ors. In fact, the PD signal introduced by oblate rain-
ice particles (Fig. 6d). All 4 calculations show the radrops is observable at low frequencies even if the rain
duction of surface produced PD with increasing optidalyer is covered by large amounts of ice. In addition, the
thickness. The full spherical calculation (Fig. 6a) reveapecific shape of the ice particles has only a small im-
the smallest PD after saturation, but saturation is reaclpedt on the signal at low frequencies. As a consequence,
at very high rain rates for 10.7 GHz and no saturationtae polarization signal at low frequencies contains di-
all occurs at 6.6 GHz. rect information about the rainfall intensity itself. With
With nonspherical rain and nonspherical ice particlasknowledge of the ocean surface properties and an un-
of increasing nonsphericity of the ice particles (Figs. 6llerstanding of the connection between PD and precipi-
6d) the PD is increased at the four higher frequenci¢ation this knowledge can possibly help to improve the
but with different sensitivity. Especially 37 and 85 GHaquality of precipitation retrieval.
show a strong response. While for spherical particles Up to now the hydrometeor-induced PD (including
and the least nonspherical particles of Type-I the 85 Gtie effects of particle nonsphericity) is not accounted for
PD is always smaller than the 37 GHz signal, the situa-multi-channel approaches of microwave rain retrieval.
tion is reversed for ice particles of Type-1l and Type-IFurthermore, those precipitation retrievals which rely on
for moderate rain rates up to 10 and 15 mm/h, respélte 85 GHz scattering signature as the main source of
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information, depend on a precise knowledge of ice pgeod agreement with ground based measurements
ticle shape. If the ice particle shape is not known th€@zekALA et al., 2001a) which confirm the correct
the interpretation of the observed radiances is at lelneitment on nonspherical precipitation. The model cal-
dangerous. Different types of precipitation may be assodated polarization signatures are discussed and com-
ciated with hail stones, large snow flakes, graupel, mgiared with reported observations and other model re-
ing particles, small ice crystals, mixtures of all, or no icgults.
at all (warm rain). Thus the performance of scattering By using different surface boundary conditions and
based retrievals depends possibly more on the typeatthospheric compositions we showed that the polariza-
precipitation event than on precipitation intensity. In aten difference produced by oblate particles is generally
dition, the correlation between the ice which is presdatger than for spherical particles. However, this result is
above the melting layer and the rainfall rate is imperfecgversed for the lowest frequencies together with small
which again emphasizes the need of using the infornsaface emissivities. Low frequencies are very sensitive
tion that is contained in the low frequency PD. This ire the liquid part of the precipitation, high frequencies to
formation is directly linked with the rain signal due ttéhe ice phase. The PD produced by rain in the low fre-
the larger transparency of the atmosphere and the bejtezncies is only little changed by ice layers above and
known shape of raindrops. can be observed even in the presence of large ice masses.
Our calculations use ice particle shape and vertical Surface generated polarization and hydrometeor gen-
profiles that are artificially created. Nonetheless this atated polarization add up to a combined signal. Identi-
mospheric setup is not unphysical because all pararfygng the different contributions is crucial for microwave
ters are varied in reasonable intervals. Our results fam retrievals. Using all available information contained
the different ice particle shapes indicate the range of themulti-frequency microwave measurements is essen-
PD that may be produced by different types of rain atidl. Focusing only on the 85 GHz scattering signature
point out the problems that arise when focusing on thigy be misleading due to the very strong sensitivity to
sensitive signal. particle shape. The a-priori unknown ice particle shape
From this simple setup much can be learned for theakes this signal ambiguous and suggests the additional
understanding of how the observed signals are genese of the smaller but less ambiguous signals at low fre-
ated by the atmosphere. However, there are still impencies with the correct treatment of rain drop shape
provements to be made. A variation of particle size diand orientation.
tributions, ice particle density, explicit treatment of the
melting layer, and three-dimensional geometry were ne-
glected in this study. These shortcomings are not #eknowledgments
pected to alter the overall conclusions. A decreased par-

ticle density together with adjusted fall velocity will leagis \work was supported by the Deutsche Forschungs-
to an significant increase in particle number in order f . <inschaft under contract Si 606/1-1 and 606/1-2. We
obtain the mass flux of precipitation above and belgy, i Michael MsHCHENKO for making available the
the melting layer. These increased numbers of scatiecM T-matrix code. We thank Jeffrey ARERMAN

ing particles will increase the resulting PD. The samedSherine RiGENT and Bill Rossowfor helpful com-
expected for the melting layer which contains large nofianis

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
melting particles have been investigatedh\(&R et al.,
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