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Abstract.  Consistent negative polarization differences 1 Introduction
(i.e. differences between the vertical and the horizontal
brightness temperature) are observed when looking at preMicrowave polarization signatures related to cloud systems
cipitating systems by ground-based radiometers at slant arand observed by passive ground-based or space-borne ra-
gles. These signatures can be partially explained by onediometers have been reported by several authors (Heyms-
dimensional radiative transfer computations that include ori-field and Fulton, 1994; Spencer et al., 1989; Prigent et al.,
ented non-spherical raindrops. However some cases are cha#001, 2005; Kutuza et al., 1998; Czekala et al., 2001a; Troit-
acterized by polarization values that exceed differences exsky et al., 2003; Liu, 2004). Since no other polarization
pected from one-dimensional radiative transfer. sources (e.g. polarized emission/scattering by surfaces) are
in place these signatures are related to the interaction of ra-
A three-dimensional fully polarized Monte Carlo model diation with the cloud constituents and can be attributed to
has been used to evaluate the impact of the horizontal finitenon-spherical hydrometeors (like raindrops or ice crystals)
ness of rain shafts with different rain rates at 10, 19, andwith preferred orientations. Many theoretical studies (for a
30 GHz. The results show that because of the reduced slarstetailed review and references see Haferman, 2000) demon-
optical thickness in finite clouds, the polarization signal canstrated that the interaction with atmospheric constituents
strongly differ from its one-dimensional counterpart. At the changes the polarization state of radiation. Even for lo-
higher frequencies and when the radiometer is positioned uncally isotropic radiation sources (like spherical water/ice par-
derneath the cloud, significantly higher negative values forticles), multiple scattering produces some amount of polar-
the polarization are found which are also consistent withization by itself (e.g. see Liu and Simmer, 1996). How-
some observations. When the observation point is locategVver the presence of dichroic media makes polarization sig-
outside of the precipitating cloud, typical polarization pat- hatures more likely and causes a much wider variety of fea-
terns (with troughs and peaks) as a function of the obsertures (e.g. Czekala, 1998; Czekala and Simmer, 1998, 2002;
vation angle are predicted. An approximate 1-D slant pathEvans and Stephens, 1995; Evans et al., 1998; Battaglia and
radiative transfer model is considered as well and resultsSimmer, 2008).
are compared with the full 3-D simulations to investigate Polarimetric passive microwave measurements have been
whether or not three-dimensional effects can be explained byarely exploited to quantitatively retrieve properties of the
geometry effects alone. The study has strong relevance follydrometeors contained in the field of view. On the other
low-frequency passive microwave polarimetric studies. hand active sensors with polarization diversity considerably
ameliorate hydrometeor retrievals. E.g., rainfall estimates re-
ceive a considerable improvement when dual-polarized radar
measurements are performed (see Sect. 7 in Bringi and Chan-

) 1 Battaglia, A. and Simmer, C.: Explaining the polarization sig-
Correspondence toA. Battaglia nal from rain dichroic media, J. Quant. Spectrosc. Radiat. Transfer,
(batta@uni-bonn.de) submitted, 2006.
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4384 A. Battaglia et al.: Passive microwave 3-D polarization effects from rainy clouds

Observations from 19.07.1999 fer computations (e.g. Czekala and Simmer, 1998; Czekala
‘ v ‘ ' v et al., 1999) which involve a 1-D raining cloud setup con-

¥ oL A taining perfectly aligned raindrops. Spherical raindrops can
E , 1 produce only positive signals in this same setup.
@ 5L \2\ 4 ] However, in this same observational dataset, Czekala et al.
Q2 M N 10 spheroids 77 (2001a) noticed the presence of events with very bad agree-
e} i o~ T /"/‘ ] ment between model and observations. For instance, Fig. 1
5 -10r \; D efiects? 7 ] (which is adapted from Fig. 17 by Czekala et al., 2001a)
fg A “\ ’ / /’ demonstrates that, for some events, the ground based ob-
3 -15¢ / 7\1\ ol . servations (dotted line) cannot be simulated at all in a 1-D
g i Observations \,\,J 1 setup. In Fig. 1, the two lower continuous lines represent
200 ] results obtained with 1-D non-spherical rain layers of differ-
50 100 150 200 250 ent thickness; the warmest profile corresponds to the thick-
Brightness Temperature / K est layer, which has a temperature profile with higher tem-

perature close to the ground. The different points in each
Fig. 1. Comparison of 1-D model results for spherical (upper con- ¢ rye corresponds to different rain rat&R hereafter). This
tinuous Ilnes)_ and non spherical ralndrpps (lower continuous Ilnestomd suggest that the observational points correspond to the
and observations (points) for a warm rain event, occurred on 19 Juhfemporal development of the rain shower with its correspond-
1999. Adapted from Czekala et al. (2001a). L . .

ing intensity evolution.

When separating each single shower event(if)g P D)

measurements generally present a concave shape (or part of
drasekar, 2001 and references therein). The basis for this irit) similar to that reproduced with 1-D radiative transfer sim-
formation is the well defined equilibrium shape of raindrops ulations performed with differert R. However the observed
and their orientation distribution in absence of turbulenceshapes differ from the 1-D simulations for different features.
and wind shear. Based on the same physical foundation,
Czekala et al. (2001b) proposed to discriminate cloud and 1. Amplitude of the minimum: observations are character-

rain liquid water path by ground-based polarized microwave  ized by the presence of strong negatR®s with sig-
radiometry. Although ground-based microwave radiometry ~ nals down to—18 K which cannot be reproduced at all
is a fairly established technique to retrieve the vertically- 1N @ 1-D scenario.

integrated liquid water path (LWP), water vapor profiles, and
temperature profiles (e.g. Janssen, 1996), current LWP re-
trievals (not using polarized observations) are limited in ac-

curacy by the presence of drizzle and rain, which introduces g3 Slope of the ascending and descending part: for the ob-

mass and brightness temperatufg)( Cloud droplets have the descending/ascending part.

a different T per water mass ratio than larger raindrops

(Rayleigh scattering versus Mie scattering). Since largerCoincidental observations indicate higtR for this event;
drops exhibit a polarization signature in the downwelling mi- this suggests a convective precipitation type, which is typ-
crowave radiation, such ambiguities can potentially be sig-ically characterized by small horizontal scales. Hence
nificantly reduced with polarized observations. This ideaCzekala et al. (2001a) conclude that 3-D effects are very
has been never fully tested by field measurements. Nevetikely to be present in this and in other similar situations,
theless, ground based observations (e.g. Kutuza et al., 1998ut no studies have been performed to support this idea.
Czekala et al., 2001a) have confirmed distinctive signatures It is the main goal of this paper to investigate whether or
(i.e. the presence of strong negative polarizations) in lownot the pattern shown in Fig. 1 can be explained in a setup
microwave frequencies downwelling radiation coming from which includes both dicroic media and 3-D configurations.
raining clouds. An example of the mepolarisation differ- ~ More generally the paper aims (a) at understanding how the
encePD:Tg’—T;’ (with corresponding standard deviation) 3-D structure can affect both ti¥gs and theP Ds at all fre-
ground-based observations performed with a 19.2 GHz duafjuencies (10-19-30 GHz) and in all viewing configurations
polarization radiometer at 3Qlevation angle in Southern that are likely to be used for rain/cloud liquid water discrim-
Germany for a total of 513 observation days and sorted acination and (b) at explaining characteristic patterns and sig-
cording to theT values can be found in Fig. 6 in Czekala natures caused by 3-D rainy structures. The analysis is ex-
et al. (2001a).P Ds show a typical negative signal first de- tended to all polarization channels, including the third and
creasing with increasin@p, then saturating around 200K the fourth Stokes components.

and finally increasing towards zero 6 >220 K. This gen- To achieve these goals, the 3-D vector radiative trans-
eral behavior of the&® Ds can be explained by radiative trans- fer equation (VRTE hereafter) is solved for 3-D scenarios

2. Position of the minimum: this is located at lowi@ys in
the observation curve than in the simulated one.
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involving non-spherical raindrops by a backward-forward L
methodology, briefly described in Sect. 2. The model is ap- L, <
plied to simple cloud box scenarios described in Sect. 3. Re- sk
sults presented in Sect. 4 are inter-compared with 1-D slant
path (SP hereafter) approximations in Sect. 5. Section 6 re- £ e Lo
visits 3-D results in the light of the weaknesses of 1-D mod- ) H
eling illustrated in Fig. 1. Finally conclusions are drawn in fa;.;.,.m -
p 4

Sect. 7. 7 e ‘ }

Black-body
surface

X-Axis
///

2 Method of solution of the vector radiative transfer

equation: backward-forward Monte Carlo Fig. 2. Schematic for the rain cloud simulation. Radiances

. have been computed at observation points located at the location
The VRTE (for details see Haferman, 2000) represents tthx, P,) . The blue-shaded area contains the rain system. Non

basic equation to describe the interaction between radiatioghaded areas contain only atmospheric gases.

and the atmospheric constituents. In its general form it can

be solved with many different methodologies, a review of

which is provided e.g. by Fitzler (2006). Different tech- The algorithm has been recently developed in the frame of
niques have been developed to numerically treat the radiag radiative transfer intercomparison study and validated with
tive transfer equation for the full Stokes vector in a 3-D other Monte Carlo schemes, Battaglia et al. (2006).
environment in the presence of dichroic media (Haferman

et al., 1993; Kutuza et al., 1998; Davis et al., 2005; Battaglia

and Mantovani, 2005). A recent intercomparison study hasy gy type cloud model

demonstrated that because of its lower computational cost the

backward-forward Monte Carlo technique (Liu et al., 1996) |, grder to quantify the effects of the 3-D structure of a
based on importance sampling (Davis et al., 2005) repréysining cloud on the radiation field sensed by a polarimet-
sents the most efficient way to face passive microwave ragjc ground-based radiometer, the backward-forward method
diative transfer problems related to optically thick 3-D struc- ;g applied to a box-type cloud model, as illustrated in Fig. 2.

tured clouds including non spherical preferentially orientede and L, are the horizontal dimensions of the rain shaft
hydrometeors. Therefore, the VRTE has been solved by g nile H is its height. The three number&( L., L,) ex-

forward-backward Monte Carlo scheme. In this work the yragqed in km define a specific cloud configuration. For in-

algorithm is a recoding of the scheme presented by Davigance, configuration “422” refers to a cloud box with a 4 km
et al. (2005) in a Cartesian grid without using the concept ofpgight and with a square horizontal dimension of 2 km. The
a “cloud box”. The cloud structure is embedded in a back-¢jq,q pox contains horizontally oriented raindrops, modeled
ground atmosphere like in Battaglia and Mantovani (2005) 55 gpjate spheroids. The axial ratios (lower than 1) are pa-
while the surface is described by either a Fresnel or a Lamyymeterized according to Andsager et al. (1999) as a func-
bertian model. The interaction with the surface is treated in &;5, of equivalent spherical raindrop diameter D, while the
way similar to an interaction with an atmospheric constituentyq, size distribution is an exponential Marshall and Palmer
(Egs. 9-13 in Davis et al., 2005) by applying importance i, gifterent rainfall rates. The single scattering properties
sampling. In the backward segment the probability of scat-j ¢ the extinction and the phase matrix, and the emission
tering by the surface is evaluated for non—pglarlzed rad'at'onvector) are computed according to Mishchenko (2000). The
punpol. Note that, for Fresnel surfaces, this is not the trueg face s assumed to be Lambertian with emissivity equal
probability since in this case the true probability depends ong 1 The atmosphere is supposed to be water vapour satu-
the polarization state of the incident radiation. In order t0 4iaq with a linear temperature lapse rate-&K/km; the
take this into account, a biasing technique is applied in thecemperature of the top of the rain lay@gp, coincides with
forward segment: the freezing layer. Cosmic radiation impingedat2.7 K at

— in case of a scattering event, the Stokes vector imping "€ (P Of the atmosphere.
ing at the surface is normalized byinpol and then mul- The downwelling Stokes vectors at the ground are com-

tiplied with the bidirectional reflection matrix of the sur- Puted at different positions relative to the rain shaft for 21
face (see Egs. 35-37 in Haferman, 2000); zenith viewing angles with cosines sampled betweé&rand
0 with step 0.05. The radiances are simulated as sensed by a
— in case of an absorption event, a photon is emitted fromradiometer with an infinite angular resolution either located
the surface with an emission vector proper to the surfacainderneath the cloud looking upward or looking at the side
type (see Egs. 36—40 in Haferman, 2000) normalized byof the cloud from outside of the rain shaft (this second option
the factor(1— punpol- is the one depicted in Fig. 2). The position of the observation

www.atmos-chem-phys.net/6/4383/2006/ Atmos. Chem. Phys., 6, 4383-4394, 2006



4386 A. Battaglia et al.: Passive microwave 3-D polarization effects from rainy clouds

point is individuated by the coordinateB,( P,), as referred more and more visible at higher frequencies (e.g. 2.2K at
to the coordinate axis plotted in Fig. 2. 19.4 GHz and 8K at 30.0 GHz at nadir) because of the larger

Although the scenario is very simple, it follows previ- single scattering albedaS§A hereafter). The intensities
ous similar 3-D modeling (e.g. Weinman and Davies, 1978;are largely determined by the cloud sensed optical thick-
Kummerow and Weinman, 1988; Liu et al., 1996) and it is the ness (while the clear sky gas absorption optical thickness re-
natural extension of the 1-D scenarios proposed in Czekalaains the same in all configurations) with highgys pro-
et al. (1999), which are the basis to explain the experimen-duced by higher cloud sensed optical thicknesses. The larger
tal polarimetric measurements observed at the bottom of sensed optical thickness in 1-D configurations explains why
raining layer in Czekala et al. (2001a). No ice phase andlg[1-D]>Tg[3—D]. Close to grazing angles all the in-
no melting hydrometeors have been considered. While icdensities observed from outside (square and cross lines in
particles have been found to have a small effect on the downFig. 3) converge approximately to the same solution, since
welling signal (Czekala and Simmer, 2002), the melting layerthe same cloud optical thickness (that one corresponding to a
will certainly produce an enhancement of tifigs, due to  cloud thicknesd., at horizontal directions) is sensed. When
the extinction peak and the increase in the optical thicknesslooking at the rain shaft from underneath the cloud (triangle,
a typical signature at low microwave frequencies (Battagliadash-dotted and diamond lines in Fig.73s constantly de-
et al., 2003 and references therein). Practically, the cloudccrease when moving from®,=0 to P,=L, because of the
will appear thicker than it actually is. As regards to th@® reduction in the sensed optical thickness.
signal, although the evolution of the axial ratio of a melting  For the polarization fields, the results of 3-D scenarios
particles is not straightforward (like shown in Raynaud et al.,are quite different from those obtained from a plane-parallel
2000), certainly the bright band will correspond to a peak incloud as well. However, for these quantities results are not
the differential attenuation as well, which is more marked atconfined between the 1-D approximation and the clear sky
lower frequencies (e.g. panel (b) in Figs. 6—7 by Zhang et al.fields (zero polarization) and a great variety of patterns is
1996). Since events affected by 3-D effects are supposed tfpund depending on the viewing position, the sensed opti-
have a more convective nature (thus no bright band) the deeal thickness and the scattering regime. Battaglia and Sim-
tailed evaluation of this effect remains out of the scope of thismer (2006} showed that, at low microwave frequencies (like
work. considered here), a crucial role is played by the 0-order scat-

tering term (hereafter indicated by an aféy, which in the
limit of high and small sensed optical thicknesses in a 1-D

4 Results geometry becomes:

As a first example a “444” rain shaft witRR=10 mm/h is

considered. Results fdrand Q at the three frequencies in- im PDO () — T 1
vestigated and at different observation points are plotted in > W) = —~Thot [y (1) — o (W] @)
Fig. 3. Each symbol curve of Fig. 3 represents a different ! term A

observation point as indicated in the legend. While inthe . 0 H v Tiop + Thot
panels two additional curves have been added (the 1-D (con—i'<r<n1PD[ o = ety () — Ta W) F 2
tinuous) and the clear sky (dashed) solution), indghpanels N term B
the clear s_ky solution (glwgys zero) has been omitted. _ (TY‘I/ W[l - oy (W] — .L_fli W[l — oy (M)])
Depending on the viewing angle and to the observation
point Tgs assume intermediate values between 1-D and clear term C
sky Tgs. Obviously when looking at the cloud from the out-
side (P, <0) for zenith angle®, satisfyingH tan(6,)<|Px| respectively, wherdiop and Thot are the brightness temper-

(e.g. for u<—0.93 or u<—0.75 for the square and the ature at the top and at the bottom of the rain layey, and
cross line, respectively in Fig. 3) the solution coincides wy (Ts‘l/ andrs’f) are theSSAs (slanted optical thicknesses
with the clear sky solution. Conversely when looking at of the rain layer) for vertically and horizontally polarized ra-
the cloud from the inside K, >0) for zenith angles satis- diation in the viewing direction. When reverting to a 3-D
fying H tan(0,)<L,— P, (e.g. foru<—0.99 or u<—0.94 configuration expressions similar to Egs. (1-2) apply. We
or ©<—0.75 for the triangle, the dash-dotted and the di- only have to replacéop with the temperature at the highest
amond line respectively in Fig. 3) the solution is approxi- pointin the interception region between the SP and the cloud
mately equal to the 1-D solution. For these observation geand T, with the downwellingZs (induced by gas emission
ometries, 3-D results are generally colder than the 1-D applus cosmic background) impinging at that point in the view-
proximation because of photons leaking from the side of theing direction. Especially at grazing angles this quantity can
cloud (Kummerow and Weinman, 1988; Roberti et al., 1994;be much higher thaff,=2.7 K; if so “term B” on the right
Liu et al., 1996; Bauer et al., 1998): while at the lowest hand side of Eq. (2) will tend to cancel the effect of “term
frequency this effect is practically undetectable it becomesC”. Moreover in 3-D scenarios an additionBID reduction

Atmos. Chem. Phys., 6, 4383-4394, 2006 www.atmos-chem-phys.net/6/4383/2006/
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Fig. 3. Intensity / (left panels) and® Ds (right panels) evaluated at different observation positidhs (Py) (see Fig. 2 for the reference

frame) as indicated in the legend. Top, centre and bottom row correspond to 10.7 GHz, 19.4 GHz and 30.0 GHz, respectively. A “444" rain
shaft (see text for explanation) withR=10 mm/h is considered.

is caused by the gas layer present between the observation In general, for horizontally aligned particleB D! tends
point and the rain shaft in configurations with <0.

www.atmos-chem-phys.net/6/4383/2006/

to be positive/negative for thick/thin layers:

in Eq. (2) the

first term is generally negligibleT{ is small), while both
“term A” and “term C” in Eq. (1) and Eg. (2) take negative
values. As a result, positive down-wellifyDs are induced

Atmos. Chem. Phys., 6, 4383-4394, 2006
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Freq=19 GHz 6 =60.0 Freq=30 GHz, RR=25 mm/h

PD [K]

- = 1D H=4km
—— 1D H=2 km
¢ 3D 444
o 3D 222
+ 3D 422

; : : 1 0 1
4 5 6 P, [km]

Fig. 4. Scatter plot of the slant optical thickness versups at ~ F19- 5. Variation of theP D field at 30.0 GHz as a function of the
19.4 GHz and fop.= — 0.5. The color of the scatter-points is mod- x Position and of the cosine of the viewing angle’qt=0.5 km for
ulated by the rain-rate of the cloud box. configuration “444” withR R=25 mm/h.

by propagation effects when thick layers are sensed whilesuperimposed. Scatter points correspond to observation po-
negativeP Ds (proportional to the slant optical thickness) are sitions with P,=-3.5, —2.5,..3.5 and Py=0.5, 1.5 in the
induced by emission when thin layers are sensed. To bettei444” configuration and with?,=—3.75,-3.25, . .1.75 and
demonstrate this property, Fig. 4 shows 19.4GM2s asa  Py=0.25, 0.75 in the “422” and “222” configurations. Two
function of the slant optical thickness for a 1-D rain layer main features are evident in the 3-D scenarios: more negative
of thickness equal to 2 and to 4 km (continuous and dashedalues are found in the region at smajl (and forry,=1.2
lines, respectively). Since the zenith angle is fixed & 60 around the minimum) while positive D results are obtained
(u=-0.5) the optical thickness is increased by varyingRiie  in the region of larger,,. For the analyzed 3-D configura-
from 0 to 60 mm/h. At small optical thicknegsDs are nega-  tions with a fixed rain shaft heigl#f, the same optical thick-
tive and decrease linearly withy, =0.5(z) +7 ), they reach  ness can be achieved with differefiRs: as before, at small

a minimum around;~1.2, then they increase towards val- 7, highestR Rs produce more negatiDs. When revert-

ues close to zero corresponding to high values,gfi.e. to  ing to the region at highy, positive values up to 2.4K are
high RRs. Note that for the two 1-D curveBD—0K and reached for viewing positions witl®, <0. This is possible

not to positive values: at higR Rs SSAs are not negligible ~ because, in contrast to what happens for the 1-D case, the
so that higher order scattering terms tend to maskPtié! contributions from higher order of scattering do not cancel
signatures (Battaglia and Simmer, 26)6vhich would pro-  the zero-order of scattering contribution.

duce a positive signal. Similar patterns (not shown) have |n the light of these considerations some features of the
been found at different viewing angles with the position of panels in Fig. 3 can be better understood. At the lowest
the minimum always around,;~1 but with larger negative  frequency 10.4 GHz (see top right panel in Fig. 3) emis-
values for the minima at more slant viewing angles; more-sjon/absorption processes are dominant so thaPths are
over, at VieWing ang|eS greater thanOZiOrelative maXimUm essentia”y determined by the terﬁ]D[O]: 3-D effects can
with slightly positive values appears aroung6. Afterthat  pe interpreted here as pure geometrical ones, i.e. they can be
P Ds decrease toward zero values. At grazing angles, highegvaluated by taking into account the geometrical variation of
7y are reached at loweR Rs; thereforeSSAs are still low  the sensed optical thickness. In this case, in the 1-D approxi-
and theP D% signature associated with Eq. (1) can show mation, z,;<1 for all u<—0.1, so that the approximation (2)
up. In Fig. 4 the continuous curve corresponding to a 2km-can be used. A fortiori Eq. (2) can be applied for all viewing
thick rain layer is characterized by a more negative minimumpgsitions in the 3-D scenario as well. Since in this regime
(=7.3K) than the 4km-thick rain layer6.1K). In effect,  the pps are proportional to the sensed optical thickness a
the Conditionrﬂ&l.Z is satisfied aiRRs equal to 15mm/h reduction (Compared to the 1-D approximation) of th®s
and to 8mm/h, respectively; thus, since higl®ks imply s found in all 3-D configurations, which is linearly propor-
larger and more elongated raindrops, highdds are found.  tjonal to the reduction in;. When increasing the frequency
In Fig. 4 results from 3-D scenarios “444” (diamond sym- at constantRR (i.e. moving from the top to the bottom in
bols), “222” (circle symbols) and “422” (cross symbols) are Fig. 3) the regime of small slant optical thicknesses is con-

Atmos. Chem. Phys., 6, 4383-4394, 2006 www.atmos-chem-phys.net/6/4383/2006/
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fined toward zenith angles closer to nadir. Obviously, in thetal signal is the zero order of scattering, which is perfectly ac-
3-D configurations, due to the reduction of the slant opticalcounted for by the SP approximation. But this methodology
thickness, this region can actually extend to highemlues.  takes only approximately into account successive orders of
Although higher scattering orders become increasingly morescattering. In effect, these contributions depend on the radi-
important at higher frequencies the 0-order of scattering termation field impinging at each point of the SP from any direc-
still strongly affects the totaP D signal. For instance, the tion, so that it cannot be correctly evaluated in a 1-D SP ap-
signature of this term can be seen in the typie@) patterns  proximation. On the other hand strong departures are found
with troughs and peaks for observation points outside of theat 30.0 GHz §SA~0.32, kext>0.5 kn 1) where differences
cloud (square and cross lines in bottom right panel of Fig. 3).in Tgs (P Ds) can be as high as 15K (5K) at grazing views
As arule of thumb, at the same viewing angle, more negativgbottom panels of Fig. 6). Because of the leakages from the
P Ds are expected for those viewing positions which haveside of the clouddss results in the 1-D SP approximation
slant optical thickness closer to 1.0. As an order of magni-have larger discrepanciess{0K) at nadir as well. These
tude, the optical thickness of a 4 km-thick 10 mm/h layer is large discrepancies are certainly attributable to the deficien-
approximately 0.2, 0.8 and 2.1 at the three frequencies undegies of the 1-D SP model in computing terms with orders of
investigation, respectively. scattering=1. These simple examples demonstrate that the
Figure 5 presents a cross section of tR® field at 1-D SP approximation does not provide acceptable results

P,=1.5km as a function of the positid?, and of the viewing  except when low frequency and sm&IRs are considered.
angley for a R R=25 mm/h at 30.0 GHz. Both strongly nega- ~ Another way to show the necessity of a full 3-D radiative
tive and slightly positive? Ds can be found; on the contrary, transfer model is to evaluate the radiation field when mov-
for this case, the 1-D approximation predidds always ing in the Y-direction at a fixed., within the cloud (see
very close to zero with values betwee.12 atu=—0.8 and  Fig. 2). In Fig. 7 the results of a Y-cross section are depicted
0.1 at grazing angles. In effect, in the 1-D configuration thein correspondence to the four positions individuated by the
radiometer always senses an optical thickness larger than Star-symbols in Fig. 5. A 1-D SP model obviously predicts
while in the 3-D scenario the sensed optical thickness can bao variation of the radiation field when moving along the Y-
much smaller. This is particularly true in the region where direction because the SP is the same for all these viewing po-
P, >3 km with viewing angles far from nadir. Note that the sitions (all located underneath the cloud). Vice versa Fig. 7
largest variation inP Ds is met when moving the observation shows that, for a rain shaft at 25 mm/h at 30 G985 4~0.4,
positions underneath the cloud; when looking the cloud fromkex~1.5knT ) departures as large as 3K and 15K can be
outside differences are less pronounced especially at low effound in P D andTp patterns, respectively.
evation angles when the same cloud slant optical thickness is Finally, in the 3-D simulations some peculiar aspects (al-
intercepted by the viewing beam. ready noted in Battaglia et al., 2006) are presé&ds differ-

ent from zero can be found at nadir (see bottom right panel

in Fig. 3 and upper part in the panel of Fig. 5) and the
5 3-D effects: intercomparison with a 1-D slant pathap- andV channels are generally different from zero. While the

proximation fourth Stokes parameter remains always very lowlthpa-

rameter shows a signal which would be certainly detectable.
3-D effects are generally regarded as caused by geometric@ln example of the/ field is shown in Fig. 8 where values as
and by scattering factors (Battaglia et al., 2005 and referenctigh as 1.8 K are reached. Note tliawalues different from
therein). When scenarios with weak scattering are considzero are generated just because of the 3-D structure (i.e. the
ered the leakages from the warm side of the cloud can béorizontal in-homogeneity) of the simulation. It is worth-
accounted for by 1-D SP approximation (Liu et al., 1996; while reminding the reader that raindrops perfectly aligned
Bauer et al., 1998; Roberti and Kummerow, 1999). On thein the horizontal plane (i.e. with zero drop canting angle) are
other hand for scattering scenarios, 3-D effects have to beonsidered in this study. Kutuza et al. (1998) analysed the
evaluated on a case by case basis. radiometric response of 1-D rain clouds containing canted

1-D SP approximation-based calculations have been perraindrops at frequencies in the range 6-35 GHz. They con-

formed with the fast RT4 code (Evans and Stephens, 1991%luded that “the first azimuthal harmonic of the third Stokes
and compared with 3-D computations. In Fig. 6 the differ- parameter for emission is proportional to the average canting
ences between the two methodologies are drawn for the sarmengle of the oblate raindrops” and showed that the magnitude
cases illustrated in Fig. 3. Results are practically the samef U reaches maximum values of the order of 2-3 K for real-
where clear sky conditions are met (e.g. at nadir for all po-istic distributions of the drop canting angle (see their Fig. 9).
sitions with P, <0). Departures are quite small at 10 GHz The same order of magnitude has been found by our compu-
with Tps andP Ds always within 0.5K and 0.05K, respec- tations as summarized by the right panel in Fig. 8. Therefore,
tively except at close to grazing anglesX — 0.15). Thisis  a general understanding of the behavior ofthsignal gen-
expected since at thiBR the SSA is lower than 0.07 while  erated by raining clouds should include both 3-D and canting
kext=~0.05 knT 1. Thus the predominant term affecting the to- effects.
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Fig. 6. Difference between the 3-D computation and the 1-D SP approximation in correspondence to the same panels of Fig. 3.

6 The Tg—PD relationship

In order to better compare our simulations with the mea-
surements in Fig. 1 a scatter plots obtained with three
3-D configurations (“444” (diamonds), “222" (circles),
“422" (crosses)) at an elevation angle equal té 80de-
Each point in the scatter plots corre-

picted in Fig. 9.

Atmos. Chem. Phys., 6, 4383-4394, 2006

sponds to a coupl€Tg, PD) simulated at a different ob-
servation positions (like for Fig. 4) for a rain shaft with

RR=1,2...,10,15,..., 30, 40, 50, 60 mm/h.
lates to theRR of the rain shaft (as indicated in the color

Its color re-

bar). The continuous and dashed line corresponding to the

1-D solutions withH=2, 4 km are included for completeness
in Fig. 9. Obviously, the 3-D geometry introduces a much
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wider variability of possible combinations @§s and P Ds. spectively. For each of these curves, points with loWigs

This allows to explain experimental observations like thosegenerally correspond to observation points underneath the
depicted in Fig. 1 and seems to overcome the weaknesses afoud, with nearby cloud boundaries in the viewing direc-
the 1-D model listed in Sect. 1. tion.

Another important consideration: while in the frame of a  Scatter plots like Fig. 9 do not indicate that 3-D effects
1-D model with a fixed freezing level and temperature/waterproduce on average more negative polarization. In effect, the
vapor profile, the time evolution of ths, P D) observa-  relative distribution ofRRs has to be taken into considera-
tions can be explained only in terms of a variation of the tion. At 10 GHz forR Rs lower than 10 mm/h (which are the
RR of the rain shaft, within 3-D scenarios the same obser-most commonly found) 3-D effects tend actually to decrease
vations can be explained also by a movement (relative to thehe amplitude of the® D signal with respect to the 1-D case.
observation point) of the rain shaft (at fixgtR). Thisis  On the contrary, at 30.0 GHz a considerable amount of points
demonstrated in the middle and bottom scatter plots of Fig. Qvith very negative polarization is generated by a rain shaft
by the black dash-dotted lines, which represent the differ-with RR<15mm/h. Since thesBRs are more likely to oc-
ent (Tg, P D) couples which can be generated by the samecur in natural precipitation it is expected that the 3-D effects
box rain shaft when observed from different positions. At will be more frequent at this higher frequency (even if with a
19.4, 30.0 GHzRRs of 10 mm/h, 25 mm/h are selected re- little smaller amplitude than at the lower frequencies).
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7 Conclusions

A simple box-type rain shaft has been selected to investigate
3-D effects generated by rain-type dichroic media onto the
signal sensed by upward looking ground-based polarimetric
radiometers with channels around 10, 19 and 30 GHz. Major
findings can be summarized as following.

— Because of the reduction in the slant optical thickness
for finite clouds, 3-DTzs assume intermediate values
between clear sky and 1-D configuration values (left
panels in Fig. 3). Well know leakages effects are con-
firmed as well.

— The polarization signal can strongly differ from its one-
dimensional counterpart (e.g. right panels in Fig. 3).
When the observation point is located outside of the
precipitating cloud, typical polarization patterns (with
troughs and peaks) as a function of the observation an-
gle are predicted.

— The most negative polarization differences are obtained
at slant optical thicknesses around 1 (Fig. 4). Since
in a 3-D configuration the same slant optical thickness
is achieved at higheR Rs (which are characterized by
more elongated raindrops) than in a 1-D configuration,
3-D box-type rain shaft produce stronger negative po-
larizations when the same slant optical thickness are
sensed.

— A 1-D SP approximation is generally unsatisfactory
when considering’gs and P Ds except at smalRRs
and at the lower frequencies (Fig. 6). 3-D effects like
inhomogeneous radiation field within the cloud (Fig. 7),
P Ds different from zero at nadir (bottom right panel in
Fig. 3) and non null third Stokes component (as high as
2K, see Fig. 8) are peculiar of 3-D radiative transfer and
cannot be accommodated by 1-D modeling.

— Awider variety of possibilities is achieved by 3-D mod-
eling when producing scatter plots ©fs versusP Ds
(Fig. 9). 3-D effects also allow to explain the time evo-
lution of observations in theT, P D) plane also in
terms of a shift of the rain shaft relative to the obser-
vation position, and not only in terms of a change either
in the rain intensity or in the atmosphere vertical profile
(like in 1-D modeling). 3-D effects can produce higher
negative polarizations at 10 GHz at very higiRs, at
19.4 GHz at highRRs and at 30.0 GHz at intermedi-
ate RRs (RR<5mm/h). Negative PD values as low as
—16K are predicted by 3-D scenarios (in accordance
with observations). Due to the highest occurrence of
low RRs 3-D rain structure are believed to lower (in-
crease), on average, the amplitude of the negatiize
signal at 10 GHz (30 GHz).

— In retrieval algorithms which exploit the polariza-
tion signatures measured by ground-based radiometers
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(e.g. Czekala et al., 2001a) 3-D effects must be ac- eling and applications, edited by: Levizzani, V., Bauer, P., and
counted for. To do this, besides the vertical temperature Turk, F. J., Kluwer Academic edn., 2005.

and water vapor profile of the atmosphere additional in-Battaglia, A., Davis, C., Emde, C., and Simmer, C.: Microwave
formation about the horizontal structure of the clouds radiative transfer intercomparison study for 3-D dichroic media,
has to be collected. An ideal combination would consist _ J- Quant. Spectrosc. Radiat. Transfer, accepted, 2006.

in operating a polarimetric radiometer in synergy with a Bauer, P., Schanz, L., and Roberti, L.: Correction of three dimen-

rain radar. able to capture the horizontal structure of the sional effects for passive microwave remote sensing of convec-
! p tive clouds, J. Appl. Meteorol., 37, 1619-1632, 1998.

r"’,“_n, shaft; in add_ltlon otherwise, zen't.h scanning Capa'Bringi, V. N. and Chandrasekar, V.: Polarimetric Doppler Weather
bilities of the radiometer can be exploited. Radar, Principles and applications, Cambridge University Press,
) . . pp. 636, 2001.

— New measurements with scanning multifrequency po-czekala, H.: Effects of ice particle shape and orientation on polar-
larimetric radiometers are highly recommended. Not ized microwave radiation for off-nadir problems, Geophys. Res.
only these measurements will be crucial for rain/cloud Lett., 25, 1669-1672, 1998.
water discrimination but they will also provide a bet- Czekala, H. and Simmer, C.: Microwave radiative transfer with
ter insight and an independent confirmation of raindrop  nonspherical precipitating hydrometeors, J. Quant. Spectrosc.

shapes and falling behavior modeling widely exploited Radiat. Transfer, 60, 365-374, 1998.
by polarimetric radars. Czekala, H. and Simmer, C.: On precipitation induced polarization

of microwave radiation measured from space, Meteorologische

Besides the 3-D effects here analysed, the discrimination Zeitschrift, 11, 49-60, 2002. _
technique between cloud and rain liquid water path based ofrzekala, H., Havemann, S., Schmidt, K., Rother, T., and Simmer,
ground-based polarimetry still requires dedicated studies. In C.: Comparison of microwave radiative transfer calculations ob-

. - . o tained with three different approximations of hydrometeor shape,
particular, the impact of the drop size distribution assump- J. Quant. Spectrosc. Radiat, Transfer, 63, 545-558, 1999

tion _(m Ou_r study a MarShal! and Palmer) onto ﬂ’p—_PD Czekala, H., Crewell, S., Hornbostel, A., Schroth, A., Simmer, C.,
relationship, the best selection of a set of frequencies to bet- 5nq Thiele, A.: Interpretation of polarization features in ground
ter face this uncertainty within the frame of a multi-spectral  pased microwave observations as caused by horizontally aligned
approach, and a precise quantification of the melting layer oblate rain drops, J. Appl. Meteorol., 40, 1918-1932, 2001a.
effect on P Ds remain open issues currently under study.Czekala, H., Crewell, S., Simmer, C., and Thiele, A.: Discrimina-
To clarify these points, a project called ADMIRARI (AD- tion of cloud and rain liquid water path by groundbased polarized
vanced Microwave RAdiometer for Rain Identification) has  microwave radiometry, Geophys. Res. Lett., 28, 267-270, 2001b.
been proposed by the authors at the German Science FouRaVis, C. P., Emde, C., and Harwood, R. S.: A 3-D polarized re-
dation (now under final evaluation). If financed, it will pro- ~ Versed Monte Carlo radiative transfer model for mm and sub-
vide a rich variety of measurements in rainy conditions from M Passive remote sensing in cloudy atmospheres, |EEE Trans.

. Geosci. Remote Sens., 43, 1096-1101, 2005.
a three wavelength (10, 21 and 37 GHz) polarized ground'Evans, K. F. and Stephens, G. L.: A new polarized atmospheric

based radiometer. radiative transfer model, J. Quant. Spectrosc. Radiat. Transfer,
46, 413-423, 1991.
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