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Abstraa

In order to improve knowledge aout scatering processes
and their effeds on the badscattered signal, acairate model-
ling of radar backscatter is required. In this paper we present
a stochastic, coherent and full y-polarimetric scatering model
which simulates the propagation of an eledromagnetic wave
through a medium containing raindrops of various szes,
shapes and orientations and cdculates the badkscattered sig-
nal. Some simulation examples will show the potential of the
model with regard to understanding and predicting various
eff ects and scenarios.

1. Introduction

The model populates an illuminated volume with rain-
drops, cdculating the scattering properties of individual
drops, taking into acount various drop size distributions
(DSD) [1-5] related to certain rainfall rates, orientation, tem-
perature and movement (fall speed). The cmplex propaga-
tion constant, which is a 2x2-matrix in the polarimetric case,
is cdculated by applying the extinction theorem to the mod-
elled coherent average of the stochasticdly generated forward
scatering amplitudes. The extinction is grongly dependent
on the drop sizedistribution and hencethe rain rate.

One important application of the model is the simulation
of amovement of the scatterers and the impad on the deriva-
tion of the dements of the polarimetric scetering matrix.
Because radars cannot transmit and receve two pdarisations
at the same time, there is a time delay between the measure-
ment of the individual elements, resulting in deaorrelation
due to relative drop motions. We will use the model to show
qualitative and quantitative effeds of such movements on the
coherence of the scatering matrix. Espedally when it comes
to coherence matrices, basis transformations and/or coherent
decompositions, those dfeds might play a non-negligible
role and have to be quantified.

A semnd application of the model isto predict the dfeds
of predpitation not only for weaher radar systems, but for
airborne and spacéborne SAR-systems as well. Strong rain-
fal might influence the results of classifications based on

coherent target decompositions as well as results obtained
using polarimetric interferometry, etc. We will show first
results to demonstrate the usefulness of the model, particu-
larly in combination with other radar systems.

2. Volume mntaining Raindrops

The measured pdarimetric badkscatter from a medium
containing raindrops is ensitive to their size, shape, density,
orientation and deledric properties. In order to model the
badkscater from a defined volume we first have to know the
number of raindrops in the volume and the distribution of
their sizes. For our model we use three well-established
DSDs, i.e. from Marshall-Palmer [5], Ulbrich [3,4] and Had-
dad et a. [1,2], al of them having the general form of a
Gamma distribution

N(D)= NoD¥ exp(- AD) 1)

with the drop dameter 0 < D < D, threeparameters (N, A\,
1) and the dimensions [mm*m?] (spedal care hasto be taken
here, becaise the authors do not always expressthe drop d-
ametersin mm, but also in cm). The Marshall-Pamer DSD is
an exponential distribution with = 0. The parameters par-
ticularly depend on therain rate R [mnvh].

The number of raindrops N, for a defined rain rate Rin a
defined interval of diameters AD per unit volume is derived
by integrating N(D)

D+AD

Niy (D.4AD) = 1!’N(D) dD @

For our model we will populate avolume V with drops of
distinct sizes Dy, < D; < Do, defined as the average drop
diameter in a fixed interval AD and i = 1,...,n (number of
distinct drop dameters). Hence the total number of raindrops
inavolumeVis



n
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3. TheMode

We consider a radar sensing a region of rain as shown in
Figure 1. The illuminated volume V is increasing with the
range distance R from the radar. Let the distance from the
radar to the first range gate containing raindrops be Ry, the
length of each range gate be roy and the angular beam width be
Q. Thevolume V,, of each range gate is then

!
V, =§°(9§ +gngn+1+g§+1) (4

with o= (Ry +ro(n-1))tanQ (5)
Hence we can populate every volume V,, according to the
number of drops due to equation (3), giving each drop a ran-
dom position (r;,#,8), where ) is the elevation angle and 6
is the azimuth angle.

The backward scattering of an incident wave in the hori-
zontal (h) and vertical (V) basis can be described as
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where k is the wavevector. The elements of the scattering
matrix S are related to the coherent combination of backward
and forward scattering amplitudes f, (D) of each drop, cal-
culated by the FIM method [6]. Since every drop may have a
different canting angle @ and tilt angle W; = ¢4 + Ay with
regard to the direction of propagation, we have to derive a
2x2 complex matrix
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containing the scattering amplitudes of each drop, depending
on drop size, orientation and direction of scattering (back-
ward, forward). Note that f is originaly only derived for
symmetric orientation of the drop and hence the cross-
channels are zero, whereas after tilting and rotating the drop
there will be a contribution in the cross-channels as well.

Since k and R are parallel, the vector product can be re-
placed by kR, where k is now called the propagation con-
stant, which isa 2x2 complex matrix in the polarimetric case.
If the length of the range gate ro is small (in the order of some
wavelengths A) the forward propagation through a single gate
with volume V,, can then be obtained by using [7]

Fig. 1. Geometry of the model
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where ky = 2772 is the wavenumber in freespace ad | is the
2x2 unit matrix. The matrix M describing the mherent back-
scater of the nth range gate can then be written as

n-.

M, exd2| rol )k EZ@Z (exp(2|r ) )[Sback’ J- E(9)
= O C
where the product is the two-way propagation through all the
n-1 previous range gates, and the sum is the wherent sum of
badscater contributions from each drop, taking into acount
the individual two-way propagation through the nth range
gate.

Going from M to the refledivity Zy,, requires smple av-
eraging (indicated by [I..[J and scding. Sincehistoricdly Z is
expressed in [mmPm®] we have to multiply by (10%)° = 10",
becaise dl variables used in the model are expressed in [m].
Hence
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with K, =W (11)
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where &, is the relative dieledric permittivity of water at a
given temperature.

Now consider a verticd movement of the drops due to
their terminal velocity v assumed as[8]

v(D)=3.778°%" ; (Din[mm]andvin[m/s]) (12)



The position (r;,y#) of the ith rain drop in the nth range gate
will then change by Azto (r';,¢/;) in the following way
Az(D; )= v
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where At is the time between the initial and the end positions.
As for now we are not taking into account any possible
changes in orientation of the drops while falling. This cer-
tainly needs further investigation.

4. Simulations and Results

We are using C-band (5.635 GHz) and an elevation of 5
degrees for all the simulations shown in this chapter. The first
simulations have been carried out in order to show that the
model produces reasonable numbers compared to results
known from literature. One of the most common relations
used for extracting rain rate from radar data is R-Z. The ac-
cording simulation is shown in Figure 2 and agrees with ex-
amples found in literature [4,9], as well as the attenuation
throughout the medium (Figure 3).

Now consider that the rain drops are not perfectly aligned,
giving them a random orientation with varying tilt and cant-
ing angles. If we then transform the scattering matrices M
from the h-v-basis to the Pauli-basis and derive the measures
Entropy H and alpha-angle a from the coherence matrix (tar-
get decomposition theory and algorithm can be found in [10])
we get the results shown in Figures 4 (8)-(d). Briefly the En-
tropy H is a measure for the randomness of the scattering
process, with values ranging between O (deterministic scat-
tering process) and 1 (random scattering process), whereas a
is a measure for the "type" of scattering, ranging from 0° to
90° (a = 0°: isotropic surface; a = 45°: isotropic dipole; a =
90°: isotropic double-bounce; values in between denote ani-
sotropic scattering). The measures for Figure 4 (a) and (b)
have been derived without any movement of the rain drops,
assuming that the elements of the scattering matrix are all
measured at the same time. Figure 4 (c) and (d) instead show
the result derived with a time delay of 4 ms between meas-
uring the pairs of elements (Mpp,Mp,) and (My,,M,,) (applying
eq. (13) to the latter pair), which is a realistic assumption
when considering that the radar sends out a pulse in h-
polarisation, receiving h and v simultaneously, then sending
the next pulse in v, receiving h and v, choosing a time delay
of 4 ms between the outgoing h and v pulse for the results in
Figure 4. The shape of arain drop varies from spherical to
oblate with increasing drop-size, so the average rain drop is
an oblate particle. From Figure 4 (b) we see that the highest
a-angle is obtained when no rotation is applied, but with in-
creasing random tilt and canting variation o decreases,
whereas the opposite effect occurs for the Entropy H (Figure
4 (@)). Due to the increasing random orientation of the drops
the integrated backscatter approaches spherical behaviour,
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Fig. 2: Relation of rain rate R and reflectivity Zy,, Z,, for
various DSDs.
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Fig. 3: Specific attenuation depending on rain rate R, using
the Marshall-Palmer DSD.

but with high Entropy. A time delay of 4 ms and the associ-
ated vertical movement of the drops has a huge effect on
both, Entropy and a (Figure 4 (c) and (d)). The Entropy is
only low if no change in orientation is applied, showing
nearly the same value as without any time delay, but in-
creases fast up to very high numbers when adding some ran-
domness. a isoveral much higher than before. We do not yet
fully understand why the Entropy is nearly zero when no ran-
domness in orientation is applied, but increases very fast
when applying only small changes in tilt angle. A reasonable
explanation could be that the DSDs are usually producing a
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Fig. 4: (a) Entropy H, no time delay, (b) a-angle, no time delay, (c) Entropy H, At = 4 ms, (d) a-angle, At = 4 ms. Please read
the axis labels carefully, because they are sometimesin reverse order to improve the 3-D view!

huge amount of very small drops, which are nearly spherical,
and only a small number of huge drops, which are more ob-
late and therefore anisotropic scatterers. However, the differ-
ence between scattering amplitudes of drops with D = 1mm
and drops with D = 4mm is about 10, so the influence of the
large drops on the Entropy can be very huge compared to the
small drops, even if their number is much smaller. If there is
no randomness and all drops are aligned, then the Entropy
can be very low. But if the randomness in orientation in-
creases, the influence of the anisotropic large drops comes in
rapidly with a huge impact on the Entropy and a as well.
This effect is interesting and needs to be investigated more
carefully in the future.

The amount of change due to At certainly depends on the
length of the delay, as shown in Figure 5. Both H and a con-
verge to a maximum, which is reached at about At = 4 ms,
being apme = 45° and Hypa = 0.6.

The propagation throughout the altered medium is also dif-
ferent, but only dightly, because it is not affected by the
phase changes of the scatterers. It only depends on the inte-
grated complex scattering amplitudes, and those only vary
because of a different elevation angle. Hence the effects of
propagation are expected to be very small, and in fact the
results for H and a do not show any dependence of the range
gate and the previous attenuation/extinction.



5. Conclusions

In the previous chapter we showed that our model results
agree with other models and experimental data found in the
literature and that it can be used to calculate reflectivity and
attenuation for different rain rates and drop size distributions.
However, since we are taking into account the scattering of
each drop, computing the propagation along a huge distance
(several km) is very time-consuming. Existing other models
(for example [11]) can be used more easily to obtain results
for those cases.

The advantage of our model is to deal with coherent and
non-coherent effects introduced by a movement or change in
orientation of individual scatterers. We have shown that only
dlight vertical movements can affect observables like Entropy
and a-angle to a huge amount. Further investigations will
also have to take into account changes in orientation, which
might occur due to wind turbulences or collisions between
drops. Therefore a physical understanding of such move-
ments has to be established and implemented into the model.

Since the propagation effects on the coherence of the
scattering seem to be very small, the impact on other radar
systems as SAR might be negligible, because those systems
are particularly sensing deterministic targets, which usually
do not move or change significantly. Hence an Entropy-a
based classification should still work well, even if there is a
layer of rain in between the sensor and the target. Special
care should be taken when looking at targets like forest cano-
pies or crops, because wind and rain can cause those scatter-
ers to move rather quickly with a non-negligible impact on
the obtained observables.
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