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1 MRR Characteristics

1.1 Short Description

The MRR Micro Rain Radar is a compact 24 GHz FM-CW-radarthe measurement of

profiles of drop size distributions and — derivedni this — rain rates, liquid water content
and characteristic falling velocity resolved intd' 3ange gates. Due to the high sensitivity
and fine temporal resolution very small amountp@cipitation — below the threshold of

conventional rain gauges — are detectable. Dukddarge scattering volume (compared to
in situ sensors) statistically stable drop sizéridhstions can be derived within few seconds.

The droplet number concentration in each drop-diaman is derived from the backscatter
intensity in each corresponding frequency bin. hirs tprocedure the relation between
terminal falling velocity and drop size is explaite

1.2 Radar Frequency

The backscatter cross section of rain drops ineseagth the fourth power of the radar
frequency, if the target diameter is small compdcethe wavelength (Rayleigh scattering).
This is why a high frequency is useful in ordeririorease the sensitivity with respect to
small drops.

At very high frequencies the quantitatively intefable height range becomes limited due
to attenuation at moderate and higher rain rate4AGHz, which is used here, attenuation
effects may be noticeable but should be weak endagbe correctable with sufficient
accuracy.

1.3 Radar-Frontend

The core component of the radar is a frequency tatetli gunn-diode-oscillator with
integrated mixing diode. The nominal transmit povges0 mW.

The assembly and function of the radar frontendxislained with reference to the block
diagram in figure 1. The linear polarized rf-povieifed through a wave guide and a horn,
which represents the feed of an offset parabol@id df 60 cm diameter (not shown).

The backscattered signal is received with the santenna assembly (monostatic radar).
The received signal is detected by a mixing diodeciv is mounted in the wave guide
between gunn-oscillator and horn. This diode, whsdbiased with a fraction of the transmit
signal, acts as mixer. This simple configurationra be operated in pulsed mode, because
during the shut off of the transmitter, the receigdees not work either. When operated in
continuous wave mode, a voltage appears at thes diatput, which depends on the phase
difference between the transmit and receiving sighamodyne principle), and which is
used for the further signal processing.

! MRR-2 only (MRR-1: 6 range gates)
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Mixing Diode
vCo Modulation Signal
P t
Sawtooth
LNA Generator
Clock ’ Frequency Deviation

16 Bit
ADC Digital Signal Processo

!

RS 232 Serial Interface

Output of Spectra, Liquid Water Content, Rain Rate
Input of Height Resolution, Averaging Time
and Selection of Measured Parameters

Figure 1: Block diagrarMRR

1.4 FM-CW-Method

1.4.1 Resting Point Target

As the radar module cannot be operated in pulsedemibie range of a target cannot be
derived in the usual way, i.e. from the time el@pbetween transmission of a pulse and
reception of an echo. In order to achieve rangeluéien the transmit signal is frequency
modulated, and the range of the target (or the tageof the received echo) is derived from
the frequency shift between the echo and the transignal. Here a linearly decreasing
frequency modulation (saw tooth) of the transnghal is used. In the upper part of figure 2
the frequency of the transmit signal and the fregyef the echo from a resting point target
is shown. Due to the time delay of the echo itgudency is always higher than that of the
transmit signal, and the frequency difference @pprtional to the range of the target. The
frequency sweeps linearly frofa+ B/2 to fo — B/2and jumps back to the initial value. The
frequency jump of the echo follows somewhat latéghwhe delayt, = 2 h/c with h range of
the target and velocity of light. The time intervat, between the frequency jumps of the
transmit and the receiving signal is not used lier further signal processing. This interrupt
is small compared t®, the time of a full frequency sweep. In the lowart of figure 2 the
corresponding output of the mixing diode is shows.frequency is equal to the constant
frequency differencé between the transmit- and the receiving-signal.
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frequency of received signal

frequency of transmitted signal
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Figure 2: Resting point target
Upper part: Frequency of the transmit signal amdettho. Lower part: Mixer output
1.4.2 Range Resolution
The transmit signal be described by the function
(t) = Ssin (@(t) ) (1.4.2.1)

where the phas@s(t) is the integral of the "instantaneous" cycleqtﬂlenc;d ws(t)dt.
During one sweep holds the relation

ws(t) = w, —2n$t for-T/2<t<T/2 (1.4.2.2)
Thus the transmit signal reads

. B .,
S(t) = Ssm(a)0 t- ZZTEI j (1.4.2.3)

The receiving signal is delayed with respect tottaasmit signal by, = 2h/c, i.e. its phase

is @e(t) = §(t-th) or

e(t) = Esin(a)ot—a)oth —2n§(t2 - 2t,t +tﬁ)j (1.4.2.4)
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"Mixing" means basically multiplying ad$(t) and e(t). If both signals are described by
sinusoidal functions, the product can be writtersa® of two sinusoidal functions, where
the phase of the first term is equal to the surthefphases dé(t) ande(t) and the phase of
the second term is equal to the difference of thasps ok(t) ande(t). We assume that the
frequency deviatioB is small compared to the center frequeficyThen the first term is
very high frequent as compared to the second t€ha.frequency of the first term is about
2 fo. Its contribution to the mixing signal is suppms$dy a low pass filter, and only the
second term is considered further. The phase odebhend term is

e (t) ~¢s(t)

1B B 1B 1B
=t —wt —2m=—t> +2m—t.t - 2m——t> -t + 2m=—t? 1.4.2.5
P (t) = w, bth 2T = ST W 2T ( )

The frequency of the mixing signal is derived bffedentiation of its phase with respect to
time: f, = (1/27) dpn(t)) &. Applying this to equation (1.4.2.5) yields

t =gl (1.4.2.6)
T

Two targets can be resolved only, if they are sepdrby a distance corresponding to a

frequency difference of at least one line, whickXis 1/T, if one sweep of duratiof is

analyzed. From equation (1.4.2.6) follows thatehisrthe relation

m=%& (1.4.2.7)

between the time-delay resolutioty and the frequency resolutiah Replacingd by 1/T
in equation (1.4.2.7) and considering, tBatand the spatial resolutiadin are related byh
= (1/2) c &, yields

sh=1C (1.4.2.8)

2B

In summary, the relation between bandwidth and eaegolution does not differ essentially
from that which holds also for a conventional pulgdar, considering the relation between
band- and pulsewidth.

1.4.3 Moving Point Target

The echo of a moving target exhibits an additidreduency shift, which is proportional to
the velocity according to the Doppler effect.

Thus there appears an ambiguity between range @odity. In fact this ambiguity could
not be resolved, if the echo would be analyzed ahlgsing one single sweep. Then the
frequency resolution of the FFT would &él, and there would be no FFT-lines between
adjacent harmonics. The frequency shift observethgwne sweep is

Af . = 2y +20 (1.4.3.1)
A cT

Doppler  range
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We now consider the echo of a “slowly” moving pdiatget for a series of sweeps as shown
in figure 3. The beat signal of each sweep is FEout™ FT) transformed. The complex
spectral lines, presented in polar co-ordinatesiradtecated by arrows. Each spectral line
represents one range gateln figure 3 the lower 10 range gates are show ( <9). The
MRR analyses 32 range gates. Here the point tesdetated in the middle between range
gate 3 and 4, so that the spectral power is eqdatyibuted in line 3 and 4. In this example
the target is approaching the radar at a speed of

v=AI8T (1.4.3.2)

i.e. the position of the target is moved BY8 from one to the next sweep. As this is small
compared to the depth of the range gate, the paogiti the target is still between range gate
3 and 4, but the phase of the echo is advancedbp&ween subsequent sweeps. We now
interprete the complex spectral voltage in eaclyeagate as a new time series, which is
sampled at the rattl T . The Fourier tansformation of each of these tierées yields power
spectra with a line resolution &f nT. The unambiguous frequency range (Nyquist-range)
of the 29 FT comprises the intervaf,, =1/T . In our example maxima of spectral power

appear in the power spectra of range gate 3 and &requency
fo="f,/4 (1.4.3.3)

Comparison of equations (1.4.3.2) and (1.4.3.3wskmt f, =2v/A, which is just the

relation for the Doppler velocity. We conlude thia¢ spectra resulting from th&ZFT can
be interpreted as Doppler spectra of the correspgrrdnge gate.

The separation of range and velocity is only pdesitthe uncertainty of the target velocity
is within the Nyquist interval. In case of fallimgin drops we assume a positive frequency
shift. So the frequency is unambiguous in the a0 < f, < f, =1/T . The width of the

Nyquist interval can be controled by chosing theemwrepetition rat&/T .
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Figure 3: Slowly moving point target
Echo in the time and frequency domain

1.4.4 Scattering at Raindrops

In case of rain always a large number of dropstexigthin the scattering volume. A typical
number density at moderate rain (1 mm/h) is 2000 fthe scattering volume (500 m
height, 50 m range resolution) has a size of ad®im?, i.e. 200" drops are in the
scattering volume. As the drop position is irregula space the phases of the scattering
signals of each drop are statistically independ&hérefore, the total power of the echo is
obtained by adding up the power of all individuet$ering signals.

In this case the spectrum within one range gatesistsn of a distribution of lines
corresponding to the velocity distribution of tteenr drops. The frequency spectra obtained
in this way with the FM-CW radar do not differ withthe Nyquist interval from those
spectra which would be obtained by a pulsed Dopjléar with the same wave length.

1.5 Spectral processing

1.5.1 Incoherent Averaging

The spectral power of a single power spectrum obthifrom a high number of targets,
randomly distributed within the scatterin volumentains a large stochastic component due
to the arbitrary phases of all superposed signaltritmtions. Incidently, the standard
deviation of the power is just equal to the expwmtavalue of the power. It is therefore
desirable to reduce the stochastic component byagwey ensembles of power spectra.

Averaging overn power spectra reduces the standard deviatiori/h/ﬁ in the limit of
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n>>1. The DSP of the MRR generates about 25 power igpect
[T per second, which is about 80% of the real timei&aln the
standard setting of operating parameters the D&Rsfers

. averaged spectra every 10 s to the data acquigitdn The
Mlupmmini  data transfer time takes about 4 s. During thisetimo
measurement is possible. This means that the rexagwng
interval is 6 s in this case, which contains 156gle power
spectra. Thus the stochastic standard deviatiorspafctral
powers is reduced to 8% or 0.34 dB.

Mooy 152 Noise Estimation

. In addition to the echo signal some unavoidablesenas
o  present at the input of the radar receiver. If tivsuld be
ignored, an apparent rain rate would be detecte@nEhis
false rain rate is small, its persistence couldulten a
[ty significant bias of the accumulated rain fall. (Rean occurs
only in few percent of the total measuring timepeleding on
the climate zone and season.)

LELELL

T | 1 T

Therefore a noise estimation module is includedhm signal

processing procedure. For this purpose some feafurmise
it Himmm  must be assumed, which allows the discriminationnoise
[l

from signal. Here it is assumed that the noise vidite”
™ (frequency independent) in the analyzed Dopplergean

wutnll ___Hldubiail - Similar as for the signal, the spectral noise pewslow a
stochastic variability which is equal to that ofetlsignal
namely 8 % or 0.34 dB for the above mentioned reggtiof

mﬂﬂ:ﬂﬂmﬁ operation parameters. The noise level is estimaseithdicated
in fig. 4: In the first step the mean power of gmectrum is

| I calculated. Then the spectral line with the maxinmuower is
removed, and the spectral power is calculated adhii is
equal or larger than the previous estimate, thequore stops

| | and the calculated mean power is identified witk tioise
power. If it is smaller (as in this example), theqedure is
continued. The spectral line with maximum powerated left

il sy or right to the previously removed spectral lineamoved and
so on. In this example the procedure stops aftapoval of the

Estimated Noise Level 19" gpectral line. The estimated spectral noise poiger
mmninmmnnmn subtracted from each spectral line before furthrec@ssing of

the spectra.

Figure 4: Estimation procedure of
the noise level. The thin hori-
zontal lines indicate the mean
spectral power, of the remai-
ning spectral lines.
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2 Derivation of Drop Size Distributions

The raw spectral powef (n,i) received by the radar (recorded in engineerintsyrs

f(n,i) n(n,i) (2.1)

_10°0F() 1
C  i%h

n is the line number of the Doppler spectrum=Q0...63),
i is the number of the range gate=(l....32),
TF(i) and C are the transfer function and calibration constgangiven in the header of the

output data,
Zhis the range resolution in units s
n(n,i) is the spectral reflectivity, i.e. the backscatterss section per volume in units'm

The PC-resident prograrviRR2-control, which is described ilMRR Control User
Manual, Version 4.2, usesTF(i) andC stored in the MRR-firmware.

The “instantaneous” and “average” reflectivity spa@rovided by the on-line processing
are corrected for the noise floor and for atteraratiThe are displayed in logarithmic scale

“dBn’:

F(n,i) =100logrn(n,i) (2.2)
The Doppler velocity of linen is

v(n) =nl[Av=nAf [A1/2 (2.3)

with Af =30.52Hz frequency resolution of the Doppler spectra cqoesing to the
velocity resolutionAv = Af [A/2=0.1905ms™.

For the derivation of drop size distributions tkeation between terminal fall velocityand
drop diameterD is used, which has been found empirically by Gand Kintzer (1949),
and which has been put into an analytical form a#\(1973), (see Figure 5). We use a
generalized form, in which a height dependent dgrmrsirrection for the fall velocityv(h)

is included.

v(D)[m/g = (965-10.3lexp06[D[mm]))dv(h) for 0.109< D <6 mm (2.5)
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We assume US Standard Atmosphere conditions fohdght dependence of air density,
and we make use of the relation of Foote and dyI8i69), who foundv O p%*. A second
order approximation fobv(h) under these assumptions is:

&(h) =|1+ 368M0°h + 171010°h?| (2.6)

10

Terminal velocity [m/s]

Drop Diameter D [mm]

Figure 5: Terminal fall velocity of rain drops &etsurface(h = 0) versus drop size in motionless air.

We introduce the spectral reflectivity density wittspect to velocityy(v,i) =7(n,i)/ Av
and can derive from that the spectral reflectidiénsity with respect to the drop diameter.

o . OV
10,0 =15 (2.7)
Inserting ov/dD [ms‘lmm'1J= 6.18[éxp(0.6 D [mm]dv(h) (according to equation (2.5))
yields
n(D,D[m™* mm™] =n(v,i) [6.18&xp(—-0.6 mm™ (D[mm])v(i [Ah) (2.8)

Dividing n7(D,i) by the single particle backscattering cross secti¢D) of a rain drop of
diameterD yields the drop size distributioN(D,i), i.e. number of drops per volume and
diameter:

N(D,i):% (2.9)

Equation (2.9)together with equatior{2.8) represents a relation between the Doppler
spectra and the drop size distributions, if thekbeattering cross sectioz(D) is known.
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For drop diameters small compared to the wavelertgtiould be expressed analytically
(Rayleigh approximation):

2

T |m? -1
0x(D) =" |—— D", (2.10)
A mK+

wherem is the complex refractive index of waté¢|of water at 24 GHz is about 0.92. (For
ice spheresK|p = 0.18). As the MRR wavelength is not small conegato all naturally

occurring drop diameters the Rayleigh approximaisonot applicable here. Instead of this
o(D)is calculated according to Mie theory. In figuréh@ single particle scattering cross
section, relative to the Rayleigh approximatiosh®wn as it is used in the MRR drop size
retrieval. The diameter is defined here and infthlewing as the volume equivalent sphere

diameter:D = (6V / 77)"”* with V =volume of the drop.

1.8 4 -

1.6 4 -

1.4 4 -

1.2 4 -

crMie/cR’ayleigh

0.8 4 -

0.6 -

0.4 4 o

0.2 -

0 T T T
0 1 2 3 4 5 6

D [mm]

Figure 6: Single particle backscatter cross seaifomater droplets at 24.1 GHz normalized with Rt
backscatter cross section

The MRR2-control program calculates the rain drop size distributifimseach range gate.
The distributions are resolved in discrete stepghvare equidistant in the Doppler velocity
domain. The step width iAv. The corresponding output parameter s described in
theMRR Control User Manual, Version 5.2.0.1.

Although 64 velocity steps fromn = 0 to 63 corresponding to = 0 to 12.285 m/s are
calculated primarily, equation (2.8) is applied ynlin the size range
0.246mm< D < 503mm corresponding to the height-normalized velocitynga
0.78 m/s< v/ ov(h) < 934m/s. Due to the height dependent fall velocity of &egi drop

size, the limits of the analyzed velocity rangeheght dependent as well. The retrieval
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interval is adjusted in full line increments, whicttroduces a steplike-structure as indicated
in figure 7.

3000 A -

2500 -

2000 A -

z [m]

1500 A -

1000 - -

500 - -

0 T T T T T

0 2 4 6 8 10 12
v [mi/s]

Figure 7: Retrieval range of velocity as functidrheight

3 Derivation of Rain Parameters

3.1 Spectral summation versusintegration

By appropriately weighted integration of the spaicteflectivity density, various integral
rain parameters as for example liquid water conteméin flux can be obtained.

In case of thaVRR all integrations are replaced by summations owvesinn from line
min(h) to line max(). At the surface If=0) is min(0) =4 and max(Q) =49. The
variation of min and max with height is indicatedfigure 7.

max(h)

[a(f)df ~ > g, (3.1.1)

min(h)
where g(f) represents a spectral density and
O = 9(f,)Af (3.1.2)

the corresponding spectral power within the lmeof width Afp = 30.52 Hz

Spectral densities with respect\taare obtained by
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of 1
=g —= 3.1.3
9(V) = 9pn av AF ( )

of 1 1

with —— = 3.14
ov Af 0.1905|ms‘1| ( )

and spectral densities with respectoare obtained by

of 1 ov

g(D) = 9 3y AF 3D (3.1.5)
‘;f 1 aV[m 1| = 3.1509.650Bv(h) - v[ms?)) (3.1.6)

If we insert in equation (3.1.5) fog,, the spectral reflectivityr(n,i), as defined in

equation (2.2), we obtain the spectral reflectividgnsity r/(D), which can be used
immediately to calculate the drop size distributid(D) according equation (2.9).

3.2 Drop sizedistribution with attenuation correction

The intensity of radar waves is attenuated on tiopamation path by different processes.
Although the absorption by water vapour is reldgivetrong at 24 GHz (0.2 dB/km for

Puwater vapour = 10 g/m3), it is neglected on the path lengths aersid here. But rain can

attenuate significantly at moderate and higher rabes, if high altitudes are considered.
This would lead to a height dependent underestanaif rain rates

In the following we mark the variables without ati@tion correction by the index (not
attenuation corrected) in order to distinguish letwattentuation corrected and uncorrected
variables. The specific rain attenuation is dendgd , the path integrated rain attenuation
is denoted byPIA , the range resolution is denoted Ay, the range number is indicated by
i, and the single particle extinction coefficientdisnoted byo,. It is calculated with Mie

theory. The calculation starts in the first rangéeg = 1. We assume thaﬂ’lA(ro) =1.

1. CalculateN,(D,,.1,)=N,(D,..1;)PIA(r_,)
max(h)

2. Caleulate,(r,)= > 0,(D,,)N,(D,,.1;)dD

3. CalculateN(D,,, .njin:)—N (D, .)In(l 2K ( )AI’)/(ZKp(I’i)AI’)

nn_max(h)

4. Calculatex(r,)= > 0,(D,,)N(D,.1;)

nn_min(h)
5. CalculatePIA(r )= PIA(r._, )exp(2(r, )ar)
6. If PIA(r,)>10, exit.
7. Seti=i+1 Gotol.
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A detailed justification of this algorithm has been submifi@dpublication and can be
provided on request.

0,/((DI2)’m)
N
1
T

0 T T T T T
0 1 2 3 4 5 6
D Imml

Figure 8: Single particle extinction coefficient of rain drops at e&rtihcidence normalized
with the geometric crossection versus volume equivalent sphere diameter

The attenuation correction is only applied fBftA <  h6cause the algorithm becomes
unstable for large values. Although no quantitaive rain retrievgbassible for larger
attenuations the echoes do often contain still useful informatisrfor example the fall
velocity which is not affected by attenuation. Therefore some ofetineved variables are
provided both with and without attenuation correction. The uected values are dislayed
also forPIA > 10 See MRR Manual for further details.

3.3 Equivalent Radar Reflectivity Factor

The radar reflectivity factor is defined by
Z =j N( D) D*dD (3.3.1)
0

For large wavelength (like for X-band radars) the Rayleigh approximéiiosmall drops
compared to the wavelength is valid, so that usually the eguivieddar reflectivity factor is
used:

A1 %
Z =—— f)df 3.3.2
\ nsW{r/( ) (3.3.2)

In our case Equation (3.3.2) is not aplicable due to the smaaklength of thtMRR so that

the Rayleigh approximation is no longer valid. For comparisgh long wave weather
radarsZ is calculated on the basis of the drop size distribution isbyetie MRR using

equation (3.3.1).
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3.4 Liquid Water Content

The liquid water content is the product of the total volume diralplets with the density of
water o, divided by the scattering volume. It is therefore proportion#ieéd3rd moment of
the drop size distribution:

[

LWC= p, %Tj N( D) D' dD (3.4.1)

0

3.5 Rain Rate

The differential rain rater(D) is equal to the volume of the differential droplet number
density(776) /N(D)D?3 multiplied with the terminal falling velocity(D). From this product
the rain rate is obtained by integration over the drop size:

RR= %Tj N(D O ¢ D dD (3.5.1)

3.6 Characteristic Falling Velocity

Various definitions for the characteristic falling velocity are pdesid physical reasonable
definition would be the velocity of those drops which deliver tiaximum contribution to

the total rain rate. Another — here chosen — possibility determine the first moment of the
Doppler spectra, because this is the usual way of radar windepsofd determine radial

velocities.

w=1
2

o—3

n( ) fdf/T/]( f) df (3.6.1)

It is also possible to derive — on the basis of the dropdsstebution — the first moment of
those Doppler spectra which are expected in case of Rayleigh scaftésmgvould be an
even better emulation of velocities observed by long-wave radar pvvfders. For this
purpose one can use the issued drop size distribution to ataldhk spectral "Rayleigh”
reflectivity 77;:(D) = N(D)og(D) and insert for the backscattering cross sectmnof
equation (2.10).

This leads to the spectral Rayleigh reflectivity as functioh of

N(D)ok(D)

(3.6.2)
(9 f 1 Ov)(dV)(ID)

ne(f) =

The characteristic "Rayleigh-velocity" is obtained by inserinmto equation (3.6.1).
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4 Error Considerations

4.1 Statistical Error of the Spectral Reflectivity

As with any volume targets with random internal structure theltneg spectral power is
randomly distributed due to the uncorrelated phases of the indivadntributing scattering
targets. As a general rule the standard deviation of the spectral d@strébution in each
frequency bin is equal to its mean value.

Due to the limited data rate of the serial interface oMIRR the minimum measuring cycle
time has been set to 10 s. Issuing the spectra via the interfaceabakgs4 s. During this
time no measurement is possible due to spurious interferenceshiecative data port to the
low noise receiving amplifier. Thus 6 s net measuring time are alaildth this setting of
cycle time. 23 spectra per second are calculated and averaged incoheeerdly, issued
spectrum represents a mean of a minimum of 138 single spectras lwah the above
mentioned statistical fluctuations are reduced to about 9 %eof tmean values. For longer
averaging times this variation is reduced proportional to the sgoetref the net-measuring
time. Thus this error should be usually negligible — particpkar the integral parameters.

4.2 Vertical Wind

For the relation terminal falling velocity versus drop size (equafob)) stagnant air had
been assumed. In real atmosphere the drops are carried with the iisdth€ velocity of
equation (2.5) is relative to the ambient air velocity. Downwifod,example, increases the
falling velocity, and application of equation (2.5) leads to arestimation of the drop size.
As the scattering cross section depends with high power ondpedameter, equation (2.8)
leads in this case to an underestimation of the number concentiBtios). also the liquid
water content and the rain rate is underestimated in the case of down Quantitative
estimates of this error and also of the errors discussed in the foji®sctions can be found
in Richter (1993) — in the limit of Rayleigh scattering and uriderassumption of Marshal-
Palmer drop size distributions. Based on simultaneous invsasurements of the vertical
wind at 100 m height for a period of several months, the aetwal associated with the
assumption of zero vertical wind is demonstrated in figure 9. E@asurements represents 1
min average. No significant mean bias is recognized. Whilesglisevident that the mean
vertical wind is zero over a plain surface the same cannot by takgnaftted for its effect
on the uncorrected rain rate, because this effect is not linear. A fudtestipl reason for
mean effects of the vertical wind is, that rain shafts may be correlatedvertical wind.
Obviously also this correlation has only marginal consequenct® long term mean. The
standard deviation oiLOIog(Rm/Runcorr) is about 1 dB. No dependence of the standard

deviation on rain rates is observed. In one of about 10,000 ebemwy the uncorrected
estimate is low by 12 dB.
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Figure 9: Comparison of rain rates with and without vertical wmdection.
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4.3 Radar Calibration

The derived volume reflectivity, drop size distribution and alegral parameters depend
proportional on the radar calibration const@ntt is determined by comparison with in situ
rain rate measurements in selected environmental conditions. Its umgeidagstimated to

be £10 %. The temporal stability & has been investigated by evaluating the echo from a
well defined target (triple reflector) and by changing the transmétsiver temperature over

a range of about 30 K. The observed variation of echo power washias 10 %. (These
measurement cannot be performed with the standard signal procesfimgres because
echoes from fixed targets are suppressed.)

4.4 |cePhase

The complex refractive index of ice is very different from that of watethis frequency
range. The effect of this difference on the radar reflectivity is ypadmpensated by the
difference of shape between water drops and ice crystal aggregates. Partiouldre
melting layer (height with 0 °C) the radar reflectivity is even iasegl in comparison to the
underlying altitudes with rain. The built-in signal analysigh®e MRR always assumes the
presence of liquid rain drops. Due to the smaller falling velocitysmow flakes in
comparison to rain drops the rain rate and liquid water conteinassically overestimated in
snow. Thus the melting layer can be very clearly recognized apmarent maximum of rain
rate (more clearly than by the backscattered power).
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