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Abstract

This thesis presents a novel method for Triple Radar Absolute Calibration (TRAC) featur-
ing the advantage of absolute calibration with respect to reflectivity. It requires a network
of at least two horizontally, anti-axially oriented radars operating in a strongly attenuated
frequency range (e.g. K- or X-band) and one vertical reflectivity and drop size distribution
(DSD) profiler, without needing a previously calibrated reference device. The absolute de-
termination of the calibration factors is based on attenuation estimates from the vertically
oriented device, as well as from measurements of both horizontally oriented radars. The
presented work fully derives and describes the theoretical framework of the TRAC method,
which has not been studied before. Furthermore, its validity and potential to be used for
calibrating radar networks is analysed.
The analysis by means of synthetic, idealised data shows precise calibration results in the case
of homogeneous precipitation fields. The mean calibration factor can be determined within
2% accuracy. The method is found to be sensitive to inhomogeneities, which can result in
an over- or underestimation of the determined calibration factors. Furthermore, an accurate
and stable calibration requires a precise estimation of attenuation, which is shown to be given
for rain rates above 3mmh−1 along the measuring path. The attenuation estimates from
measurements of both horizontally oriented radars, needed for calibration, are determined
along a chosen interval around the vertically oriented device. This interval must be large
enough to guarantee a stable, detectable effect from attenuation, but small enough allow ho-
mogeneity of the rain within its boundaries. It is found to be best chosen with 2 to 5 range
gates on both sides of the vertically oriented radar. A filter for appropriate calibration time
steps, using averaged reflectivity and texture of the reflectivity field (TDBZ), is developed
by means of synthetic data with realistic precipitation patterns taken from measurements.
Based on the distribution of the calibration factors obtained from using selected time steps,
the wanted calibration factor is determined by estimating the median of a fitted logarithmic
normal distribution function. The errors done in the estimation of the calibration factors
lead to an overestimation of the latter by about 8% to 15%, which might be an artefact of the
simulated data. A first calibration of a micro rain radar (MRR) network at the Meteorologi-
cal Observatory Lindenberg (MOL) using the TRAC method is not providing quantitatively
satisfying results due to the small available data sample. However, the results indicate the
possibility of an improved accuracy of the calibration with a larger date sample.
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Kurzfassung

In dieser Arbeit wird eine neue Methode zur absoluten Kalibrierung dreier Radargeräte
(TRAC: Triple Radar Absolute Calibration) bezüglich der Reflektivität vorgestellt. Dazu
wird ein Netzwerk aus mindestens zwei horizontalen, anti-axial ausgerichteten und in einem
stark gedämpften Frequenzbereich (z.B. K- oder X-Band) messenden Radargeräten benö-
tigt. Zudem braucht es ein vertikal ausgerichtetes Gerät zur Bestimmung von Reflektivität
und Tröpfchenverteilung. Die absolute Bestimmung der Kalibrierfaktoren beruht auf Dämp-
fungsbestimmungen durch das vertikale Radargerät sowie aus Messungen beider horizontal
ausgerichteten Geräte. Diese Arbeit beschreibt die TRAC Methode, die zuvor noch nicht
untersucht wurde, und dessen vollständige Herleitung. Des Weiteren werden Gültigkeit und
Potential der Methode zur Anwendung in Netzwerken analysiert.
Eine Untersuchung anhand synthetischer, idealisierter Daten zeigt genaue Kalibrierergebnis-
se für Fälle mit homogenem Niederschlagsfeld. Der mittlere Kalibrierfaktor wird mit einer
Genauigkeit von 2% bestimmt. Die Methode ist sensitiv gegenüber Inhomogenitäten, die zu
einer Über- oder Unterschätzung der ausgerechneten Kalibrierfaktoren führen können. Des
Weiteren benötigt man zur genauen Kalibrierung zuverlässige Dämpfungsbestimmungen. Es
wurde ermittelt, dafür die Regenrate entlang der Messstrecke dafür mehr als 3mmh−1 betra-
gen muss. Die Dämpfung aus den Messungen beider horizontal ausgerichteten Radargeräten,
die zur Kalibrierung benötigt wird, wird über ein frei wählbares Intervall bestimmt. Dieses In-
tervall muss groß genug sein, um einen stabilen, messbaren Dämpfungseffekt sicherzustellen.
Gleichzeitig darf es aber nicht zu groß werden, sodass der Regen innerhalb dieses Inter-
valls noch als homogen angesehen werden kann. Aus den Untersuchungen geht hervor, dass
dieses Intervall zwischen 2 und 5 Entfernungsklassen auf beiden Seiten des vertikal orien-
tierten Radargeräts betragen kann. Basierend auf synthetischen Daten mit realistischen, aus
Messungen gewonnenen Niederschlagsmustern wird ein Filter zur Auswahl geeigneter Zeit-
schritte entwickelt. Dieser berücksichtigt die mittlere Reflektivität entlang der Strecke und
die Struktur des Reflektivitätsfeldes (TDBZ). Anhand der Verteilung der berechneten Ka-
librierfaktoren für die ausgewählten Zeitschritte wird der gesuchte Kalibrierfaktor über den
Median einer angepassten logarithmischen Normalfunktion bestimmt. Die Ungenauigkeit bei
der Kalibrierung führt zu einer Überschätzung des Kalibrierfaktors von etwas 8% bis 15%.
Diese wird vermutlich durch die Eigenschaften der generierten Daten verursacht. Eine erste
Kalibrierung eines Netzwerks aus Mikro-Regen-Radargeräten (MRR) am Meteorologischen
Observatorium in Lindenberg (MOL) mit Hilfe der TRAC Methode liefert quantitativ keine
zufriedenstellende Ergebnisse, da die Anzahl der geeigneten Daten zu gering ist. Jedoch deu-
ten die Ergebnisse darauf hin, dass eine größere Anzahl an zur Verfügung stehenden Daten
die Genauigkeit der Kalibrierung verbessern kann.
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List of Symbols

Abbreviations

Abbreviation Meaning

DSD Drop Size Distribution
DWD Deutscher Wetterdienst (German Weather Service)
FKB Falkenberg
FM-CW Frequency Modulated Continuous Wave
MOL Meteorological Observatory Lindenberg
MRR Micro Rain Radar
MRR1 Horizontally oriented MRR at MOL
MRR2 Horizontally oriented MRR at FKB
MRR3 Vertically oriented MRR
PATTERN Precipitation and Attenuation Estimates from a High Resolution Weather

Radar Network DFG project
TRAC Triple Radar Absolute Calibration method

Mathematical Symbols

Symbol Meaning Unit

∆D Width of drop size class mm
∆fDoppler Frequency shift from Doppler effect s−1

∆frange Frequency shift from range assignment s−1

∆ftotal Total frequency shift of received signal s−1

∆r Range gate width m
∆s Half interval for attenuation estimation around MRR3 m
δv(s) Height correction function -
η(Dj, i) Spectral reflectivity density with respect to drop size classesm−1 mm−1

η(j, i) Spectral reflectivity m−1

η(vj, i) Spectral reflectivity density with respect to velocity classes sm−2

λ Wave length m
µR Median of Gaussian normal distribution function used to create precip-

itation pattern -
σe Extinction cross section m2

σb Backscattering cross section m2

σR Standard deviation of Gaussian normal distribution function used to
create precipitation pattern -

A Two-way attenuation -
B Amplitude s−1

C Calibration factor with respect to reflectivity, DSD and specific attenu-
ation -
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c Speed of light m s−1

C−1 Correction factor with respect to reflectivity, DSD and specific attenu-
ation -

C1,2,3 Calibration factor for MRR1, MRR2 and MRR3, respectively -
C−1

1,2,3 Correction factor for MRR1, MRR2 and MRR3, respectively -
D Particle diameter mm
dBZ Logarithmic radar reflectivity 10 · log(Z)
f(t) Transmitted frequency at time t s−1

f0 Transmitted frequency at beginning of a period s−1

fN Nyquist frequency s−1

i Range gate along measuring path -
i1 First range gate at MRR1 m
iMRR3 Range gate comprising the position of MRR3 m
imax Last range gate at MRR2 m
j Drop size classes -
k Intrinsic specific attenuation m−1

kDSD Specific attenuation calculated from DSD m−1

N Size of the data sample used for calibration -
n Number of range gates on each side of MRR3 considered for attenuation

estimation above MRR3 -
N(Dj, i) Drop size distribution m−3 mm−1

R Rain rate mmh−1

ri Distance of right edge of range gate i m
rMRR3 Distance of the right edge of the range gate comprising the position of

MRR3 m
s Distance between radar and target m
s0 Position of MRR1 m
sMRR3 Position of MRR3 m
smax Position of MRR2 m
T Duration of a period s
t Time s
ts Signal runtime s
TDBZ Texture of the reflectivity field dBZ2

v Particle velocity m s−1

vmax Maximal resolvable particle velocity m s−1

Z Intrinsic radar reflectivity mm6 m−3

Z1,2,3 Measured reflectivity from the radars MRR1, MRR2 and MRR3, respec-
tively mm6 m−3

ZMRR Measured radar reflectivity mm6 m−3
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1 | Introduction

High quality rainfall monitoring is an ongoing issue in many domains, for example in
weather prediction, now-casting, for agriculture or hydrology. The most accurate rain
rate estimates are commonly obtained by using rain gauges, which are continuously
measuring at one point. However, due to the small effective sampling area reliable pre-
cipitation measurements are achieved only on time scales of more than half an hour.
Furthermore, even a dense network of these devices only provides point measurements
which are not able to describe the high temporal and spacial variability of rainfall
events (e.g. Peleg et al., 2013; Pedersen et al., 2010a; Krajewski et al., 2003). For this
reason, area-covering, spatially and temporally highly resolved rain rate estimates are
of great interest within many fields of study.
Radar networks, such as those from national weather services or smaller ones oper-
ated by research institutions, can provide area-covering rainfall data (e.g. Trabal et al.,
2013; Lim et al., 2011; McLaughlin et al., 2009; Salazar et al., 2009; Chandrasekar and
Jayasumana, 2001; Crum et al., 1998) and are already used to improve drainage con-
trol and flash flood warning systems (e.g. Picciotti et al., 2013; Quintero et al., 2012;
Corral et al., 2008; Delrieu et al., 2009; Einfalt et al., 2004; Creutin and Borga, 2003;
Krajewski and Smith, 2002). However, a disadvantage of using weather radar data
is the lower accuracy of the retrieved rain rate in comparison to measurements from
rain gauges, since rain rates are not measured directly but derived from reflectivity
measurements. Beside errors induced by attenuation, noise, ground clutter, blocking
or interferences one major limiting factor for precise determination of rain rate is radar
calibration (e.g. Villarini and Krajewski, 2010; Einfalt et al., 2004; Hunter, 1996).
For relative radar calibration it is common practice to compare reflectivity measure-
ments from radars that simultaneously monitor the same rainfall event (e.g. Hunter,
1996). This adjustment only works for radars within a network and do not allow for
a comparison of data with other networks or instruments. Furthermore, the retrieved
rain rate cannot be used quantitatively. A standardised method for absolute radar
calibration would provide great benefits (e.g. improvement of data quality and com-
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1 Introduction

parability of data), but none is established by today. A frequently used approach is
a calibration with respect to rain rate using point measurements from rain gauges at
ground level (e.g. Sebastianelli et al., 2013; Thorndahl and Rasmussen, 2012; Pedersen
et al., 2010b; Jensen and Pedersen, 2005). This implies the disadvantages of point
to area comparison and of differences in measuring height. Additionally, the obtained
calibration is highly dependent on the chosen Z-R relation (e.g. Ulbrich and Lee, 1999).
In order to avoid this source of error, calibration with respect to radar reflectivity is
preferable. Comparison of radar reflectivity with disdrometer data for example does
not depend on Z-R relations, but still has the problem of different considered heights
and point to area comparison (e.g. Lee and Zawadzki, 2006; Ulbrich and Miller, 2001;
Ulbrich and Lee, 1999).
Vertically pointing micro rain radars (MRR) allow a comparison of data at same height
levels but still, compared measuring volumes are not necessarily equal and micro rain
radars also lack an absolute calibration (e.g. Van Baelen et al., 2009; Uijlenhoet et al.,
2001). Another approach is using the sun’s radiation intensity as a reference (e.g. Holle-
man and H., 2004; Manz et al., 2000; Pratte and Ferraro, 1989). This method allows
to calibrate the receiver but does not take into account the transmitted power. Fur-
thermore, not every radar has an azimuthal rotation device and calibration at zenith is
not always possible. Calibrating at low elevation angles implies a greater atmospheric
absorption in some frequency ranges and more interferences from the ground. One can
also use special targets, such as radar reflectors, for calibration (e.g. Manz et al., 2000;
Atlas, 2002). This method is not practical in field as it assumes a motionless target
positioned in the radar beam, which is difficult when lifting the target with a balloon,
even on windless days. An overview of further radar calibration methods can be taken
from the presentations held during the Radar Calibration and Validation Speciality
Meeting from the American Meteorological Society, which took place in January 2001
in Albuquerque, New Mexico, U.S.A.1, or from e.g. Atlas (2002) and Manz et al.
(2000). Most of these methods present difficulties when it comes to in field calibration.
This work presents a novel method for Triple Radar Absolute Calibration (TRAC) per-
formed without previously calibrated reference device and calibrating with respect to
reflectivity. It requests a radar network and takes advantage of the attenuation, which
is generally seen as perturbing effect on measurements.
This method was invented by Dr. Gerhard Peters.

1http://cdserver.ametsoc.org/cd/010430_1/radcal_main.html
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The aim of this thesis is the theoretical formulation and the fundamental validation of
the TRAC method, which has not been investigated before. Furthermore, its potential
to calibrate radar networks is analysed.
The analyse of the TRAC method focuses on the application on MRRs, which are
described in Chap. 2 along with the network and the recorded data. The theoretical
framework is presented in Chap. 3 and its validity and potential analysed by means
of synthetic data (Chap. 4). From this analysis properties for appropriated rainfall
events and an approach to determine the absolute calibration factors are worked out.
Finally, in Chap. 5, the TRAC method is applied to a network of MRRs installed at
the Meteorological Observatory Lindenberg (MOL).
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2 | Experimental Setup

The analysis of the novel TRAC method is one aim of the project Precipitation and
Attenuation Estimates from a High Resolution Weather Radar Network (PATTERN).
Within this project a network of three micro rain radars (MRR) was installed at the
Meteorological Observatory Lindenberg (MOL) with the aim to serve as a testbed
for network algorithm studies. This network is used for two purposes in this study.
First, it sets boundary conditions for the forward operator simulating network data for
theoretical analysis (Sec. 4.1). Second, its data serves to validate the presented method
with measured data (Sec. 5). This Chap. gives an overview of the measuring principle
of the used MRRs and presents a description of the MRR network at MOL as well as
the recorded data.

2.1 Micro Rain Radar

The presented TRAC method is based on attenuation estimates. Its principle is best
analysed using devices operating at frequencies strongly affected by liquid water at-
tenuation. The devices used in this study are MRRs. These K-band vertical rain
profilers measure reflectivity from hydrometeors, as well as their radial velocities us-
ing the Doppler effect. When oriented vertically, they allow for retrieving drop size
distribution (DSD) information for 31 range gates, with a possible spatial resolution
between 10m and 200m.
The MRR measures at 24GHz and uses a frequency modulated continuous wave
(FM-CW) measuring principle (Strauch, 1976). It emits a modulated saw tooth signal
with constant sweep of duration T . The frequency f(t) at a time t between 0 and the
end of a period T , can be expressed as

f(t) = f0 −
B · (2t− T )

2T
, (2.1)

where f0 is the frequency at half a period and B the signal’s total amplitude. Con-
sidering a motionless target, the time lag between the frequency of transmitted and
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2 Experimental Setup

received echo signal is proportional to the range (respectively the height if the MRR is
oriented vertically) of the target s:

ts = 2
s

c
, (2.2)

where c is the speed of light. This time lag is illustrated schematically in Fig. 2.1. Both
transmitted (black) and received (blue) saw tooth signals are showing the same shape.
The received signal follows the transmitted signal with the time lag ts.
Considering Eq. 2.1 at times t and t+ts leads to an equation for the frequency difference
∆frange allowing for range assignment:

∆frange = f(t+ ts)− f(t) (2.3)

= f0 +
B

T
· (t+ ts)− f0 −

B

T
t (2.4)

= 2
sB

cT
(2.5)

An additional frequency shift appears when considering moving targets. According to
Doppler theory, this frequency difference between transmitted and reflected wave at a
wave length λ is proportional to the particle’s velocity v. When measuring Doppler
frequency shift ∆fDoppler, v can be calculated from:

∆fDoppler = 2
v

λ
(2.6)

Thus, during one sweep, the MRR measures a total frequency shift between transmitted
and received echo signal, that is a superposition of the frequency shifts resulting from
range and velocity for many targets:

∆ftotal = ∆frange + ∆fDoppler = 2
sB

cT
+ 2

v

λ
(2.7)

In order to determine unambiguously both the position and the velocity of drops, the
measured frequency shift must be separated into both effects. Calculating the first
Fourier transformation of the received signal yields a power spectrum in which each
complex spectral line stands for one range gate. This power spectrum is distributed
among the lines corresponding to range gates occupied by targets (31 range gates
are resolved by the MRR). The second Fourier transformation of the received signal,
sampled at a rate T−1, leads to a power spectrum with a line resolution of (lT )−1

if l sweeps are realised. This second Fourier transformation can be interpreted as
the Doppler spectrum corresponding to each range gate. Its unambiguous frequency
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2.1 Micro Rain Radar

range, also known as Nyquist range fN from the Nyquist sampling theorem, is given
by the interval 0 ≤ ∆fDoppler ≤ fN = T−1 which can be adjusted by changing the
sweep repetition rate T−1. Within this frequency interval, the received signal can be
divided for range gate and velocity allocation. The MRR resolves 64 velocity classes
corresponding to 0ms−1≤ v ≤ 12.285ms−1 and 31 range gates.
From the Nyquist range, which represents the limit of unambiguous measurements,
the maximal resolvable drop fall velocity can be derived. This is done by inserting the
Nyquist range fN into Eq. 2.6, leading to the expression for the maximal resolvable
drop velocity vmax:

vmax =
λ

2T
(2.8)

The diameter D of hydrometeors is calculated using an empirical expression from Atlas
et al. (1973), knowing the hydrometeor’s velocity. This empirical expression is only
valid for vertical velocity measurements and for 0.109mm ≤ D ≤ 6mm. Fall velocity
of drops can be expressed according to:

v(D) = (9.65− 10.3 · exp(−0.6D)) · δv(s), (2.9)

where D is expressed in mm. The height dependent function δv(s) corrects for vertical
density changes:

δv(s) = 1 + 3.68 · 10−5s+ 1.71 · 10−9s2 (2.10)

The spectral reflectivity η(j, i) for every range gate i (1≤ i ≤31) can be calculated
from the received raw spectral power F (j, i) using:

F (j, i) =
1020 · TF (i)

C

1

i2∆r
η(j, i), (2.11)

where j is the line number in the Doppler spectrum representing a drop diameter
class Dj, TF (i) the transfer function describing the relation between input and output
signal, ∆r the range resolution (10m ≤ ∆r ≤ 200m) and C the calibration factor.
Knowing the spectral reflectivity η(j, i), the spectral reflectivity density with respect to
velocity classes η(vj, i) = η(j, i)∆v−1 is introduced, where ∆v is the velocity resolution
∆v = 0.5λ∆f = 0.1905ms−1. From η(vj, i), the spectral reflectivity density with
respect to drop diameter classes Dj is derived:

η(Dj, i) = η(vj, i)
∂v

∂D
(2.12)

7



2 Experimental Setup

According to Eq. 2.9 one can calculate

∂v

∂D
= 6.18 · exp(−0.6D)δv(i∆r). (2.13)

From η(Dj, i) the DSD is simply obtained by dividing η(Dj, i) by the particle backscat-
tering cross section σb(Dj):

N(Dj, i) =
η(Dj, i)

σb(Dj)
(2.14)

N(Dj, i) represents the number density of drops per drop diameter class and range gate.
The particle backscattering cross section σb(Dj) is obtained from the Mie scattering
theory for each drop diameter class. The total reflectivity factor within one range gate,
Z(i), is then calculated from the DSD according to

dZ(i) = N(Dj, i)D
6
j dD (2.15)

and

Z(i) =

∫ ∞
0

N(Dj, i)D
6
j dD. (2.16)

A more detailed description of the MRR and its theory can be found in MRR Physical
Basics, METEK GmbH (2009).

6 MRR Physical Basis,   Derivation of Rain Parameters 

 

 
Figure 2: Resting point target 

Upper part: Frequency of the transmit signal and the echo. Lower part: Mixer output 
 

1.4.2 Range Resolution 

The transmit signal be described by the function 
 
s(t) = S sin (ϕS(t) ) (1.4.2.1) 
 
where the phase ϕs(t) is the integral of the ''instantaneous'' cycle frequency ωS t dt( )∫ . 
During one sweep holds the relation 
 
ω ω πS t B

T
t T t T( ) = − − ≤ ≤0 2 2 2for  (1.4.2.2) 

 
Thus the transmit signal reads 
 

s t S t B
T

t( ) sin= −





ω π0
22

2
 (1.4.2.3) 

 
The receiving signal is delayed with respect to the transmit signal by th = 2h/c, i.e. its phase 
is  ϕe(t) = ϕs( t - th ) or 
 

( )e t E t t B
T

t t t th h h( ) sin= − − − +





ω ω π0 0
2 22

2
2  (1.4.2.4) 

 

f -B/20

0f +B/2

t h

f 0

1/f T

m(t)

f

frequency of transmitted signal

frequency of received signal

f0+B/2

f0

f0-B/2

ts

>
t

Figure 2.1: Schematic illustration of the transmitted (black) and received
(blue) saw tooth signal with frequency time lag ts. The frequency varies from
f0 +0.5B to f0−0.5B within one sweep (from MRR Physical Basics, METEK
GmbH (2009)).
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2.2 Network Setup

2.2 Network Setup

Within the framework of the PATTERN project, a network of three MRRs is installed
at MOL. The supersite MOL is operated by the German Weather Service (DWD) and
is situated south-east of Berlin, as shown in Fig. 2.2. The network is designed to pro-
vide a one dimensional data set for network based algorithm studies. As MRRs are
working within the highly liquid water attenuated K-band frequency range, the setup
serves as a perfect testbed for attenuation based algorithms, such as the TRAC method
presented in this thesis. The theoretical algorithm analysis is developed in order to fit
to the experimental setup. Furthermore, the recorded data set is used to apply the
TRAC method on measured data (Sec. 5).

Figure 2.2: The supersite MOL is located south-east of Berlin. Two hori-
zontally oriented MRRs (MRR1 and MRR2) are mounted on a 30 m-tower on
the MOL site and on a 100 m-mast in Falkenberg (FKB), respectively. The
distance between tower and mast is approximately 4800 m. A third, vertically
oriented MRR (MRR3), is installed between MOL and FKB, at 2010 m from
MRR1.

9



2 Experimental Setup

The network area comprises a meteorological mast and a tower, each equipped with a
MRR. The 30m high tower is located at MOL (52°12′36′′N, 14°7′12′′E), 138m above
sea level. The mast, with a height of 100m, is situated 4800m south of MOL in
Falkenberg (FKB), at 52°10′1′′N, 14°7′27′′E and 143m above sea level. Both MRRs,
referred to as MRR1 (MOL) and MRR2 (FKB) in the following, are oriented hor-
izontally and provide reflectivity measurements along the connecting line. A third
MRR (MRR3) is positioned between MOL and FKB about 2000m apart from MRR1

(52°11′31′′N, 14°7′11′′E) and 80m above sea level. Contrary to MRR1 and MRR2 it
is oriented vertically, its measurements crossing the connecting line at a height of ap-
proximately 60m.
The network MRRs, the MOL tower and the FKB mast are depicted in Fig. 2.3. A
more technical sketch of the network setup can be found in Sec. 3.1.

(a) (b)

(c) (d)

Figure 2.3: Pictures of the three MRRs installed at MOL within the
PATTERN project. (a) and (b) show the 30 m-mast at MOL and MRR1.
(c) presents the vertically pointing MRR3 and (d) the 100 m-mast in Falken-
berg (FKB) where MRR2 is installed.

10



2.3 Data Description

2.3 Data Description

The MRR network presented in Sec. 2.2 is operational since the beginning of October
2012. One discontinuity appears in the series of measurements at the beginning of
May 2013, when MRR1 was replaced due to malfunction. In this work, continuous
measurements from the beginning of May 2013 (after the replacement of MRR1) until
the end of June 2013 are used. In this two month period 15 major rainfall events were
recorded.
MRR1 and MRR2 record reflectivity measurements along 31 range gates with a spatial
resolution of 200m and a temporal resolution of 10 s. Since these MRRs are oriented
horizontally, velocities obtained from the Doppler spectrum do not correspond to fall
velocities. Hence, DSD information and rain rate estimates calculated using the em-
pirical relation from Atlas et al. (1973) are erroneous (see Sec. 2.1 for a more detailed
explanation). Therefore, this information should not be used. MRR3, however, is ori-
ented vertically and the DSD information can be interpreted. It measures reflectivity
and DSD for 31 range gates with a width of 10m and a measuring interval of 10 s.
For most rainfall events the reflectivity measurements of MRR1 and MRR2 along the
connecting line correspond well to each other. In case of high rain rates, attenuation of
the transmitted signal is evident. An example for attenuated reflectivity measurements
of MRR1 (on top, measuring from left to right) and MRR2 (in the middle, measuring
from right to left) is presented in Fig. 2.4. These data were recorded on the 30th of
May 2013, between 21:00 UTC and 22:00 UTC. The measured reflectivity is signifi-
cantly decreasing with increasing distance from the MRRs, which is due to the strong
attenuation at K-band frequencies used by the MRRs. The bottom diagram in Fig. 2.4
quantifies the intensity of attenuation in depicting the difference in reflectivity between
MRR1 and MRR2 at every range gate. The difference in measured reflectivity reaches
up to 20 dBZ in this particular case, which indicates an attenuation of about half the
signals strength. The analysed TRAC method is based on attenuation estimates and
makes use of this effect.
In contrast to rainfall events similar to the one presented in Fig. 2.4, some events show
discrepancies in the measurements of MRR1 and MRR2 which are not due to atten-
uation. These inconsistencies might be caused by the elevation angles of the devices,
which are difficult to adjust perfectly. This induces different measuring heights at cor-
responding points on the connecting line for both MRRs. As a result, the MRRs show
differing reflectivity measurements in case of strong vertical inhomogeneity within a
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2 Experimental Setup

rainfall event. Furthermore, the measuring volumes increase with increasing distance
from the MRRs because of the beam aperture angle of the transmitted signal. The
resulting differences in the considered measuring volumes of MRR1 and MRR2 are
largest at the edges of the connecting line. Data showing such irregular behaviour are
not taken into account in the following study.
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Figure 2.4: Example of attenuated reflectivity measurements from MRR1

(on top, measuring from left to right) and MRR2 (in the middle, measuring
from right to left) along the 31 range gates of the measuring path. The data
were recorded between 21:00 UTC and 22:00 UTC on the 30th of May 2013.
The reflectivity difference between measurements of MRR1 and MRR2 (at the
bottom) depicts the intensity of attenuation.
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3 | Method for Network Based

Absolute Radar Calibration

This Chap. presents the theoretical framework of the TRAC method allowing for ab-
solute radar calibration within a network. First, the procedure is outlined in order to
provide a general understanding of the used approach. Second, derivation and theory
of the method are presented in detail.
The theoretical approach is adapted to the experimental setup at the Meteorological
Observatory Lindenberg (MOL, see Sec. 2.2), but it can be adjusted for any network
design fulfilling the following constraints:

• Two horizontally, anti-axially oriented radars operating in a strongly attenuated
frequency range (e.g. K- or X-band) and measuring reflectivity along a connecting
line

• One vertically oriented radar (e.g. MRR) providing reflectivity measurements
and drop size distribution (DSD) information at one point on the measuring
path

In order to establish good conditions for analysing the functionality of the TRAC
method, this study focuses on MRR calibration (Sec. 2.1). These devices use K-band
frequencies and, thus, show a strong attenuation effect.

3.1 Overview of the Procedure

The TRAC method allows for absolute calibration of radars by comparing specific at-
tenuations. These are on one hand obtained from measurements of a vertically oriented
DSD profiler, on the other hand from anti-axial measurements from two horizontally
oriented radars. The absolute calibration is done with respect to the directly measured
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3 Method for Network Based Absolute Radar Calibration

reflectivity and does not require any previously calibrated reference device.
The required radar network design, fulfilling the constraints mentioned above, com-
prises two horizontally oriented radars MRR1 and MRR2 and a vertically oriented
radar MRR3 (Fig. 3.1), consistently to the MRRs installed at MOL (Fig. 2.2). The
distance s is measured starting from MRR1. The positions of the horizontally oriented
MRR1 and MRR2 are denoted s0 and smax respectively. The vertically oriented MRR3

is located at sMRR3 , which can be any point along the connecting path, except for the
edges. Range gates 1 ≤ i ≤ imax and corresponding discrete distance ri are used in
order to transfer theory (continuous fields) to application of the TRAC method (dis-
crete measurements for range gates). The range gate edges ri, with ri = i∆r is defined
by the range gate width ∆r, which is dependent on the MRR settings and represents
the axial data resolution. In Sec. 3.2 the theory is first derived using the continuous
distance variable s in order to preserve universality. The resulting equations for cali-
bration are then adapted to discrete experimental data.
The key steps of the TRAC method are described in the following and summarised in
Fig. 3.2.

iMRR3

sMRR3
-∆s smaxs0

MRR3

MRR2MRR1

arbitrary location of  MRR3
><

sMRR3
+∆ssMRR3

rMRR3
-n∆r rMRR3

+n∆rrir1 rmax

i1 imaxiMRR3
- n iMRR3

+ n

Figure 3.1: Schematic setup for absolute radar calibration within a network
of three MRRs. The positions of the horizontally oriented radars MRR1 and
MRR2 are referred to as s0 and smax and denote the boundaries of the mea-
suring path. MRR3 is located at sMRR3. i denotes the range gates used for
application to discrete, measured fields and ri the range gate edge. The range
gate width is denoted by ∆r. The interval with width 2∆s around sMRR3 defines
the section for which the specific attenuation is determined from measurements
of MRR1 and MRR2. The width of this interval is characterised by (2n+1)∆r

when using discrete data.
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3.1 Overview of the Procedure

Specific attenuation kDSD from DSD measurements: A necessary precondition
for absolute calibration using the TRAC method is the knowledge of DSD at one point
on the connecting line, above MRR3. The DSD from MRR3 at the height of the mea-
suring path allows for determination of specific attenuation kDSD(sMRR3) at sMRR3 .
This specific attenuation is compared to the intrinsic specific attenuation at the point
sMRR3 , k(sMRR3), in order to perform the absolute calibration of MRR3.

Intrinsic specific attenuation k: The intrinsic specific attenuation k(sMRR3) at
sMRR3 is obtained without any dependence on the radar calibration factors by combin-
ing reflectivity measurements of MRR1 and MRR2 at the positions (sMRR3 −∆s) and
(sMRR3 + ∆s). This gives a constant specific attenuation for the considered interval.
The interval 2∆s along which the averaged specific attenuation is determined can be
chosen freely.

Calibration of MRR3: MRR3 is calibrated by taking the ratio of both specific
attenuations kDSD(sMRR3) and k(sMRR3).

Intrinsic reflectivity Z: After the calibration of MRR3, the intrinsic reflectivity
at the position sMRR3 is given by the corrected measurements from MRR3.

Calibration of MRR1,2: Knowing the intrinsic reflectivity at one point on the mea-
suring path, MRR1 and MRR2 are calibrated absolutely through reflectivity comparison
at sMRR3 . The needed specific attenuations between device and sMRR3 , k(s0 → sMRR3)

for MRR1 and k(sMRR3 → smax) for MRR2, are obtained through comparison of reflec-
tivity measurements from MRR1 and MRR2.

Detailed calculations are provided in Sec. 3.2.2 and 3.2.3.
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3 Method for Network Based Absolute Radar Calibration

k

from refl. measurements
of MRR1 and MRR2

kDSD

from DSD measure-
ments of MRR3

Calibration of MRR3

through ratio of
specific attenuations

Intrinsic
reflectivity Z

at sMRR3

Calibration
of MRR1,2

through refl. comparison

Figure 3.2: Flow chart describing the key steps leading to an absolute cali-
bration of radars within a network.

3.2 Theory

3.2.1 Theoretical Basics

This Sec. introduces some basic terms needed for the description of the TRAC method
and the sensitivity analysis.
In order to unify notation, Z is used for the reflectivity factor in mm6 m−3 and dBZ
represents the logarithmic reflectivity dBZ = 10 · log(Z) in the following. Generally,
the measured reflectivity at a distance s of a radar, ZMRR(s), can be expressed as
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3.2 Theory

follows (Bringi and Chandrasekar, 2001):

ZMRR(s) = C · Z(s) · exp
(
− 2

s∫
0

k(s′)ds′
)

(3.1)

The measured reflectivity differs from the intrinsic reflectivity Z(s) at the point s
through the multiplicative calibration factor C, comprising device characteristics, and
the attenuation term. The latter describes the reduction of the intensity of the signal
along the travelled distance from radar to considered measuring volume and back.
Being multiplicative, the calibration factor has a great impact on the accuracy of radar
measurements and needs to be determined precisely. The expression

A = exp
(
− 2

s∫
0

k(s′)ds′
)

(3.2)

is defined as two-way attenuation, where k is the specific attenuation describing the
attenuation at one point. The specific attenuation k can be calculated through DSD
information following:

k =
∑
j

N(Dj)σe(Dj) ∆D (3.3)

The extinction cross section σe(Dj) for the drop diameter class Dj is calculated from
Mie scattering theory (e.g. Morrison and Cross, 1974). ∆D is the width of the corre-
sponding drop diameter class.

The DSD N(Dj) is on one hand measured by vertically oriented MRRs, on the other
hand it can be calculated from the rain rate R using the Marshall-Palmer standard
distribution (Marshall and Palmer, 1948):

N(Dj) = 8000 · exp(−4.1 ·R−0.21 ·Dj) (3.4)

A measured DSD from the vertically oriented radar MRR3, recorded on the 30th of May
2013 at 21:20 UTC, and the Marshall-Palmer standard DSD for the corresponding rain
rate of 15.66mmh−1 are presented in Fig. 3.3. For this measurement the Marshall-
Palmer DSD matches well the shape of the measured DSD, especially for drop diameters
between 0.5mm and 2.5mm.
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3 Method for Network Based Absolute Radar Calibration

The DSD allows for the determination of a theoretical intrinsic reflectivity using

Z(s) =
∑
j

N(Dj, s) ·D6
j ∆D (3.5)

(e.g. Doviak and Zrnić, 1993).
The distance s, with 0 ≤ s ≤ smax, along the measuring path is used for theoretical
approach and is discretised for application. There, ri = i∆r represents the discrete
distance at the edge of the range gate i (0 ≤ i ≤ imax), with ∆r the range gates width.
The subscriptmax denotes the distance between both radars, thus the maximum range
gate.
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Figure 3.3: Measured DSD from vertically oriented radar MRR3 recorded on
the 30th of May 2013 at 21:20 UTC (black) and Marshall-Palmer standard
DSD for the corresponding rain rate of 15.66 mm h−1 (red).

3.2.2 Calibration of the Vertically Oriented Radar

The device calibrated first is the vertically oriented radar MRR3. Because of the rather
small height of the measuring path (approximately 60m) and the applied attenuation
correction (see MRR Physical Basics (METEK GmbH, 2009) for more details), the
reflectivity measurements of MRR3 are assumed to be unattenuated. Therefore, leaving
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3.2 Theory

out the attenuation term from Eq. 3.1, the calibration factor C3 for MRR3 becomes

C3 =
Z3(sMRR3)

Z(sMRR3)
. (3.6)

Since the calibration factor C3 is the same for reflectivity and specific attenuation, both
related through the DSD, one can infer the relation

C3 =
kDSD(sMRR3)

k(sMRR3)
, (3.7)

where k(sMRR3) is the intrinsic specific attenuation above MRR3 at the position sMRR3

on the measuring path and kDSD(sMRR3) the specific attenuation obtained using DSD
measurements from MRR3 at the height of the measuring path. The latter is derived
from measured DSD N3(Dj) using Eq. 3.3. Hence, determination of the absolute cali-
bration factor C3 is possible if the intrinsic specific attenuation k(sMRR3) is known.
k(sMRR3) can be derived by comparing reflectivity measurements from MRR1 and
MRR2 in order to estimate the decrease in recieved intensity along a section of the
measuring path. Both MRR1 and MRR2 measure reflectivity along the connecting
line. Following Eq. 3.1, these reflectivity measurements at a position s on the connect-
ing line, Z1(s) and Z2(s), can be expressed as:

Z1(s) = C1 · Z(s) · exp
(
− 2

s∫
s0

k(s′)ds′
)

(3.8)

and

Z2(s) = C2 · Z(s) · exp
(
− 2

smax∫
s

k(s′)ds′
)
, (3.9)

where C1 and C2 are the calibration factors of the corresponding radar. In order to
determine a constant specific attenuation k(sMRR3) above MRR3, an interval around
sMRR3 , within which attenuation is considered, is to be defined. This interval is defined
by the section between (sMRR3−∆s) and (sMRR3 +∆s) and can be adjusted by varying
the distance ∆s on each side of MRR3.
Fig. 3.4 shows a schematic representation of the behaviour of attenuated reflectivity
measurements from the anti-axially measuring MRR1 (in red) and MRR2 (in blue).
Both signals are attenuated at the same rate when passing same measuring volumes.
Reflectivity measured by MRR1 at the points (sMRR3 −∆s) and (sMRR3 + ∆s) on the
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3 Method for Network Based Absolute Radar Calibration

connecting line can be written as

Z1(sMRR3 −∆s) = C1 · Z(sMRR3 −∆s) · exp
(
− 2

sMRR3
−∆s∫

s0

k(s′)ds′
)

(3.10)

and

Z1(sMRR3 + ∆s) = C1 · Z(sMRR3 + ∆s) · exp
(
− 2

sMRR3
+∆s∫

s0

k(s′)ds′
)
. (3.11)

Considering MRR2, measured reflectivity at both points is given by

Z2(sMRR3 −∆s) = C2 · Z(sMRR3 −∆s) · exp
(
− 2

smax∫
sMRR3

−∆s

k(s′)ds′
)

(3.12)

and

Z2(sMRR3 + ∆s) = C2 · Z(sMRR3 + ∆s) · exp
(
− 2

smax∫
sMRR3

+∆s

k(s′)ds′
)
. (3.13)
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Figure 3.4: Schematic reflectivity measurements of MRR1 (red) and MRR2

(blue) for quantifying a constant specific attenuation k along the measuring
section between (sMRR3 −∆s) and (sMRR3 + ∆s).

For each radar separately, the ratio between measured reflectivity at (sMRR3 − ∆s)
and measured reflectivity at (sMRR3 + ∆s) is calculated out of Eqs. 3.10 and 3.11,
respectively Eqs. 3.12 and 3.13:

Z(sMRR3 −∆s)

Z(sMRR3 + ∆s)
=
Z1(sMRR3 −∆s)

Z1(sMRR3 + ∆s)
· exp

(
− 2

sMRR3
+∆s∫

sMRR3
−∆s

k(s′)ds′
)

(3.14)
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and

Z(sMRR3 −∆s)

Z(sMRR3 + ∆s)
=
Z2(sMRR3 −∆s)

Z2(sMRR3 + ∆s)
· exp

(
2

sMRR3
+∆s∫

sMRR3
−∆s

k(s′)ds′
)

(3.15)

Notice that the calibration factors C1 and C2 cancel out. This is the prerequisite
for absolute determination of the specific attenuation k(sMRR3) needed for absolute
calibration.
Equalising both expressions and rearranging terms gives an expression in which only
the specific attenuation remains unknown:

Z1(sMRR3 −∆s) · Z2(sMRR3 + ∆s)

Z1(sMRR3 + ∆s) · Z2(sMRR3 −∆s)
= exp

(
4

sMRR3
+∆s∫

sMRR3
−∆s

k(s′)ds′
)

(3.16)

Assuming a constant attenuation factor k = k(sMRR3) along the considered section of
the measuring path defined by ∆s gives

k(sMRR3) = ln

[
Z1(sMRR3 −∆s) · Z2(sMRR3 + ∆s)

Z1(sMRR3 + ∆s) · Z2(sMRR3 −∆s)

]
· 1

2 · 2∆s
. (3.17)

This expression describes the amount to which the measured reflectivity is attenuated
within the considered interval with width 2∆s. It only contains known, measured
values.
Having determined the absolute specific attenuation at sMRR3 , comparison with the
specific attenuation obtained from DSD measurements of MRR3 (Eq. 3.3) allows for
absolute calibration of MRR3. Combining Eqs. 3.7 and 3.17 yields the equation for the
absolute calibration factor C3:

C3 = 4∆s · kDSD(sMRR3) · ln

[
Z1(sMRR3 −∆s) · Z2(sMRR3 + ∆s)

Z1(sMRR3 + ∆s) · Z2(sMRR3 −∆s)

]−1

(3.18)

The total expression for C3 only depends on measured values. Knowing the abso-
lute calibration factor C3, reflectivity measurements of MRR3 can be corrected using
Eq. 3.6.
This calibration approach is valid provided that the DSD measured by MRR3 are repre-
sentative for the DSD along the measuring path between (sMRR3−∆s) and (sMRR3+∆s).
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3 Method for Network Based Absolute Radar Calibration

Adapting the derived equation for discrete data gives a formula for C3 applicable to
network measurements:

C3 = 4∆r · kDSD(iMRR3) · ln

[
Z1(iMRR3 − n) · Z2(iMRR3 + n)

Z1(iMRR3 + n) · Z2(iMRR3 − n)

]−1

(3.19)

Here 1 ≤ n < 0.5imax is the number of range gates considered on both sides of MRR3

for attenuation determination. Hence, the interval width is given by (2n+ 1)∆r.

Brief review

The vertically oriented radar is calibrated through comparison of mea-
sured and intrinsic specific attenuation:

• The measured specific attenuation is calculated out of DSD measure-
ments from the vertically oriented radar.

• The measurements of both horizontally oriented radars allow for deter-
mining absolute specific attenuation above the vertically oriented radar.
This specific attenuation is not dependent on calibration factors.

→ The calibration factor C3 with respect to reflectivity is determined ab-
solutely.

3.2.3 Calibration of the Horizontally Oriented Radars

The absolute calibration of MRR1 and MRR2 is done by comparing measured and
intrinsic reflectivity at the point sMRR3 . Knowing the absolute calibration factor C3

(Eq. 3.18), the corrected reflectivity measurements from MRR3 at sMRR3 can be taken
for the intrinsic reflectivity Z(sMRR3). This intrinsic reflectivity can then be inserted
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3.2 Theory

into the Eqs. 3.8 and 3.9 in order to obtain the absolute calibration factors C1 and C2:

C1 =
C3 · Z1(sMRR3)

Z3(sMRR3) · exp
(
− 2

sMRR3∫
s0

k(s′)ds′
) (3.20)

and
C2 =

C3 · Z2(sMRR3)

Z3(sMRR3) · exp
(
− 2

smax∫
sMRR3

k(s′)ds′
) (3.21)

It follows for discrete values

C1 =
C3 · Z1(iMRR3)

Z3(iMRR3) · exp
(
− 2

iMRR3
−1∑

m=i1

k(m)∆r + k(iMRR3)∆r
) (3.22)

=
C3 · Z1(iMRR3)

Z3(iMRR3) · exp
(
− 2 · k(s0 → sMRR3) · (rMRR3 − ∆r

2
)
) (3.23)

and

C2 =
C3 · Z2(iMRR3)

Z3(iMRR3) · exp
(
− 2

imax∑
m=iMRR3

+1

k(m)∆r + k(iMRR3)∆r
) (3.24)

=
C3 · Z2(iMRR3)

Z3(iMRR3) · exp
(
− 2 · k(sMRR3 → smax) · (rmax − rMRR3 + ∆r

2
)
) , (3.25)

where k(s0 → sMRR3) and k(sMRR3 → smax) are the constant specific attenuations
along the measuring path between MRR1 and MRR3, respectively MRR2 and MRR3.
Adapting Eq. 3.17 in order to obtain the specific attenuation along the measuring path
between radar and position of MRR3 out of measured values gives following expressions:

k(s0 → sMRR3) = ln

[
Z1(i1) · Z2(iMRR3)

Z1(iMRR3) · Z2(i1)

]
· 1

4 · (rMRR3 − ∆r
2

)
(3.26)

and

k(sMRR3 → smax) = ln

[
Z1(iMRR3) · Z2(imax)

Z1(imax) · Z2(iMRR3)

]
· 1

4 · (rmax − rMRR3 + ∆r
2

)
(3.27)
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3 Method for Network Based Absolute Radar Calibration

Brief review

• The intrinsic reflectivity at sMRR3 is determined out of the corrected
measurements from the absolutely calibrated, vertically oriented radar.

• The path attenuation for both horizontally oriented radars is calculated
from comparison of their measurements at the edges of the considered in-
terval, between device and vertically oriented radar. It is not dependent
on calibration factors.

→ The calibration factors C1 and C2 are determined absolutely through
comparison of measured and intrinsic reflectivity at sMRR3 .
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4 | Sensitivity Analysis

In this Chap. the fundamental behaviour of the TRAC method is analysed. For this
purpose, a sensitivity analysis by means of synthetic data is realised. The forward
operator used to simulate the synthetic measured reflectivity fields is presented in the
following. Stability and accuracy of the calibration method are then analysed using
first idealised, then more realistic precipitation patterns. Attributes of rainfall measure-
ments allowing for accurate calibration are identified and a procedure for determining
the absolute calibration based on a sample of calibration time steps is worked out.

4.1 Forward Operator for Synthetic Data

Synthetic data are suited for method studies as all inherent relations and processes are
known and requested study cases can be simulated according to special needs. Fur-
thermore, these simulated data present neither measuring uncertainties nor erroneous
values. The simulated synthetic data used here for sensitivity studies are created us-
ing a forward operator simulating radar-observed reflectivity from a given spatial rain
rate distribution2. It has been adapted to the MRR network at the Meteorological
Observatory Lindenberg (MOL) described in Sec. 2.2. Hence, understanding from the
theoretical analysis can be transferred to the network calibration and results obtained
from synthetic data are comparable to measurements.
Discrete data are simulated for the horizontally oriented radars MRR1 and MRR2 as
well as for the vertically oriented radar MRR3 (see Fig. 3.1 for network setup and
nomenclature). Data for all three radars are simulated for perfectly calibrated radars,
so that the calibration factors C1, C2 and C3 are implicitly set to 1.0. In order to
simulate and analyse miscalibrated radars, calibration errors can be added to the data
by multiplying the obtained simulated reflectivity fields with chosen C1, C2 and C3,
respectively. For simulation, the measuring path between MRR1 and MRR2 is divided

2Based on the work of Feiertag, N. (2012), personal communication
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into imax = 31 ranges gates with a width of ∆r = 200m each. This distance represents
the maximum covering range of MRRs using measured data (Sec. 2.1). The measuring
path at MOL covers 24 range gates, however, theory can be adapted to this distance
for network calibration (Chap. 5). The different steps implemented within the forward
operator are described in detail in the following and its structure is depicted in Fig. 4.1.

Given rain rate R(i): A rain rate R(i) is freely defined for each range gate i within
1 ≤ i ≤ imax, according to the requirements of the simulated case. Here imax = 31

since 31 range gates are simulated.

Drop size distribution (DSD) N(Dj, i): The drop size distribution N(Dj, i) is
calculated for each range gate i from the rain rate R(i) using Eq. 3.4 for the Marshall-
Palmer standard distribution. Drop diameter classes Dj from 0.15mm to 6.5mm, with
a class width of 0.05mm, are used (1 ≤ j ≤ 128).

Intrinsic reflectivity Z(i): The theoretical, intrinsic reflectivity Z(i) is calculated
from DSD and drop diameter classes for each range gate i according to Eq. 3.5.

Attenuated reflectivity Z1,2(i): The attenuated reflectivity is calculated for each
range gate i in order to simulate measurements from the radars MRR1 and MRR2 in
analogy with Eq. 3.1. The specific attenuation k(i) needed to simulate the attenuated
reflectivity is derived using Eq. 3.3. The simulated rain rate, reflectivity and specific
attenuation are discretised and constant within one range gate. Therefore, attenuated
reflectivity observed by MRR1 and MRR2 in the middle of each range gate i, Z1(i) and
Z2(i), are given by

Z1(i) = Z(i) · exp
(
− k(i)∆r − 2 ·

i−1∑
m=1

k(m) ·∆r
)
, (4.1)

Z2(i) = Z(i) · exp
(
− k(i)∆r − 2 ·

imax∑
m=i+1

k(m) ·∆r
)
, (4.2)

respectively. As seen in Sec. 3.2.2, data from MRR3 is supposed not to be affected by
attenuation. Therefore, measured reflectivity within the range gate corresponding to
the height of the connecting line, Z3(iMRR3), is set to Z3(iMRR3) = Z(iMRR3).
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4.1 Forward Operator for Synthetic Data

Given rain rate R(i)

for each range gate i
on the connecting line

Diameter classes Dj

DSD N(Dj, i)

from rain rate and
diameter classes

Intrinsic refl. Z(i)

for each range gate i
on the connecting line

Attenuated
refl. Z1,2(i)

for each range gate i
on the connecting line

Specific atten-
uation k(i)

for each range gate i
on the connecting line

Figure 4.1: Flow chart showing the different steps implemented in the forward
operator simulating synthetic reflectivity data for MRR1, MRR2 and MRR3

from a given precipitation field.
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4.2 Monte Carlo Simulations on Idealised Synthetic Data

Three idealised precipitation patterns are simulated using the forward operator de-
scribed in Sec. 4.1 with the aim to analyse the sensitivity of the TRAC method. These
idealised fields are homogeneous, sloped and Gaussian shaped precipitation patterns.
The focus of the sensitivity study is laid on three parameters, which are suspected to
have a major impact on calibration accuracy: rainfall intensity, width of the interval
for specific attenuation determination around MRR3 and stochastic noise.

• Rain rate R(i): Since the TRAC method is based on attenuation estimates,
the rainfall intensity influences the calibration results. A higher rain rate on the
measuring path implies higher attenuation, which can subsequently be detected
more clearly. Therefore, all three synthetic precipitation patterns are simulated
with 15 different rainfall intensities.

• Considered interval for specific attenuation determination: The interval
around MRR3 used to determine the specific attenuation based on measurements
from MRR1 and MRR2, has to fulfil two opposed requirements. First, it must be
large enough to enable a noticeable attenuation effect along the path delimited by
the positions rMRR3−(n+1)∆r and rMRR3 +n∆r on the connecting line. Second,
the interval has to be chosen small enough to ensure rain rate homogeneity within
its boundaries. Otherwise DSD measurements from MRR3 can not be assumed
to be representative for the rainfall within the whole interval. In order to analyse
these interactions, calibration with each of the precipitation patterns is performed
using 12 different interval widths (2n+ 1)∆r, with 1 ≤ n ≤ 12. n is the number
of range gates considered on each side of iMRR3 .

• Noise: Noise is an unavoidable feature of measured data. In order to test the
potential of the TRAC method, the influence of noise on its accuracy has to be
analysed. To do so, the simulated reflectivity fields are overlaid with a normally
distributed fluctuation before calibration. The attenuated reflectivity at each
range gate is disturbed with a random noise varying between −10% and 10% of
its own value.

Contemplating these three factors, 180 different combinations of the 15 rain rates R(i)

and the 12 intervals of width (2n+ 1)∆r are obtained for each of the three considered
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precipitation patterns (homogeneous, sloped and bellshaped). For the sensitivity anal-
ysis, calibration is run using a Monte Carlo simulation with 100 repetitions for each of
the 180 combinations. Each run in the Monte Carlo simulation features another added
noise, randomly defined for each range gate. An overview of the simulations included
in the sensibility analysis is given in Tab. 4.1, showing the different combinations of
rain rates R(i) and interval widths (2n + 1)∆r for which the 100 repetitions of the
Monte Carlo simulation are performed. The structure of Tab. 4.1 is found again in the
figures resulting from the sensitivity analysis in the Secs. 4.2.1, 4.2.2 and 4.2.3.

Table 4.1: Performed simulations for the sensitivity analysis of the TRAC
method by means of synthetic data. For each idealised precipitation pattern, a
Monte Carlo simulation with 100 repetitions is done for 12 different interval
widths (2n+ 1)∆r and 15 different rain rates R.

12 interval widths, defined by n−−−−−−−−−−−−−−−−−→
1 · · · 12

15
ra
in

ra
te
s,
R

−−
−−
−−
−−
→

Highest

Monte Carlo simulation
with 100 repetitions

...
...

...

Lowest

Mean and standard deviation of the calibration factors C1, C2 and C3 are calculated
over the results obtained from the 100 repetitions of the Monte Carlo simulations for
each studied case. Since the synthetic data are per default simulated for perfectly cal-
ibrated radars, the expected value for the calibration factors is known to be 1.0. The
standard deviations indicate the stability of the calibration procedure. The lower the
standard deviation, the higher the stability of the calibration. This standard devia-
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tion represents the uncertainty of a single measurement calibration and can be reduced
when calibrating and averaging over several time steps.
In the following, results are shown for C−1, which is the correction factor applied to
measured reflectivity according to Eq. 3.1.

4.2.1 Homogeneous Precipitation Patterns

The first simulated precipitation pattern features a constant rain rate along the mea-
suring path. This simple pattern allows for analysing the behaviour of the calibration
procedure without any inhomogeneity in the data along the connecting line.
In order to study the influence of the rain rate on the accuracy of calibration as men-
tioned above, the homogeneous precipitation fields are simulated with 15 different
intensities, using rain rates between 1mmh−1 and 15mmh−1. Fig. 4.2 shows the
given rain rate (top) and the simulated reflectivity fields (bottom) for a constant rain
rate of 15mmh−1 along the measuring path. The distance between MRR1 and MRR2

is about 6 km and is divided in 31 range gates of 200m length each. The attenuated
reflectivity for MRR1 (red) and MRR2 (blue) is decreasing with increasing distance
from the respective device. The attenuation along the path leads to increasing dif-
ferences between intrinsic (green) and attenuated reflectivity. The vertical, black line
demarcates the position of MRR3, which is located in the middle of the connecting line
in this sensitivity analysis.
Mean and standard deviation of the calibration resulting from the Monte Carlo sim-
ulations for every possible combination of rain rate R and interval width (2n + 1)∆r

are calculated for the correction factors C−1
1 , C−1

2 and C−1
3 (Fig. 4.3). In analogy with

Tab. 4.1, the rain rate varies along the y-axis and the interval width for attenuation
determination around MRR3 along the x-axis. The averaged C−1

1 , C−1
2 and C−1

3 calcu-
lated for each configuration show similar behaviour and are close to the expected value
of 1.0, varying between 0.98 and 1.02. Slight deviations can be found at the short-
est analysed interval width (2n + 1)∆r, with n = 1 range gate, and rain rates below
3mmh−1 (corresponding to approximately 30 dBZ). The stability of these results is
quantified by the standard deviation calculated out of the Monte Carlo simulations.
As for the mean calibration factors, standard deviations behave similar for all three
radars. It decreases toward higher rain rates and larger interval widths (2n + 1)∆r.
Starting at extremely high values (above 2., which represent a spread of more than
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4.2 Monte Carlo Simulations on Idealised Synthetic Data

twice the expected value of the calibration factor) for the smallest considered interval
around MRR3 and the lowest rain rate, the standard deviation reaches values below
0.1 for rain rates R ≥ 4mmh−1 and n ≥ 2. The minimum values of the standard
deviation, 0.05 for MRR1 and MRR2 and 0.01 for MRR3, are achieved for the highest
analysed rain rate and largest interval width.
The obtained results show the validity of the TRAC method, applied on data for per-
fectly calibrated devices. The rainfall intensity along the measuring path determines
the strength of signal attenuation. The higher the attenuation, the easier it is to be
estimated through Eq. 3.17. The sensitivity study shows that the calibration routine
is accurate for the major part of the tested cases. As expected, it is more stable at
high rainfall intensities. In case of homogeneous rainfall along the connecting line, the
measurements of MRR3 are representative for the whole measuring path. Hence, in-
creasing the considered interval width (2n+1)∆r around MRR3 does not induce larger
inaccuracies but improves the attenuation estimation. This behaviour is validated by
the calculated standard deviations, which indicate a stable procedure.
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Figure 4.2: Idealised synthetic data simulated for the measuring path of the
MRR network. Homogeneous precipitation pattern with a rainfall intensity of
15 mm h−1 (top) and corresponding reflectivity fields simulated using the for-
ward operator (bottom). Intrinsic reflectivity is shown in green and simulated,
attenuated reflectivity in red for MRR1 and in blue MRR2. The vertical black
line demarcates the position of MRR3.
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A further study is done to guarantee the ability of the TRAC method to determine ap-
propriate correction factors for each radar when having miscalibrated devices. For the
homogeneous precipitation patterns, Monte Carlo simulations with synthetic data cre-
ated for artificially miscalibrated radars are performed. The synthetic data described
above are multiplied by C = 0.9 to simulate underestimation or C = 1.1 to simu-
late overestimation of the measured reflectivity. This artificial calibration errors are
applied to MRR1, MRR2 and MRR3 in all possible combinations. Tab. 4.2 shows all
combinations of calibration errors and summarises the results of this study for a rain
rate of 15mmh−1 and n = 12 defining the considered interval for attenuation determi-
nation. The results obtained by using other rain rates and other interval widths are
very similar. The analysis is done with rain rates above 4mmh−1 interval widths with
n above 2, as these show satisfying calibration results for perfectly calibrated radars
(Fig. 4.3). Mean and standard deviation are calculated for the correction factors C−1

1 ,
C−1

2 and C−1
3 . The TRAC method allows for a good determination of the factors. For

a given artificial calibration factor C, its inverse correction factor C−1 is calculated
correctly down to the second decimal place. This applies to all studied combinations
of calibration errors. The standard deviation does not exceed 0.07, which indicates a
high stability of the calibration routine in those cases.

Table 4.2: Mean and standard deviation for the correction factor C−1
1 , C−1

2

and C−1
3 calculated over the 100 repetitions of the Monte Carlo simulations for

given artificial calibration errors C1, C2 and C3 (R = 4 mm h−1 and n = 12).

ar
ti
fic
ia
l C1 0.9 1.1

C2 0.9 1.1 0.9 1.1

C3 0.9 1.1 0.9 1.1 0.9 1.1 0.9 1.1

ca
lc
ul
at
ed

C−1
1 1.115 1.115 1.114 1.116 0.911 0.912 0.913 0.913

Sdev1 0.067 0.069 0.068 0.070 0.056 0.055 0.057 0.056

C−1
2 1.115 1.116 0.912 0.912 1.115 1.114 0.912 0.913

Sdev2 0.068 0.070 0.056 0.057 0.069 0.068 0.057 0.057

C−1
3 1.111 0.909 1.112 0.909 1.111 0.909 1.111 0.910

Sdev3 0.025 0.020 0.025 0.020 0.025 0.020 0.026 0.020
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Figure 4.3: Mean (left) and standard deviation (right) for the correction fac-
tors C−1

1 (top), C−1
2 (middle) and C−1

3 (bottom) for homogeneous precipita-
tion patterns. Mean and standard deviation are calculated from Monte Carlo
simulations including 100 repetitions with random noise. The Monte Carlo
simulations are performed for combinations of 15 different intensities of the
homogeneous precipitation field and 12 interval widths (2n + 1)∆r considered
for attenuation determination above MRR3.
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4.2.2 Sloped Precipitation Patterns

The second simulated precipitation pattern shows an increasing rain rate along the mea-
suring path, from MRR1 towards MRR2. As done in the case of homogeneous rain,
different rainfall intensities are used for the analysis. Therefore, precipitation fields
with a maximum rain rate R(imax), occurring at the position of MRR2 and varying
between 1mmh−1 and 15mmh−1, are created. Fig. 4.4 illustrates the simulated data
for a maximum rain rate R(imax) = 15mmh−1. The rain rate is increasing constantly
from R(1) = 0.2mmh−1 to R(imax) = 15mmh−1. Due to this slope, the attenuation
on the measuring path becomes stronger closer the MRR2.
Mean and standard deviation for C−1

1 , C−1
2 and C−1

3 resulting from the Monte Carlo
simulations using 15 different rain intensities and 12 interval widths for attenuation de-
termination around MRR3 are given in for Fig. 4.5 (by analogy with Fig. 4.3). Similarly
to the results shown for a homogeneous rainfall, the mean correction factors are reliably
determined, except from simulations with low rain rates R(i) and small interval widths
(2n+ 1)∆r. Here, the correction factors vary between 0.97 and 1.06 for maximum rain
rates R(imax) ≥ 3mmh−1 and n ≥ 2. The standard deviation behaves similarly to
the one calculated for the homogeneous case (Fig. 4.3), decreasing when approaching
higher rain rates and larger values of n. The region with satisfying standard deviation
below 0.1 is now reduced to simulations with maximum rain rates R(imax) ≥ 6mmh−1

and interval widths for attenuation determination defined by n ≥ 6, approximately.
Altogether, the sensitivity analysis for sloped precipitation patterns shows similar re-
sults to the one performed with homogeneous rain rates. The impact of rainfall inten-
sity, resulting in an improved calibration for higher rain rates, is still clearly visible.
Even if the measurements of MRR3 cannot be considered as representative for the path
between rMRR3 − (n+ 1)∆r and rMRR3 + n∆r anymore, the calibration factors appear
to be estimated accurately for maximum rain rates above R(imax) = 6mmh−1 and
intervals defined by n > 6. This is due to the fact that the constant slope within the
precipitation pattern leads to a compensation of the error made by assuming repre-
sentativity: The rainfall measured by MRR3 has a higher intensity than the rainfall
between MRR3 and MRR1, but a lower than between MRR3 and MRR2. Averaging
attenuation along the considered section results in values near to the one obtained from
measurements of MRR3.
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Figure 4.4: Idealised synthetic data simulated for the measuring path of the
MRR network. Sloped rain rate increasing from 0.2 mm h−1 to 15 mm h−1 (top)
and corresponding reflectivity fields simulated using forward operator (bottom).
Intrinsic reflectivity is shown in green and simulated, attenuated reflectivity in
red for MRR1 and in blue for MRR2. The vertical black line demarcates the
position of MRR3.

4.2.3 Gaussian Shaped Precipitation Patterns

The third analysis precipitation pattern is characterised by a maximum value in rain
rate above the location of MRR3. The shape of the precipitation field is created by
using an adapted formula for a normal distribution in order to calculate the rain rate
R(i) at each range gate i:

R(i) =
1

σR
√

2π
exp

(
− 1

2

(i− µR

σR

)2
)
· 100 (4.3)

The standard deviation σR is changing the maximum value of the function and varies
between 3 and 10 in steps of 0.5, creating 15 fields with different rainfall intensities.
The median µR coincides with the range gate comprising MRR3, here µR = 16. Fig. 4.6
presents the simulated data for the smallest standard deviation σR = 3, which means
the highest maximum value of R(iMRR3). Because of the shape of the precipitation
field, the attenuation is largest in the middle of the measuring path.
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Figure 4.5: Mean (left) and standard deviation (right) for the correction
factors C−1

1 (top), C−1
2 (middle) and C−1

3 (bottom) for sloped precipitation
patterns. Mean and standard deviation are calculated from Monte Carlo sim-
ulations including 100 repetitions with random noise. The Monte Carlo simu-
lations are performed for combinations of 15 different intensities of the sloped
precipitation field, described by the maximum rain rate, and 12 interval widths
(2n+ 1)∆r considered for attenuation determination above MRR3.
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Fig. 4.7 depicts the results from the sensitivity analysis using these Gaussian shaped
precipitation patterns. Mean and standard deviation of C−1

1 , C−1
2 and C−1

3 , obtained
from the Monte Carlo simulations (in analogy to Secs. 4.2.1 and 4.2.2), are calculated
for the interval widths defined by 1 ≤ n ≤ 12 and the precipitation intensities obtained
from 3 ≤ σR ≤ 10. The results of the calibration differ from the one discussed in Secs.
4.2.1 and 4.2.2. Here, the mean calibration factors are well determined only for high
rainfall intensities (meaning small values of σR) and low interval widths (2n + 1)∆r.
For low rain rates and increasing interval width, the correction factors show a large
negative bias up to 0.75, which represents an error of 75% in the calibration. The
standard deviation seems to be less dependent on rainfall intensity. Stable results are
achieved for interval widths defined by n larger than 6. A slight tendency toward lower
standard deviations at smaller σR values, which means higher rain rates, is still visible.
In the case of a maximum above MRR3 in the spatial rain rate distribution, the observed
DSD, and consequently the attenuation, at the range gate iMRR3 are not representa-
tive for the the whole interval of n range gates on each sides of MRR3. The specific
attenuation kDSD calculated from the DSD measurements of MRR3 is higher than the
one calculated from the measurements of MRR1 and MRR2 along the considered in-
terval. Therefore, the correction factor C−1

3 is found to be smaller than 1.0 (Eq. 3.7),
erroneously correcting the reflectivity measurements of MRR3 towards lower values
(Eq. 3.6). Consequently, the intrinsic reflectivity value above MRR3 is underestimated
and the correction factors for MRR1 and MRR2, which are calibrated through compar-
ison between measured and intrinsic reflectivity above MRR3, are also underestimated
erroneously through calibration.
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Brief review

The TRAC method using idealised data yields following results:

• The correction factors are determined accurately when the attenuation
effect is strong enough to be detected clearly. This requires high rain
rates (approximately 3mmh−1) and a large interval width (2n + 1)∆r

around MRR3 for attenuation determination (at least n = 2).

• The results are falsified in the case of inhomogeneous rainfall within the
interval from rMRR3 − (n+ 1)∆r to rMRR3 +n∆r, because then measure-
ments from MRR3 are not representative for this interval .
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Figure 4.6: Idealised synthetic data simulated for the measuring path of the
MRR network. Precipitation pattern with maximum intensity above MRR3

(top) and corresponding reflectivity fields simulated using the forward operator
(bottom). Intrinsic reflectivity in shown in green and simulated, attenuated
reflectivity in red for MRR1 and in blue for MRR2. The vertical black line
denotes the position of MRR3.
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Figure 4.7: Mean (left) and standard deviation (right) for the correction fac-
tors C−1

1 (top), C−1
2 (middle) and C−1

3 (bottom) for Gaussian precipitation
patterns. Mean and standard deviation are calculated from Monte Carlo sim-
ulations including 100 repetitions with random noise. The Monte Carlo simu-
lations are performed for combinations of 15 different intensities of the Gaus-
sian shaped precipitation field, described by σR, and interval widths (2n+1)∆r

considered for attenuation determination above MRR3. The precipitation field
becomes more peaked and takes a higher maximum for lower values of σR.
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4.3 Calibration Using Semi-Synthetic Data

Considering the results from the sensitivity analysis performed in Sec. 4.2 by means
of idealised synthetic data, the presented TRAC method allows for accurate calibra-
tion of the simulated MRR network. This is especially when considering homogeneous
precipitaion fields with high rain rates. Furthermore, a large considered interval width
(2n + 1)∆r for attenuation determination above MRR3 allows for better attenuation
estimates, which is the prerequisite for a precise calibration. At the same time, a larger
interval also induces more inhomogeneities, which falsify results. These two opposite
implications have to be considered when calibrating a network.
Since the synthetic data analysed in Sec. 4.2 are idealised and feature unrealistic pre-
cipitation patterns, a further study is realised based on data with more realistic rain
fields. For this purpose, measured data from the MRR network at MOL (Sec. 2.2) are
used in order to create synthetic data with a realistic texture given by measurements.
These data are referred to as semi-synthetic data in the following.
This Sec. describes in which way semi-synthetic data are generated and presents a pos-
sible method for determining the calibration factors when dealing with less idealised
data. Since the considered data are still synthetic, the calibration factors of the sim-
ulated devices remain known. All devices are considered perfectly calibrated in this
analysis, yielding correction factors of 1.0.

4.3.1 Semi-Synthetic Data Generation

In order to create synthetic data with realistic precipitation patterns, data from the
MRR network at MOL, recorded between beginning of May and end of June 2013,
are used (Sec. 2.3). Within this period, 15 rainfall events serve for testing the TRAC
method. Measurements from the network are set to be the given intrinsic reflectivity
from which simulated, attenuated reflectivity measurements for all three radars are de-
rived. The simulation of reflectivity measurements is done using the forward operator
described in Sec. 4.1.
Since reflectivity measurements from MRR1 and MRR2 are attenuated, taking one of
these data to be the given intrinsic reflectivity used by the forward operator is imply-
ing an underlying effect of attenuation in the simulated data. The intrinsic reflectivity
would be biased and generally decreasing with increasing distance from the chosen
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radar, resulting in a constantly higher attenuation on one side of the measuring path.
In order to avoid this artefact, reflectivity fields with realistic patterns are created by
combining measurements from MRR1 and MRR2. For each considered time step (4220
in total), the measured reflectivity from MRR1 and MRR2 are compared within each
range gate and the maximum value is chosen (example in Fig. 4.8). The 4220 resulting
reflectivity fields (Fig. 4.9) show three major rainfall events with reflectivity values
above 40 dBZ: one from time step 1000 to 1500, one from time step 2250 to 2750 and
one after time step 4000.
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Figure 4.8: One time step of reflectivity measurements from MRR1 (red) and
MRR2 (blue) recorded on the 30th of May 2013, at 21:20 UTC. The intrinsic
reflectivity field for data simulation is created by taking the maximum measured
value within each range gate (green).
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Figure 4.9: Reflectivity fields created from the measurements of MRR1 and
MRR2 taking the maximum value within each range gate for 4220 considered
time steps. The measurements were recorded between beginning of May and
end of June 2013.
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For all time steps t, a precipitation pattern is calculated from the created, intrinsic
reflectivity field using the Z/R relation

R(i, t) =

(
Z(i, t)

296

) 1
1.47

(4.4)

described by Marshall and Palmer (1948). Z(i, t) represents the intrinsic reflectivity
and R(i, t) the rain rate within the range gate i at the time step t. Based on this cal-
culated precipitation field, attenuated reflectivity fields for MRR1, MRR2 and MRR3

are calculated using the forward operator described in Sec. 4.1.
Since two characteristics of reflectivity fields have been detected to be disadvanta-
geous for calibration in Sec. 4.2, the simulated reflectivity fields are filtered using two
parameters in order to remove unsuited cases:

• Averaged reflectivity along the measuring path: The prerequisite for a
good calibration is an attenuation effect strong enough to be detected reliably.
Therefore, the rainfall intensity along the measuring path has to be high enough
(approximately 30 dBZ as seen in Sec. 4.2.1) to achieve this required attenuation.
In order to select time steps with enough rain, the averaged reflectivity (in dBZ)
along the measuring path is calculated.

• Texture of the reflectivity field TDBZ: The TRAC method works best for
homogeneous reflectivity fields. Inhomogeneities can falsify the calibration, for
example, in introducing a bias when determining C3 as explained in Sec. 4.2.3.
Furthermore, a strongly inhomogeneous reflectivity field is an evidence for high
noise or disturbances in the measurements. Data showing this characteristic have
to be sorted out. This is done by using the texture of the reflectivity TDBZ,
according to Hubbert et al. (2009):

TDBZ =
∑
i

(dBZ(i)− dBZ(i− 1))2 · 1

I
(4.5)

TDBZ is an indicator for the fluctuation level of reflectivity along the path
calculated by summing up the squared differences in reflectivity between adjacent
range gates i. Here, I represents the total number of range gates considered for
the TDBZ calculation, which has to be chosen appropriately.

Both parameters are used to filter the semi-synthetic data set (Fig. 4.9). In order to
set appropriate thresholds for both parameters, the advantage of semi-synthetic data
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4.3 Calibration Using Semi-Synthetic Data

is utilised. Since correction factors are known, time steps providing accurate cali-
bration can be distinguished from those leading to unsatisfying results. In analogy
with the sensitivity analysis in Sec. 4.2, Monte Carlo simulations are performed for
each of the 4220 time step, featuring 100 simulations with randomly added noise of
±10%. The considered interval for attenuation determination above MRR3 comprises
2 ≤ n ≤ 5 range gates on each side of MRR3. The smallest interval (with n = 1)
is left out as the attenuation along three range gates is not strong enough to be detected
reliably. Hence, it does not provide stable results (Sec. 4.2). Interval widths with n

larger than 5 would imply a total interval width of more than 2 km when using the
network conditions presented in this study. Since it is not likely to have homogeneous
precipitation conditions within such large distances in real measuring conditions, in-
terval widths (2n+ 1)∆r with n exceeding 5 are not analysed further here.
Since the calibration factors of all three simulated radars are known (1.0), time steps
providing a good and stable calibration can be selected after calibration using the re-
sults from the Monte Carlo simulations. A satisfying calibration is defined here by
an averaged correction factor between 0.9 and 1.1, allowing for up to 10% error. In
addition, standard deviation is required to be below 1. These conditions for averaged
correction factor and standard deviation have to be fulfilled for all three radars and all
four considered values of n for a time step to be selected. Now, comparing averaged
reflectivity and TDBZ value of the selected time steps with the remaining time steps
allows for adjusting thresholds for both parameters. The estimation of the thresholds
is done considering the interval width (2n+ 1)∆r with n = 5, representing the largest
considered interval for attenuation determination above MRR3. Using n = 5 guaran-
tees a satisfying value of TDBZ within all smaller intervals. Thresholds are set in
order to have 90% of the selected time steps above the threshold for averaged reflec-
tivity (Fig. 4.10a) and below for TDBZ (Fig. 4.10b), respectively. This adjustment
results in an averaged reflectivity of 30 dBZ and a TDBZ value of 1.4 dBZ2.
The determined thresholds for averaged reflectivity and TDBZ value are now applied
to the simulated semi-synthetic data. The TDBZ value is determined along 11 range
gates, n = 5 range gates on both sides of MRR3, setting the largest considered interval
width for attenuation determination. The attenuated reflectivity fields of MRR1 and
MRR2 have to fulfill both thresholds for the time step to be considered in the following
study. From the 4220 simulated time steps, 3246 suited ones remain after filtering. In
the following Sec. calibration is analysed for these time steps.
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Figure 4.10: Averaged reflectivity along the measuring path (top) and TDBZ
value for the interval width (2n+ 1)∆r with n = 5 range gates on both sides of
MRR3 (bottom) for all time steps (blue) and for selected time steps providing
satisfying calibration (red). The black line at 30 dBZ (top) and 1.4 dBZ2 (bot-
tom) represents the threshold of both parameters defined by having 90% of the
selected cases above it for the averaged reflectivity and below for the TDBZ
value, respectively.
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4.3 Calibration Using Semi-Synthetic Data

4.3.2 Determination of Calibration Factors

After the generation and selection of semi-synthetic reflectivity fields, calibration of
all three radars is performed in order to analyse the behaviour of the TRAC method.
The data used here present more realistic structure than the idealised data presented
in Sec. 4.2, which yield accurate calibration results.
The calibration is performed once for each time step, with an added random fluctuation
of ±10% on the data which simulates noisy measurements. Four different interval
width (2n + 1)∆r for attenuation determination above MRR3 are considered, varying
n between 2 and 5 for the reasons described in Sec. 4.3.1.
Calibration using the selected, suited time steps does not achieve precise calibration in
all cases. Resulting correction factors are spread over a wide range of values. In order to
define a method for the determination of the wanted calibration factor, the distributions
of obtained correction factors C−1

1 , C−1
2 and C−1

3 are studied (Fig. 4.11). For each
interval width (2n+ 1)∆r, the calculated factors are considered among 21 classes with
a width of 0.2. Time steps providing negative calibration factors are removed, resulting
in a different number N of considered time steps for the different considered interval
widths. Those negative results have no physical meaning, as corrected reflectivity fields
then also appear to be negative (Eq. 3.1). According to Eq. 3.18, negative correction
factors appear if Z1(iMRR3 − n) · Z2(iMRR3 + n) < Z1(iMRR3 + n) · Z2(iMRR3 − n),
hence if the reflectivity of one radar is strongly increasing with increasing distance
from the device (Fig. 3.4). This implies the determination of a negative attenuation,
meaning that the signal is not attenuated but amplified along the path. These cases
should not be considered and are removed from further analysis. The distributions
of correction factors have their maximum within the class including 1.0, which is the
expected correction factor for perfectly calibrated radars, and are positively skewed.
The skewness results from the fact that errors in the determination of the correction
factors are multiplicative. Underestimation of the correction factor is constrained to the
interval between 0 and the true value. Overestimation, which happens with the same
frequency as underestimation, is one the contrary spread between the true value and∞.
Because of this skewness, the mean of the calculated correction factors is not expressing
the most probable value of the correction factor. The wanted correction factor is more
likely given by the median of the distribution, expressing the point separating the
distribution of calculated values into two equally sized parts. As discrete distributions
allow for the estimation of a median within the given resolution, a distribution function
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is fitted to the discrete distribution in order to provide more precise results. The fitted
function represents the shape of the statistical population and allows for a more stable
determination of the median. The median of the fitted distribution function can be
interpreted as the wanted correction factor.

(a) n = 2 (b) n = 3

(c) n = 4 (d) n = 5

Figure 4.11: Distribution of correction factors C−1
1 (red), C−1

2 (blue) and
C−1

3 (green) for (a) n = 2, (b) n = 3, (c) n = 4 and (d) n = 5 (semi-
synthetic data calibration). The total amount of considered time steps is indi-
cated by N .

Three different distribution functions are fitted to the data in order to specify the most
appropriated: the Gaussian normal function and two skewed ones, the Weibull and the
logarithmic normal function (Fig. 4.12). As expected, the Gaussian normal function
is not suited to describe properly the shape of the distribution and cuts off the tail of
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4.3 Calibration Using Semi-Synthetic Data

the distribution on the right side of the maximum. The Weibull function is skewed,
and, therefore, allows for a better description of the non normally distributed data.
However, the best fit is achieved using the logarithmic normal function, as expected
from the shape of the the distribution of the correction factors. Since the correction
factor is multiplicative, overestimation by a factor a occurs as often as underestimation
by a factor a−1, both implying the same magnitude of error. This behaviour is best
described by the logarithmic normal function, which is confirmed to fit best to the data
by the used Pearson’s chi-squared test.

Figure 4.12: Distribution of calculated correction factor C−1
1 for the interval

width (2n+1)∆r for attenuation determination above MRR3 defined by n = 5,
and fitted logarithmic normal, Gaussian and Weibull distribution functions.

The logarithmic normal function is fitted to the distributions of all three correction
factors for each of the four considered interval width (2n+1)∆r (Fig. 4.13). In the case
of the considered semi-synthetic data, the logarithmic normal functions for the three
correction factors have a very similar shape. The median (50% percentile), representing
the correction factor, is calculated for these distribution functions (Tab. 4.3). In order
to describe the width of the distribution and to have a parameter for the accuracy
of calibration, the interquartile range (describing the distance between 25% and 75%
percentile) is considered (Tab. 4.3). The larger the interquartile range, the wider
the distribution and less pronounced the maximum. As a result, the function fitting
becomes less stable and the median less precise for larger interquartile ranges.
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Table 4.3: 50%, 25% and 75% percentiles calculated from the logarithmic
normal distribution function fitted to the results for C−1

1 , C−1
2 and C−1

3 for
2 ≤ n ≤ 5 (semi-synthetic data calibration).

Interval for attenuation determination

Percentile n = 2 n = 3 n = 4 n = 5

C−1
1

50% 1.15 1.09 1.12 1.08

25% 0.70 0.73 0.76 0.73

75% 1.74 1.52 1.57 1.51

C−1
2

50% 1.14 1.09 1.12 1.08

25% 0.70 0.73 0.76 0.74

75% 1.74 1.53 1.57 1.50

C−1
3

50% 1.14 1.09 1.12 1.08

25% 0.70 0.74 0.76 0.74

75% 1.72 1.52 1.56 1.49

No clear trend for more peaked distributions toward a specific value of n can be found.
For 3 ≤ n ≤ 5, the interquartile range varies between 0.75 and 0.81. It is largest for
n = 2, where its value is about 1.0 for all three correction factors. Hence, the widest
spread of the calculated correction factors is found using an interval of two range gates
on both sides of MRR3 for attenuation determination. The determined medians for all
three calibration factors are similar considering one interval width. The errors in the
estimation of the correction factors, knowing the true value is 1.0, reach up to 15%
for n = 2 and are lowest for n = 5, with 8% deviation from 1.0. However, there is
no obvious trend of increasing calibration accuracy towards larger or smaller values of
n, making it difficult to determine the most appropriate interval for calibration. The
deviations between median and true correction factor are 4 to 7.5 times higher than
in the case of homogeneous synthetic data analysed in Sec. 4.2.1, where the errors are
not exceeding 2%. There is no general value given up to which amount MRRs can be
miscalibrated, but realistic calibration errors could be situated at about 10%3. Taking

3Personal communication with Lengfeld, K. (2013): Calibration of MRRs with wind corrected rain
gauges yields correction factors between 0.90 and 0.91.
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4.3 Calibration Using Semi-Synthetic Data

this as a reference, the calibration using semi-synthetic data does not yield satisfying
results, since errors in the determination of the correction factors already range be-
tween 8% and 15%.

(a) n = 2 (b) n = 3

(c) n = 4 (d) n = 5

Figure 4.13: Distribution of correction factors C−1
1 (red), C−1

2 (blue) and
C−1

3 (green) and fitted logarithmic normal distribution function for (a) n = 2,
(b) n = 3, (c) n = 4 and (d) n = 5 (semi-synthetic data calibration). The
total amount of considered time steps is indicated by N .

A possible explanation for the relatively high overestimation of the correction factors
(Tab. 4.3) might be the remaining of cases falsifying calibration in the analysed time
steps. By generating intrinsic reflectivity fields using the maximum measured value
from MRR1 and MRR2 (Sec. 4.3.1) a permanent slope towards one radar caused by
attenuation is avoided, but some cases with a dip in the reflectivity field are created.
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These cases appear when both MRRs measure strongly decreasing reflectivity intensity
with increasing distance, which happens in the case of high attenuation. Such cases
can be seen in Fig. 4.9 from time step 2000 to 2750, where the reflectivity fields show
decreasing intensity between the range gates 12 to 25. Due to this lower reflectivity
above MRR3, the measured DSDs are not representative for the considered interval for
attenuation determination. The specific attenuation calculated from the measurements
of MRR3 is smaller than the one calculated along the considered interval. MRR3 is
then erroneously calibrated toward higher reflectivity values, due to an overestimated
correction factor. This behaviour is also obvious in Sec. 4.2.3, where a maximum in
the reflectivity field above MRR3 induces an underestimation of the correction factor.
Time steps showing a similar behaviour could be removed by improving the used fil-
ter, since averaged reflectivity and TDBZ value do not take this characteristic of the
precipitation field into account.
Another parameter susceptible of changing the accuracy of calibration results is the
chosen width of the classes considered for the distribution of calculated correction fac-
tors. However, the same analysis with a distribution class width of 0.1 is not showing
an improvement for the data set studied here.

Brief review

The sensitivity analysis of the TRAC method using semi-synthetic data
with realistic reflectivity pattern gives following results:

• The calibration by means of filtered time series results in a spread dis-
tribution of calculated correction factors. The logarithmic normal dis-
tribution function is best suited to describe these distributions and the
median of the fitted function represents searched correction factor.

• There is no clear indication for the best suited interval width for atten-
uation determination.

• The estimation of the correction factors shows an overestimation from
8% to 15%, which could be improved through optimisation of the filter
applied on the reflectivity fields.
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5 | Network Calibration

The sensitivity analysis performed in Chap. 4, by means of synthetic and semi-synthetic
data, shows the potential of the presented TRACmethod for absolute calibration within
a network. Two parameters are selected (averaged reflectivity and TDBZ value) in
order to filter data before calibration and obtain adequate reflectivity measurements
for calibration. Furthermore, a method for determining the wanted calibration factors
from a sample of calibration results is defined. In this Chap., the findings mentioned
above are applied to the data recorded at the micro rain radar (MRR) network at the
Meteorological Observatory Lindenberg (MOL, Sec. 2.2).
As described in Sec. 2.3, data recorded between beginning of May and end of June 2013
are used. This period presents 15 major rainfall events. The thresholds for averaged
reflectivity and TDBZ value defined in Sec. 4.3.1 are used in order to filter the data
previous to the calibration. The horizontally oriented radars MRR1 and MRR2 must
present an averaged reflectivity above 30 dBZ along the measuring path and a TDBZ
value below 1.4 dBZ2 within the interval of 5 range gates on each side of the vertically
oriented radar MRR3. The filtering assures to avoid strong inhomogeneities around
MRR3, which can falsify the attenuation determination, and guarantees an adequate
attenuation. The resulting valid reflectivity measurements are reduced to a number of
418 (Fig. 5.1). The effect of attenuation on the measurements of MRR1 and MRR2 is
clearly visible in the decreasing reflectivity with increasing distance from the devices.
MRR3 does not present strong attenuation because of the shorter considered distance.
Additionally, an internal attenuation correction is applied.
For each time step, calibration of all three MRRs is performed regarding four different
interval widths (2n + 1)∆r, with 2 ≤ n ≤ 5. Sec. 4.2 demonstrates that calibration
using an interval width with n = 1 yields unsatisfying, unstable calibration results.
Intervals with n > 5 increase the degree of inhomogeneity, which is disadvantageous
for calibration.
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(a) MRR1

(b) MRR2

(c) MRR3

Figure 5.1: Measured reflectivity fields from the three radars at MOL: (a)
MRR1, (b) MRR2 and (b) MRR3. Data recorded between beginning of May
and end of June 2013, and filtered for averaged reflectivity along the path above
30 dBZ and TDBZ value bellow 1.4 dBZ2. Range gates have a width of 200 m
for MRR1 and MRR2 and 10 m for MRR3. MRR3 is situated in the 11th range
gate when considered from MRR1, in the 14th when considered from MRR2.

After removing missing or erroneous, negative values the distribution of calculated
correction factors are analysed (Fig. 5.2). In analogy to the study in Sec. 4.3, a log-
arithmic normal distribution function is fitted to the calibration results. In order to
determine the wanted correction factor, the median of the distribution functions is cal-
culated, as well as the 25% and 75% percentiles. These quartiles give an estimate for
the width of the function through the interquartile range. The width of the function
is an indicator for the accuracy of calibration, since widely spread results show a large
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uncertainty in the determination of the correction factors. The values for median, 25%
and 75% percentiles can be found in Tab. 5.1. As apparent in Fig. 5.2, the fitted
function is more peaked for the calibration results of MRR3, where the interquartile
range varies between 0.67 and 1.02 for the different interval widths (2n+ 1)∆r. These
values are comparable to the one obtained using semi-synthetic data for calibration
(Tab. 4.3). Considering the results for MRR1 and MRR2, the interquartile range is
larger. Taking values between 1.50 and 1.86 for MRR1, it reaches up to 659.21 for
MRR2. For every radar, the distribution appears to be widest for an interval width
for attenuation estimate defined by n = 2. Possibly, the width of this interval is not
sufficient to achieve an effect of attenuation strong enough to be determined reliably.

Table 5.1: 50%, 25% and 75% percentiles calculated from the logarithmic
normal distribution function fitted to the results for C−1

1 , C−1
2 and C−1

3 for
2 ≤ n ≤ 5 (measured data calibration).

Interval (2n+ 1)∆r

Percentile n = 2 n = 3 n = 4 n = 5

C−1
1

50% 1.25 1.07 1.32 1.50

25% 0.45 0.39 0.65 0.79

75% 2.31 1.89 2.18 2.54

C−1
2

50% 95.45 2.74 2.51 2.40

25% 13.54 0.98 1.05 1.06

75% 672.75 7.54 5.84 5.26

C−1
3

50% 0.69 0.75 0.73 0.77

25% 0.34 0.41 0.47 0.50

75% 1.36 1.30 1.17 1.17

A reason for the wider spread of the calculated correction factor, especially for C−1
1 and

C−1
2 , could be the rather small sample of time steps used for calibration, varying be-

tween 324 and 401. In the case of the semi-synthetic data in Sec. 4.3, nearly 3000 time
steps are available, likely offering a more stable distribution of calculated correction
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factors. A larger amount of data from the MOL network could provide more defined
and stable results. This hypothesis is consolidated by the distribution of correction
factors obtained from semi-synthetic data taking only 400 randomly chosen time steps
(Fig. 5.3). This number of cases is comparable to the one available for the calibration
based on measured data (Fig. 5.2). The distribution appears to be less smooth than
the distributions in Sec. 4.3. The interquartile range is approximately 1.80 for all three
correction factors, and therefore comparable to the one obtained in this Sec. for C−1

1 .
The very large deviations in the calibration of C−1

2 are probably due to higher noise
(slightly visible in Fig. 5.1b) or stronger interferences in the data compared to MRR1.

(a) n = 2 (b) n = 3

(c) n = 4 (d) n = 5

Figure 5.2: Distribution of correction factors C−1
1 (red), C−1

2 (blue) and C−1
3

(green) and fitted logarithmic normal distribution function for (a) n = 2, (b)
n = 3, (c) n = 4 and (d) n = 5 (measured data calibration). The total amount
of considered time steps is indicated by N .
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Besides the small available data sample, a reason for the differences in the width of the
determined distribution functions between MRR3 on one side and MRR1 and MRR2

on the other side can result from the larger uncertainties appearing in the calculation
of C−1

1 and C−1
2 . First, the errors done in the determination of the correction factor

for MRR3 are propagated into the determination of C−1
1 and C−1

2 (Eqs. 3.20 and 3.21).
Second, the calculation of the attenuation along the path from device (MRR1 or MRR2)
to measuring volume above MRR3 (Eqs. 3.26 and 3.27) presents two additional source
of uncertainties. Inhomogeneities along the considered section of the path can have
more impact on the result than inhomogeneities along the shorter path used to deter-
mine attenuation above MRR3. Furthermore, measurements within the first two range
gates of MRRs are not reliable and should not be used. For both horizontally oriented
radars, the values these two range gates are filled up with a mean value calculated from
the third and fourth range gates. This is probably falsifying results because the atten-
uation within these two first range gates can not be estimated from the measurements.
Its effect on measurements is then neglected when calculating C−1

1 and C−1
2 . These

errors seem to be more pronounced for MRR2, leading to larger uncertainties. Possibly,
the location of MRR3 on the connecting line could explain parts of these uncertainties.
MRR3 is situated closer to MRR1, which leads to an attenuation between device and
MRR3 calculated over a larger interval for MRR2.
Considering the medians for the MOL network calibration, MRR3 shows correction
factors below 1.0 for every considered n. This indicates that MRR3 overestimates
intrinsic reflectivity and has to be corrected toward lower values. The calculated cor-
rection factor varies between 0.69 and 0.77. The correction factor for MRR1 shows
opposite behaviour and varies between 1.07 and 1.50, indicating that MRR1 tends to
underestimate reflectivity. Here, the differences between calculated correction factors
for the different values of n are larger than for MRR3. Also, the interquartile range is
larger than those discussed in Sec. 4.3 for semi-synthetic data. The results obtained
for MRR2 show a correction factor varying between 2.40 and 95.45, which is not a
realistic range for MRR calibration. As mentioned in Sec. 4.3.2, MRRs might have to
be corrected for up to 10%, therefore these results are not reliable. Due to the small
amount of time steps available in the sample, these results should not be taken quan-
titatively and have to be validated through further analysis, when more appropriate
data is available from the MOL network.
The MOL network calibration indicates overestimated reflectivity measurements form
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MRR3 and underestimated reflectivity measurements from MRR1. The results for
MRR2 are too imprecise to be interpreted. Using a larger amount of data could im-
prove the calibration results in order to get satisfying, quantitative results for the
calibration of MRR3. An improvement could also be reached in the case of MRR1,
showing slightly larger uncertainties. The unstable results for the calibration of MRR2

have to be analysed further. They could be due to higher noise in the data or stronger
interferences compared to MRR1.
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Figure 5.3: Distribution of correction factors C−1
1 (red), C−1

2 (blue) and C−1
3

(green) for 400 randomly chosen time steps of the semi-synthetic data set.

Brief review

The calibration of the MRRs within the MOL network shows following
findings:

• The data sample is too small for reliable calibration, but the calibra-
tion indicates that MRR3 probably overestimates and MRR1 probably
underestimates reflectivity.

• The calibration is susceptible to be improved using a larger data sample.

• Large uncertainties appear in the calibration of MRR2, probably due to
high noise or interferences.
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This study presents and analyses a novel method for Triple Radar Absolute Calibration
(TRAC), focusing on the application on MRRs. The method calibrates devices in a
network with respect to reflectivity and without any previously calibrated reference
device.
These characteristics prove potential benefits over different techniques in use for radar
calibration, e.g. calibration against rain gauges, disdrometers or micro rain radars
(MRR), calibration using the solar intensity or radar reflectors. Among others, these
methods imply a dependency on Z-R relations, a point to area comparison, the use of
precalibrated reference devices or a complicated realisation.
The aim of this thesis is to derived and document comprehensively the TRAC method,
which is done here for the first time. In addition, its potential to determine precise
calibration factors is analysed.
The TRAC method is based on attenuation estimates and requires a network compris-
ing at least three radars operating within a strongly attenuated frequency range. Two
radars (MRR1 and MRR2) have to measure reflectivity along a horizontal connect-
ing line. The third radar (MRR3) is positioned vertically between both horizontally
oriented radars, providing reflectivity and drop size distribution (DSD) measurements
at one point on the connecting line. The vertically oriented MRR is calibrated first
by comparing its attenuation measurements with attenuation estimates obtained from
both horizontally oriented MRRs. After the calibration of MRR3, the intrinsic reflec-
tivity now known at one point on the connecting line is compared to measurements of
MRR1 and MRR2 and allows for estimation of their calibration factors.
In order to describe the potential of the novel method for radar calibration, a sen-
sitivity analysis is performed. The method is first tested using synthetic data with
idealised precipitation patterns, since there is no previous experience of its applica-
bility. A homogeneous, a sloped and a Gaussian shaped precipitation pattern are
analysed and calibration performed considering noisy data with a fluctuation up to
10%. Furthermore, different rainfall intensities and default interval widths for atten-
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uation determination are taken into account. The calibration based on homogeneous
precipitation patterns yields satisfying results. Except from calibration at rain rates
below 3mmh−1 and considered interval widths defined by n = 1 range gates on both
sides of MRR3, the mean calibration constants for all three radars take values between
0.98 and 1.02. This represents an error of 2% in the determination of the true cali-
bration factors, which is 1.0 for perfectly calibrated radars. The standard deviation,
expressing the stability of the procedure, stays below 10% for the mentioned rain rates
and interval widths for attenuation determination. It reaches its minimum values for
the highest analysed rain rate (15mmh−1) and the largest interval width (defined by
n = 12), going down to 5% for MRR1 and MRR2 and 1% for MRR3. These results are
most stable for the calibration of MRR3. The study of sloped precipitation patterns
show similar results. The Gaussian shaped precipitation pattern, featuring a maximum
in rainfall intensity above MRR3 reveals one weakness in the method. Due to higher
rain rates above MRR3, its measurements are erroneously corrected toward lower re-
flectivity values, inducing a negative bias in the results of all three correction factors.
This bias is stronger the higher the rain rate and the larger the interval for attenuation
determination. The sensitivity analysis by means of idealised, synthetic data shows
following findings:

• The validity of the presented TRAC method is proved.

• Precise and stable calibration results are achieved for high rain rates (above
3mmh−1) and large considered intervals for attenuation determination around
MRR3.

• Ideal cases for calibration are preferably homogeneous rainfall along the measur-
ing path and an effect of attenuation strong enough to be determined reliably.

Since these results are obtained focusing on idealised synthetic data, a further study is
done with synthetic data representing realistic structures. Those structures are taken
from reflectivity measurements recorded at the network setup at the Meteorological
Observatory Lindenberg (MOL). The considered cases are filtered using averaged re-
flectivity along the measuring path and the texture of the reflectivity field TDBZ in
order to guarantee high enough rain rates and homogeneity. Calibration over a sample
of filtered time steps of reflectivity measurements leads to distributions of the calcu-
lated correction factors that can be described using a logarithmic normal distribution
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function. This function is fitted to the obtained results and its median is calculated
in order to describe the searched correction factors. Here, the calibration results vary
between 1.08 and 1.15, where 15% errors are achieved using an interval for attenuation
determination defined by n = 2. The constant overestimation of the correction factors
is presumably an artefact of the created data, which indicates the need of a better fil-
ter for the data appropriate for calibration. The study of synthetic data with realistic
structure reveals the following:

• The distributions of calculated correction factors have a logarithmic shape.

• The distributions are well defined, with stable fit and median for the determina-
tion of the correction factors.

• The filter used to remove unsuited data for accurate calibration needs optimisa-
tion.

Since the sensitivity analysis validates the potential of the presented calibration method
for appropriate conditions, the MRR network at MOL is calibrated. After the applica-
tion of the filter removing time steps with too little rain or too high inhomogeneities,
about 400 time steps remain for calibration. The obtained results for the correction
factor of each radar (2 ≤ n ≤ 5) show a large spread. While the distribution of the
results for MRR3 has a width comparable to the one obtained from synthetic data
with realistic measurement patterns, the distribution of results for MRR2 has almost
no visible maximum. The results for MRR1 have a large spread, but the shape of the
distribution is more defined than for MRR2. The calibration of MRR3 appears to be
the most accurate. This is due to the fact that errors made in the MRR3 calibration are
transmitted to the calibration of MRR1 and MRR2. Furthermore, the path between
device and position of MRR3, along which the attenuation has to be determined MRR1

and MRR2, is larger than the one considered for attenuation estimation above MRR3.
This allows for more uncertainties due to inhomogeneities. In particular, the first and
second range gates in the MRR measurements are unreliable and falsifying the attenu-
ation estimate. The calibration results, which cannot to be interpreted for MRR2 due
to the large uncertainties, indicate an overestimation of measured reflectivity in the
case of MRR3 and an underestimation for MRR1. However, the calculated correction
factors, varying between 0.69 and 0.77 for MRR3 and 1.07 and 1.50 for MRR1 for
the different interval widths, are not to be trusted quantitatively. From the width of
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6 Conclusion and Outlook

the distribution, it is not possible to determine which interval leads to better results.
Furthermore, the calculated calibration errors are overestimated, which is likely an
artefact from the created data. A general magnitude for MRR miscalibration is not
given, known values indicate calibration errors of about 10%4. The network calibration
allows no precise results yet and the following is found out:

• The sample of analysed, suited time steps is too small.

• The most accurate calibration is achieved for MRR3.

• The calibration of MRR1 and MRR2 show more uncertainties, which falsify results
when using measured data.

Despite the convincing results obtained using the presented novel TRAC method on
synthetic data, no satisfying calibration of the MRR network at MOL was achieved.
This is mainly due to the small amount of available data. Since the network is still
operational, the data set is enlarged and further analysis will be possible. Using a
larger data set, the calibration of MRR3 is expected to be improved. The calibrations
of MRR1 and MRR2 show more sources of uncertainties, but their potential to be
calibrated accurately should be studied further with a larger amount of data. An
important aspect of a precise calibration is also the improvement of the filter used to
determine appropriate measurements for calibration. This improvement should focus
on the shape of the rainfall field in order to avoid positive or negative bias. Since the
data analysed in this study are provided in 10 s intervals, an interesting approach could
be the investigation of the influence of temporal averaging on the calibration.
Summing up, this study shows fundamental analysis of a novel method for absolute
radar calibration in a network and proves its theoretical validity. A first application
on a network shows potential for improvement and the possibility of a precise network
calibration. This method could offer great opportunities for the absolute calibration
of radar networks operating in strongly attenuated frequency ranges (e.g. K- and
X-band), providing accurate and comparable data for application.

4Personal communication with Lengfeld, K. (2013): Calibration of MRRs with wind corrected rain
gauges yields correction factors between 0.90 and 0.91.
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