
Virtual Radar Laboratory: A
Sensitivity Study of a Radar

Forward Operator

A thesis presented in partial fulfillment of the requirements for

the degree of

Master of Science

submitted by

Svenja Simone Beuchel

25.02.2015

Meteorological Institute

MIN Faculty

University of Hamburg

Germany

Examiner: Prof. Dr. Felix Ament and Dr. Verena Grützun
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Abstract

This master’s thesis is dedicated to the statistical investigation of the individ-

ual measurement errors caused by attenuation, changes in the radar elevation

angle or the usage of the Rayleigh scattering scheme. The quantification of the

measurement error is done by means of a sensitivity study of the radar forward

operator EMRADSCOPE on the basis of high resolution model data for convec-

tive precipitation events in the summer of 2012.

The study contains different simulations of a X-band radar network by the

forward operator in which the operator settings are systematically varied to ob-

tain radar data exclusively influenced by attenuation, changes in the elevation

angle of the radar or the usage of the Rayleigh scattering scheme. To investigate

the individual measurement errors, different experiments, the so-called “Virtual

Radar Laboratory”, were designed in which the operator data influenced by one

of the error items above is compared to undisturbed operator data as reference.

This “perfect” radar data is obtained by switching off the influence of attenua-

tion, minimizing the beam widths of the virtual radars and setting the elevation

angles of the radars to 0◦. Since the radar forward operator produces realistic

data, the results of the study can be applied to real radar measurements beyond

the virtual domain.

The results of the investigation show significant deviations from the reference of

5 dBZ in 12.5 % of the radar measurements due to attenuation. This percentage

can be reduced to 3.6 % by the calculation of radar composites. A radar elevation

of 3◦ significantly influences the observations in 8.3 % of the cases. The usage of

the Rayleigh scattering scheme instead of the Mie scattering scheme, however, is

found to have no significant effect on the measurements.

In conclusion, the results support the usage of radar networks to reduce the effects

of attenuation and suggest future investigations on the minimization of errors due

to the elevation angle of the radar.
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Kurzfassung

In dieser Masterarbeit wird die Auswirkung von individuell verursachten Mess-

fehlern durch die Dämpfung des Radarsignals, dem Elevationswinkel des Radars

und der Nutzung der Rayleigh-Streuungsapproximation untersucht. Die individu-

ellen Messfehler werden durch eine Sensitivitätsstudie des Radarvorwärtsopera-

tors EMRADSCOPE quantifiziert. Als Datenbasis für die Vorwärtsoperatorsim-

ulationen werden die Simulationen eines hochauflösendes numerischen Modells

von konvektiven Niederschlagsereignissen des Sommers 2012 verwendet.

Die Studie besteht aus verschiedenen Vorwärtsoperatorsimulationen eines X-

Band Radarnetzwerkes. Um Radardaten zu erhalten, welche ausschließlich von

Dämpfung, dem Elevationswinkel des Radares oder durch die Nutzung des Ray-

leigh-Streuungschemas beeinflusst sind, werden die Parameter des Vorwärtsoper-

ators für jeden Lauf systematisch variiert. Für die Untersuchung der individuell

verursachten Messfehler wurden verschiedene Experimente entwickelt und inner-

halb des “virtuellen Radarlabors” durchgeführt. Die individuell beeinflussten

Daten werden hierbei mit den Daten eines unbeeinflussten Radars als Referenz

verglichen. Diese “perfekten” Radardaten werden durch Abschalten der Dämp-

fung, Minimierung der Strahlaufweitung und durch das Einsetzen eines Radarel-

evationswinkels von 0◦ erzeugt. Da der Vorwärtsoperator realitätsnahe Daten

liefert, können die Ergebnisse dieser Studie auf reale Messungen außerhalb des

virtuellen Bereichs angewendet werden.

Die Ergebnisse zeigen in 12.5 % der Fälle einen signifikanten Messfehler von

5 dBZ oder mehr Reflektivitätsabweichung von der Referenz durch die Dämp-

fung des Radarsignals. Die Häufigkeit der Messfehler kann durch die Berechnung

eines Radarkomposits auf 3.6 % reduziert werden. Der untersuchte Radareleva-

tionswinkel von 3◦ erzeugt signifikante Abweichungen in 8.3 % der Fälle. Die

Nutzung des Rayleigh-Streuungsschemas statt des Mie-Streuungsschema hinge-

gen zeigt keinerlei signifikante Auswirkungen auf die Messungen.

Die Ergebnisse dieser Arbeit unterstützen die Nutzung von Radarnetzwerken

zur Reduzierung des Dämpfungsfehlers. Die Minimierung des Messfehlers durch

den Radarelevationswinkel sollte in zukünftigen Untersuchungen genauer unter-

sucht werden.
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1. Introduction and Motivation

In the last decade the numerical weather forecast has become more and more

precise. Numerical weather prediction models (NWP models) are becoming more

physically accurate and their grid spacing smaller. The correct forecast of precip-

itation though is still a challenge for numerical models, especially the prediction

of convective and heavy rain events (Fritsch and Carbone, 2004).

Precipitation is a parameter with a high spatial and temporal variety which is

dependent on many factors – for example soil moisture and surface temperature

at a larger scale and microscale processes such as nucleation, condensation, evap-

oration and collision of rain droplets – which makes the forecast of precipitation

complicated (Osborn and Hulme, 1997; Henneberg, 2013; Zeng, 2013). Especially

parameterized processes increase the probability of errors. An enhancement of

resolution on the contrary is expected to qualitatively improve the comprehension

of cloud processes in climate models (Fritsch and Carbone, 2004; Kerr and Lin,

2013).

The constant evaluation and verification of a numerical weather prediction

model grants high quality results in the forecast and analysis of the atmospheric

conditions (Jakob, 2010). One option to minimize errors in the forecast is the

evaluation and improvement of parameterizations. The alternative is (if possi-

ble) to resolve the parameterized processes – a method that needs much more

computational resources and data storing. In a model with a coarse grid spacing

it is absolutely necessary to use parameterizations for the calculation of results

because processes with a smaller dimension as the grid size cannot be resolved.

The parametrization of a process includes all the relevant effects caused by the

process without actually resolving it. The result is not as accurate as if the ac-

tual process would have been taken into account since the process calculations

are simplified approximations. However, there are good reasons to accept small
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1 Introduction and Motivation

errors due to the inaccuracies made by the parametrization. On the one hand a

lot of processes happening in the atmosphere are not fully understood and must

therefore be parametrized. Further some processes might be fully understood but

are too complex to be calculated with the present computer performance. That

is why a higher resolution does not automatically grant more reliable results,

since not fully understood processes must be parametrized anyway. However, the

future of model development is the reduction of grid size and the resolution of

smaller processes (Hamill and Whitaker, 2010).

The need for amendment of the precipitation processes in models suggests

using weather radars for the comparison of model output and precipitation mea-

surements due to the fact that radars provide good qualitative data with a high

time resolution. The project “Precipitation and Attenuation Estimates from a

High Resolution Weather Radar Network” (PATTERN) specializes in high reso-

lution radar measurements for precipitation investigation (Lengfeld et al., 2011).

Funded by the Deutsche Forschungsgemeinschaft (DFG) the PATTERN project

is a collaboration between the Max Planck Institute Hamburg and the University

of Hamburg. The project is expected to provide long term precipitation data

starting with the installment of the first radars in June 2011.

Recent studies on radar precipitation measurement have found radar networks

to be superior to single-working radars due to the possibility to calculate the at-

tenuation in overlapping areas of the radar range and therefore receive improved

observational data (Lengfeld et al., 2011). The PATTERN project radars oper-

ate in the area around Itzehoe in Northern Germany. The monitoring domain

of the PATTERN project and the location of each radar within the network is

shown in Figure 1.1. The radar locations are Bekmünde (BKM), Hungriger Wolf

(HWT), Moordorf (MOD) and Quarnstedt (QNS). The Hamburg radar (HHG) is

not considered in this thesis. In the remainder of the work the radars are entitled

with these acronyms.

The PATTERN radars measure in the X-band range with a spatial and tem-

poral resolution of 60 m and 30 s, respectively. Since all radar signals are affected

by attenuation, the ambition of the project is to show that the disadvantage of

radar monitoring, the damping of the radar signal, can be resolved with network

2



Figure 1.1.: Monitoring domain of the PATTERN project (Lengfeld et al.,
2011). Locations of the X-band radars are marked with red dots.
The range of each radar is encircled red. The black rectangle marks
the fitted area for the composite investigation in Section 3.5.

measurements of radars. The conventional approach to use the relation between

reflectivity and precipitation rate to obtain accurate rain rate estimates is revised

in the PATTERN project. Instead, the relation between attenuation and precip-

itation rate is used since it varies less than in the common approach. In areas

that are controlled by more than one radar the reflectivity and attenuation of the

signal can be determined and corrected (Lengfeld et al., 2011).

Unfortunately, weather radars do not explicitly measure model quantities nor

is their resolution comparable to the coarse grid of the standard German weather

prediction model (∼2.8 km in the COSMO-DE model). One approach to avoid

these problems is the usage of radar forward operators in combination with a

higher resolved numeric model. Combined with a radar forward operator the

3



1 Introduction and Motivation

numerical model is able to derive the reflectivity of water droplets (or ice crystals

and graupel) for every grid point of the model domain. Hence, the evaluation

of model data by radar measurements is comparably comfortable. On the other

hand both the forward operator and the model are based on assumptions to de-

pict the atmospheric processes. These assumptions are imprecise compared to

reality and lead to model errors (Fritsch and Carbone, 2004). However, the sim-

ulation of measurement data in forward direction using a radar forward operator

leads to lesser model errors than the backwards direction. The reason for that

is the knowledge of the applied physics and droplet size distribution used in the

simulation. A single measurement of precipitation can be obtained with a vari-

ety of different droplet size distributions and microphysics schemes so that it is

impossible to exactly match the conditions prevailing during the measurements

even with matching results. With the usage of a radar forward operator these

conditions are most likely still represented slightly incorrect but it is an advantage

to be able to quantify the made model error by knowing the assumed conditions.

Forward operators are already used on operational basis in combination with nu-

meric models. An example is the CFMIP Observation Simulator Package (COSP)

for satellite data which has been developed in the frame of the Cloud Feedback

Model Intercomparison Project (CFMIP) (Bodas-Salcedo et al., 2011). The for-

ward operator is in operational use and is considered reliable.

Radar forward operators are a helpful tool for the comparison of model data

and observation since the operator output is radar compliant. Additionally, the

use of the forward operator allows to artificially insert or omit radar-specific mea-

surement items, such as attenuation, to differ the radar height over ground and

the elevation angle. Hence, it is possible to solely investigate the error induced

by these measurement items by systematically alter the settings and compare the

result to an unchanging reference. It is even possible to switch of error sources

such as attenuation and to simulate a “perfect” radar. A simulated network of

ideal radars also provides the opportunity to investigate real radar networks. The

operator allows to systematically remove attenuation errors in the calculation of

the reflectivity data and can therefore provide reference data for radar network

analysis as for example the calculation of composites.

4



This thesis focuses on a sensitivity study of the “Efficient Modular RADar

SCanning OPErator” (EMRADSCOPE). According to Zeng (2013) the forward

operator is able to derive simulated radar measurement data on the basis of

numerical model data. In this work the COSMO model, for which the EM-

RADSCOPE was originally created, provides the model data. The bulk water

quantities predicted by the model are used to calculate the radar observables.

The crucial radar beam propagation is simulated under consideration of physical

processes – for example attenuation and beam broadening – which influence the

radar signal (Zeng, 2013).

The sensitivity study is based on the data of “virtual” radars produced by the

forward operator which simulates the four operating PATTERN radars. The

aim of the simulations is to provide data that is solely influenced by one error

item: attenuation, changes in the elevation angle of the radar or a change in the

droplet scattering scheme. Reference data is obtained by the removal of these

error sources in the operator settings.

In this work the error by attenuation, elevation of the radar and scattering scheme

is investigated. To classify the quality of the radar forward operator data the first

part of the thesis is dedicated to the qualitative comparison of observation data to

the output of the forward operator. Further, a composite of radars is calculated,

which makes it possible to minimize the attenuation error in the overlapping

points of the radar monitoring areas. Here, two possibilities to calculate such a

composite are compared.

The sensitivity study is done in form of a case study in which different con-

vective precipitation events of the year 2012 are analyzed (Wünsch, 2013). The

precipitation incidents have been chosen by their strength and formation. The

focus remains hereby on the convective events. All investigations are done once

for the whole area and rainfall event but since very heavy rainfall can have special

influence on the attenuation of the radar beam, a more detailed discussion is done

for areas with heavy rainfall.

Technically, the sensitivity study can be done with the data of any radar net-

work, for example with the German Meteorological Service (Deutscher Wetterdi-

enst, DWD) radar network data. The PATTERN network data is chosen due to

its high resolution and quality (∼250 m grid spacing, after Lengfeld et al. (2011)).
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1 Introduction and Motivation

The organization of the thesis is as follows: Chapter 2 is dedicated to the the-

oretical fundamentals of the thesis. There, the numerical weather forecast model

COSMO and the radar forward operator EMRADSCOPE are described together

with their settings and the methodology of the study. In Chapter 3 the results

of the comparison of the virtual radars to measurement data, the investigation

of attenuation and elevation angle of the virtual radars and the examination of

the radar composite are presented. Also, the results are analyzed and discussed

here. In Chapter 4 the main results are summarized and in Chapter 5 a prospect

of future investigation possibilities is given.

6



2. Theoretical Basis and

Methodology

The investigation of this thesis focuses on the quantification of the measurement

error caused by attenuation, changes in the radar elevation angle and the scatter-

ing scheme by using the “Efficient Modular RADar SCanning OPErator” (EM-

RADSCOPE) as a tool to obtain radar compliant model data. A further element

of this work is the actual comparison of model and radar forward operator output

to the precipitation measurements of the radar network. This chapter contains

basic information on the forward operator and the numerical model COSMO,

which provides the data basis for the radar forward operator.

For practical reasons the term ”operator” is as from now referring to the radar

forward operator EMRADSCOPE if not indicated otherwise.

2.1. The COSMO model

The “Consortium for Small Scale Modeling” model (COSMO) is a non-hydrostatic,

fully compressible atmospheric prediction model designed for numerical weather

forecast on a limited area (Schättler et al., 2013). Currently the German Meteo-

rological Service (Deutscher Wetterdienst, DWD) is using the COSMO model on

operational basis for the German weather forecast with a grid spacing of 2.8 km.

Also developed by the German Meteorological Service the COSMO is the suc-

cessor model of the “Deutschlandmodell” and later the “Lokalmodell” (Schättler

et al., 2013; Ludwig, 2009). The model is designed to compute a compressible flow

in a humid atmosphere which is governed by the primitive thermo-hydrodynamic

equations (Zeng, 2013).

7



2 Theoretical Basis and Methodology

Figure 2.1.: Illustration of the Arakawa-C/Lorenz staggering in a grid box vol-
ume ∆V = ∆ζ · ∆λ · ∆φ with the corresponding model variables
(Schättler et al., 2013).

The COSMO model variables are calculated on an Arakawa C-grid structure.

For the vertical structure a Lorenz grid is applied (Baldauf et al., 2011). In case

of the Arakawa C-grid the horizontal velocity components u and v are set in the

center of the grid box sides – velocity component u on the northern and southern

borders of the grid box and velocity component v on the eastern and western bor-

ders (Figure 2.1; Arakawa and Lamb (1977)). All scalar variables are calculated

in the center of the grid box. The model coordinate system is defined by (φ, λ,

ζ)-coordinates.

In the vertical the model layers are defined by the grid points k (correspondent

to main levels). Such a layer is limited at the top and bottom by model coordi-

nates shifted by ∆ζ/2 (identical to k ± 1/2). These layer boundaries are called

half levels. The lowest level is identical to the orography (Baldauf et al., 2011;

Schättler et al., 2013).

The information on model equations and structure are extracted from Schättler

et al. (2013) if not indicated otherwise.

The COSMO model works on the basis of the primitive hydro-thermodynamical

equations transferred to the (λ, φ, ζ) coordinate system (the model equations and

8



2.2. The radar forward operator: EMRADSCOPE

their descriptions are given as supplementary material in Appendix A). In this

work the model is used to simulate convective precipitation events on a small

scale to provide numeric model data as data basis for the radar forward operator.

The atmosphere in the model is treated as a continuum composed of dry air,

water vapor, liquid water and solid state water. In addition, the model distin-

guishes between liquid and solid water forms such as rain and cloud droplets,

graupel, ice crystals and hail (Zeng, 2013). The default model output consists

of the prognostic variables temperature, horizontal and vertical Cartesian wind

components, specific humidity, pressure perturbation and cloud water content.

As diagnostic variables the total air density and the precipitation fluxes of rain

and snow are output. Additionally, different initial fields, e.g. the geopotential

of the Earth’s surface and the fraction of land per grid cell, as well as boundary

fields, e.g. the zonal wind speed and the deviation from reference pressure, are

required to start a model run.

The model quantities necessary for the postprocession by the radar forward op-

erator are the bulk water masses of the hydrometeor classes water vapor, cloud

water, cloud ice, snow, rain and graupel which complete the model output for

this work.

In this thesis the COSMO model version 5.0 is utilized. More detailed infor-

mation on utilized settings, output and model options is given in Section 2.3.

2.2. The radar forward operator: EMRADSCOPE

The information in the following section has been extracted from Zeng (2013) if

not indicated otherwise.

As pointed out in Chapter 1 the quantitative precipitation forecast is one of the

most problematic error sources in weather forecast (Fritsch and Carbone, 2004).

One of the causes is the parametrization of moist convection, which is a nec-

essary approximation in most numerical weather models such as the COSMO

model. Trier et al. (2004) suggest that higher resolution might increase the con-

fidence of precipitation forecast by having precise information on soil moisture

and therefore being able to resolve the moist convection in models.

This approach also encourages the use of high resolving weather radars in op-

9



2 Theoretical Basis and Methodology

erational weather forecast to obtain detailed observations on precipitation. A

radar forward operator thereby creates a link between the model data and the

observation. The Efficient Modular RADar SCanning forward OPErator (EM-

RADSCOPE) used in this thesis is able to work on the basis of numerical model

output to derive observables along the radar beam – a method that provides

radar quantities as if measured by a weather radar. It unites the physical main

processes necessary to simulate a radar in a virtual environment as for example

attenuation, beam bending and broadening. A further advantage is the modular

structure of the EMRADSCOPE. A set of options such as attenuation and radar

elevation can be switched on/off or altered individually. This allows to use the

operator as a model evaluation tool or in operational assimilation systems.

In this thesis the operator is used to quantify the influence of three of the set-

ting options on the radar measurement error: attenuation, the elevation of the

radar and the usage of the Rayleigh scattering scheme. More detailed information

about the approach of this work is given in Section 2.3 beneath.

The operator operates on the basis of basic radar terms while simulating mea-

surement data by deriving radar observables along the radar beam.

Most weather radars are pulsed radars with a combined transmitter and receiver.

That means the radar antenna emits a signal consisting of short microwave pulses

(from tens of nanoseconds to tens of microseconds), that have been concentrated

into a relatively narrow beam, into the atmosphere. In between pulses the radar

switches to receiving mode. When the signal pulses encounter objects in the at-

mosphere, such as rain drops or snow flakes, insects and dust particles, part of

the signal’s energy is reflected back to the radar. The reflected signal is collected

by the receiver and stored as reflectivity data. The measurements are then con-

verted to rain rates with the help of Z-R-relations.

The operator simulates one or more pulsed radars with adjustable transmitter

frequencies. The radars are placed on the model grid at locations that shall be

investigated. The operator output used for this study is reflectivity data derived

from the numerical model bulk water quantities.

The virtual radar(s) operate in Plan Position Indicator (PPI) mode. The radar

thereby collects data in a 360◦ sweep at a predetermined elevation angle. The

10



2.2. The radar forward operator: EMRADSCOPE

Figure 2.2.: Sketch of the structure of the radar system following the coordi-
nate system of (~r, α, ε) and the beam system following (~r, φ,
θ)-coordinates. The pulse volumes (here shown as ellipses inside
the beam) are indicated in relative coordinates to the radar beam
origin at (r0, α0, ε0) (Blahak, 2008).

data is then projected horizontally onto a map for visualization. The structure

of a radar beam system in the (~r, φ, θ) coordinate system in combination with

a radar system based on (~r, α, ε)-coordinates is shown in Figure 2.2. The ge-

ometric dependency in the coordinate systems is determined by the horizontal

angles φ and α and the vertical angles θ and ε. Range vector ~r denotes the dis-

tance to the system origin for both systems. The origin in the radar system is

defined as (r0, α0, ε0). The beam system is defined relative to the ray in the beam

center. The difference between the coordinate systems is illustrated in Figure 2.2.

Figure 2.2 also shows a radar resolution volume, the so called pulse volume,

which is illuminated with each electromagnetic pulse emitted by the radar with

the energy intensity I(~r). The energy intensity I(~r) is denoted as:

I(~r) = Cr
f 4(φ, θ)

r2
|W (r0 − r)|2. (2.1)

11



2 Theoretical Basis and Methodology

In Equation 2.1 the coefficient Cr is the radar constant which depends on

several radar specifics like the radar wavelength, antenna gain and transmitted

power. Furthermore, r0 is the radial distance (range) between radar transmitter

and the center of the pulse volume whereas r is the radial distance between the

transmitter and an arbitrary position within the pulse volume. The radar co-

ordinate system is based on the range r, the elevation angle ε and the azimuth

angle α of the antenna which is different from the beam system.

The term 1/r2 in Eq. 2.1 denotes the decrease of the energy intensity I with

increasing distance to the radar. As a result of the attenuation of the radar sig-

nal, precipitation at greater distances might not be detected due to their faint

echoes. The radar’s range r is hereby calculated with the time delay ∆t between

the emitted pulse and its echo. The range can be determined unambiguously if

the time interval between two pulses is greater than the necessary time for the

emitted pulse to travel forth to range r and return.

Due to the geometry of the radar system, the radar beam, and therefore the

pulse volume, broadens with increasing distance from the source as the signal

propagates. Hence, the beam weighting function f 2(φ, θ) after Probert-Jones

(1962) is applied:

f 2(φ, θ) = exp

[
−4 · log2

(
φ2

φ2
3

+
θ2

θ23

)]
. (2.2)

In Eq. 2.2 φ3 and θ3 represent the respective beam widths in the horizontal

(azimuthal) and vertical (elevation) planes. The function describes the weight of

the local reflectivity and attenuation values which is added to the echo power in a

predetermined direction φ, θ. the weighting function produces a typical radiation

pattern (Figure 2.3).

The function f 2(φ, θ) generates conical beams surrounding the radar antenna.

Their sizes represent their field strength. The main lobe appears in direction of

the emitted signal, the beam axis at φ = 0 and θ = 0, and exhibits the maximum

power. The somewhat weaker back lobe occurs in the opposite direction of the

main lobe. In addition, several smaller side lobes caused by interference effects

appear surrounding the main lobe. The echoes of the side lobes are neglected in

12



2.2. The radar forward operator: EMRADSCOPE

Figure 2.3.: Antenna radiation pattern by weighting function (figure taken from
Zeng (2013)).

Eq. 2.2 since they can cause strong ground echoes and mislead the interpretation

of nearby targets.

The angular width of the main lobe represents the beam width, which is usually

defined as the angle between the two directions in a principal plane where the

antenna power is 3 dB less than its maximum value (see Figure 2.3). The beam

width depends directly on the emitted wavelength and inversely on the size of

the antenna. Nearly 80 % of the signal power is held in the area enclosed by

the 3-dB points (or half-power points), which derive from the Rayleigh criterion

(Probert-Jones, 1962).

The Rayleigh criterion provides information on the resolution of the radar.

According to the criterion two targets at the same distance to the radar are

distinguishable if they are separated by an angle equal to (or greater than) the

half-power beam width and can therefore be resolved. The original criterion is

not directly applicable to radar measuring since it requires two-way propagation

of the microwaves but it serves as acceptable basis to estimate the performance

of antennas. The spatial resolution is the most important factor in determining

the quality of radar data.

13



2 Theoretical Basis and Methodology

Radar measurements can be improved by repeating pulses rapidly while the an-

tenna rotates and averaging over the consecutive pulses. The averaging process

ensures statistical stability of the data and is done by a beam weighting function

(given as supplementary material in Appendix B).

The radar forward operator outputs the radar reflectivity z defined as the sum-

mation η of all backscattering cross sections σ per unit volume. That means the

backscattering cross sections of all (in the model output) possible hydrometeors

are taken into account.

The fundamental relation between the received backscattered power of the radar

signal at the encounter of a target, the position of this target and its character-

istics and the atmospheric conditions is given by the radar equation. The radar

equation consist of terms of the radar reflectivity factor and is based on various

assumptions. The full equation is quoted by Blahak (2004). The utilized reflectiv-

ity in the radar equation derives from the equations for the equivalent reflectivity

factor ze and its version for attenuated reflectivity (after Zeng (2013)):

Reflectivity factor ze =
λ4

π5|Kw|2
ηe, (2.3)

Attenuated reflectivty ze =
ηeλ

4

π5|Kw|2
l−2(r). (2.4)

The unattenuated and attenuated reflectivity ze differ by the attenuation factor

of the radar beam l(r). The term ηe in Equations 2.3 and 2.4 is defined by the

equivalent reflectivity denoted as

ηe =
π5

λ4
|Kw|2

∫ ∞
0

N (D)D6dD, (2.5)

where λ is the wave length of the radar signal, Kw the dielectric constant for wa-

ter, D the spherical diameters of the hydrometeors and N (D)dD the mean num-

ber of hydrometeors with equivalent spherical diameters between D and D+ dD

in mm per unit volume. Here, ηe is the reflectivity which would result from

backscattering of spherical liquid hydrometeors applying to the Rayleigh approx-

imation. The reflectivity η, in contrast, takes all phases and conditions of the

hydrometeors into account, which is unpractical since these characteristics are
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2.3. Methodology for the quantification of radar measurement errors

normally unknown. Here, η is mentioned to explain the relation between η and

z:

z =
λ4

π5|Kw|2
η, (2.6)

The logarithmic radar reflectivity Z is then defined as Z = 10log10

[
z

1 mm6/m3

]
and given in dBZ.

2.3. Methodology for the quantification of radar

measurement errors

The sensitivity study presented in this work is based on precipitation events

discussed in the bachelor’s thesis by Wünsch (2013). The study bases on con-

vective precipitation events, so-called “Golden Days” of precipitation chosen

from Wünsch (2013). These days stand out by heavy convective precipitation

events during the summer of 2012. The Golden Days examined in this work are

07/19/2012, 07/28/2012, 08/03/2012 and 08/07/2012 which have been selected

from Wünsch (2013). A short overview of the precipitation events and their for-

mation is given in Table 2.1.

The model data required by the radar forward operator is provided by the

numeric weather prediction model COSMO. For this purpose the model domain

is nested from 2.8 km to 1 km grid size and again to 250 m grid size to fit the

PATTERN grid size and monitoring area to ensure same grid conditions as in the

observational data. The model is driven by DWD reanalysis data for each Golden

Day. The external data for the 2.8 km grid size run is provided from CORINE

land surface data.1 The COSMO model domain simulated in this study is illus-

trated in Figure 2.4. Additionally, the relevant settings used for the 250 m model

runs are shown in Table 2.2.

1Coordinated Information on the European Environment - Land cover (CORINE-LC), a
pan-European project of the European Union with the destination to provide consistent
information on land surface cover. Information extracted from
http://www.corine.dfd.dlr.de/intro en.html, 2015/01/10.
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2 Theoretical Basis and Methodology

Table 2.1.: Description of the Golden Days precipitation events.

Precipitation event Duration Formation

07/19/2012 6:00 - 9:00 UTC Positive vorticity advection
and forced uplift.

07/28/2012 6:00 - 9:00 UTC Convergence of air masses
at cold front and warm air
uplift due to positive vortic-
ity advection.

08/03/2012 13:00 - 16:00 UTC Large-scale surface heating
leading to thermal low and
thunderstorm development.

08/07/2012 8:00 - 10:00 UTC Showers triggered by dry
adiabatic uplift and reach-
ing of the equilibrium tem-
perature.

Figure 2.4.: COSMO model domain simulated in the study. The PATTERN
monitoring domain is marked by a red rectangle.
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2.3. Methodology for the quantification of radar measurement errors

Table 2.2.: Relevant model settings for 250 m grid size; COSMO model.

Relevant model settings for 250 m grid size, COSMO-DE

Model domain
Area 150.25 km x 112.75 km
Latitude 53.223 - 54.241◦N
Longitude 8.426 - 10.734◦E
Rotated pole coordinates
pollat 36.063
pollon -170.415
Parameterization scheme for diabatic model
itype gscp 4: Graupel scheme with prognostic cloud water,

cloud ice, and graupel.
itype conv .FALSE.: Convection is resolved.
itype turb 7: Threedimensional turbulence scheme with TKE

advection.

Table 2.3.: Coordinates of the model and PATTERN radars.

Radar Latitude Longitude

HWT 53.9889◦N 9.5688◦E
MOD 53.9024◦N 9.6183◦E
QNS 53.9431◦N 9.7984◦E
BKM 53.9314◦N 9.4459◦E

The output model variables are the wind components u, v and w, air tem-

perature, air pressure, specific cloud ice content, specific humidity, specific snow

content, surface snow amount, snow surface temperature, freshness of snow, den-

sity of snow, specific cloud liquid water content, specific rain content and specific

graupel content.

In this work the PATTERN radars are simulated with the forward operator.

Therefore, the virtual radars are placed on the coordinates of the real PATTERN

radars in the model domain. The coordinates of the radars are enlisted in Ta-

ble 2.3.

Generally, radar measurements are given in reflectivity z measured in [mm6 m−3]

or the more commonly used logarithmic quantity radar reflectivity Z, which is

ten times the common logarithm of z and quantified in dBZ. The precipitation

amount is derived by Z-R-relationships. The DWD and PATTERN use the follow-
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2 Theoretical Basis and Methodology

ing relationship to determine the precipitation intensity R in mm h−1 (according

to K. Lengfeld (2014), personal communication):

z = a ·Rb


Z ≤ 36.5 dBZ : a = 320, b = 1.4

36.5 dBZ < Z ≤ 44.0 dBZ : a = 200, b = 1.6

Z > 44.0 dBZ : a = 77, b = 1.9

(2.7)

Z denotes the radar reflectivity, z the non-logarithmic value of Z (Eq. 2.7).

The parameters a and b mark specific factors for different radar reflectivity val-

ues.

In this work all investigations are done on the basis of radar reflectivity data

without converting the data into precipitation intensity. Since both the PAT-

TERN and virtual radar data is given in radar reflectivity, there is no need for

conversion. The quantities of reflectivity and precipitation intensity are directly

related. Therefore, precipitation intensity and reflectivity are used equivalently

in the remainder of the work.

To generate reflectivity data the radar forward operator is applied to the nu-

meric model output. This method provides the same parameters as the radar

measurements for a predetermined area in the model domain. Here, the forward

operator is used to model the weather radars of the PATTERN project at their

virtual locations in the model domain (see Section 2.2).

The investigations of the radar laboratory consist of a series of different ex-

periments. The experiments shall quantify the measurement error caused by the

individual effects of attenuation of the radar signal, changes in elevation angle

of the radar and the usage of the Rayleigh scattering scheme instead of the Mie

scattering scheme. The experiments are processed in the virtual environment

of the radar forward operator. The operator produces realistic data (as will be

shown in section 3.1) so that the results can be applied to reality measurements.

To single out the individual effects of the measurement errors a “Perfect Radar”

is developed which provides data uninfluenced from attenuation, elevation and

other error items.

The Perfect Radar operator data is an ideal tool to analyze the measurement
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2.3. Methodology for the quantification of radar measurement errors

Table 2.4.: Description of the experiments of the radar laboratory.

Radar experiment Operator settings for experiment

Perfect Radar No attenuation, 0◦ radar elevation, Mie scattering
scheme. Beam width of 0.01◦ radial angle. Reference
data for attenuated and elevated radar experiments.

Attenuated Radar Same as Perfect Radar but attenuation switched on.

Elevated Radar Same as Perfect Radar but with radar elevation of 1.5◦

or 3.0◦.

Rayleigh Radar Same as Perfect radar but using the Rayleigh scattering
scheme.

Perfect Composite No attenuation, 0◦ radar elevation, Mie scattering
scheme. Composite produced from Perfect Radar data
with averaging method in overlapping areas. Reference
data for composite investigation.

Averaged Composite Same as Perfect Composite but produced with Attenu-
ated Radar data.

Maximum Composite Same as Averaged Composite but produced with maxi-
mum method.

error items of the experiments since it provides ideal radar data uninfluenced by

attenuation and an elevation angle. Additionally, the beam width of the radars

are set to the minimal value of 0.01◦ radial angle to minimize beam expansion

and therefore to generate a nearly perfect beam. In reality these conditions are

impossible to maintain since attenuation alone cannot be prevented in nature.

This makes the radar laboratory experiments a valuable tool in the investigation

of radar measurement errors.

For the attenuation experiment a forward operator simulation with attenuation

switched on is done. The data is then compared to the Perfect Radar data to

obtain reflectivity deviations between both data sets. The Elevated Radar and

Rayleigh Radar experiments are designed identically and differ only in the differ-

ently influenced data sets. The identical approach allows the later comparison of

the individual error effects. An overview of the operator settings in the experi-

ments is given in Table 2.4.
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2 Theoretical Basis and Methodology

Figure 2.5.: Example of attenuated operator data (3◦ elevation) on 07/19/2012,
07:30 UTC.

The investigation in this thesis is divided into three general parts: First, the

model radar data is compared to the respective observations by the PATTERN

measurements. The objective of this section is to show the good applicability

of the operator data to reality observations. Second, a sensitivity study is done

by varying the elevation angle of the simulated radars and implementing atten-

uation. Here, the investigation aim is to statistically quantify the measurement

error due to different elevation angles, attenuation or the usage of the Rayleigh

scattering scheme. The scattering/absorption theory on the basis of the Maxwell

equations established by Mie (1908) and the Rayleigh approximation for rela-

tively small drop-diameter/wavelength ratios are assumed to be well-known and

therefore given as supplementary material only in Appendix C. Third, two cal-

culation methods for a composite of the virtual radar network are examined to

show the differences in the resulting composites.
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2.3. Methodology for the quantification of radar measurement errors

Figure 2.6.: Example of measurement data on 07/19/2012, 07:30 UTC.

The reference data for Section 3.1 is the measurement data provided by the

PATTERN radars. In this section the model data is compared to the observa-

tional data to determine the quality of the model data. It is not necessary (even

not beneficial) to compare the two datasets time step by time step, since precipi-

tation is spatially very variable and until now impossible to model exactly right.

As example, Figures 2.6 and 2.5 show the PATTERN measurement data and

operator data, respectively, on 07/19/2012 at 07:30 UTC. The radar forward op-

erator options are set to match the real measurement conditions with attenuation

switched on and 3◦ elevation angle. The operator data shows a different reflectiv-

ity pattern in the radar areas in comparison to the measurements (Figure 2.5).

The simulations produce higher reflectivity values than the measurement and the

result seems smoother. To avoid direct comparison, the magnitude of the model

derivatives and the deviation from the measurement data is of more importance
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2 Theoretical Basis and Methodology

Figure 2.7.: Example of Perfect Radar data on 07/19/2012, 05:36 UTC.

in this investigation than the actual precipitation values at a given time to de-

termine the operator data quality.

For the sensitivity study, the operator settings (here meaning elevation angle

of the virtual radars, attenuation degree and scattering scheme) are altered to

statistically quantify the output differences caused by the individually set param-

eters and thus estimate the measurement error. The study includes four different

convective precipitation events (Golden Days of precipitation).

To obtain reference radar data for the study, the radar forward operator is

set to simulate a “perfect” radar network, further referred to as Perfect Radar

data. That means the beam widths of the radars are set to 0.01◦ to minimize

beam expansion. All radars are leveled to the same height (100 above sea level),

compensating the surface orography and guaranteeing obstacle free radar vision,

and their elevation is set to 0◦ for the purpose of creating an overlap of radar
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2.3. Methodology for the quantification of radar measurement errors

Figure 2.8.: Example of attenuated operator data on 07/19/2012, 05:36 UTC.

data in large areas. Also, the calculation of scattering is done after Mie theory.

Attenuation is switched off. The model run with the described settings provides

the reference radar data for the sensitivity study in Sections 3.2 to 3.3. An ex-

ample of the reference data is given in Figure 2.7, which shows the reflectivity

calculated by the operator at 07/19/2012, 05:36 UTC. This time step has been

chosen due to its variable reflectivity distribution. The gray shading in the lower

right picture section marks a neglected area where obstacles restrain the radar

signal of the respective operating PATTERN radar QNS. This part of the radar

data is omitted in the PATTERN measurements. Following the example, the

shaded part is also neglected in the operator data.

Evidently, the reflectivity patterns in the overlapping radar areas shown in Fig-

ure 2.7 are exactly the same. Without attenuation switched on, the virtual radars

perceive the same precipitation which is crucial for the study. The investigation

of single influencing effects is not possible without Perfect Radar data. Other-
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2 Theoretical Basis and Methodology

Figure 2.9.: Example of the Perfect Composite data on 07/19/2012, 05:36
UTC.

wise, individual error sources can not be distinguished.

Earlier studies have found heavy precipitation events to have extra influence on

the measurements of weather radars since the electromagnetic signal of the radars

are more easily absorbed if the droplets inside the radar range are massive and of

a greater quantity than in light precipitation events. The effects of attenuation

on reflectivity are shown in Figure 2.8. The attenuation causes the radar signal

to decrease and rainfall beyond the signal’s reach is not detected (Zeng, 2013).

Hence, the study is done once considering all reflectivity values present and once

again neglecting all reflectivity values beneath 40 dBZ. This threshold for heavy

rainfall is chosen arbitrarily.

A further part of this thesis is the comparison of radar composites. The com-
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2.3. Methodology for the quantification of radar measurement errors

bination of individual radars with overlapping monitoring areas to a composite

is already used to reduce the effects of attenuation in the precipitation measure-

ments (Lengfeld et al., 2011). The best composite results are obtained when the

radars of the network are leveled to the same height above sea level and have

no elevation angle, so that the radars are pointed at each other so the observed

volumes are the same. Unfortunately, radar installations often need an elevation

angle to have an unblocked signal path (like the PATTERN radars) and effectively

overlap only where the signal paths of the radars are crossing. The radar forward

operator, however, is able to simulate the radars under perfect conditions. That

makes the forward operator an important tool for composite investigations.

The reference data for the investigation of the calculation methods for the radar

composite is generated with the Perfect Radar data, that means with neglected

attenuation, 0◦ elevation angle and minimized beam width. The reference is cal-

culated with the averaging method which is explained in Section 3.5. An example

of a reference composite is displayed in Figure 2.9. Once again, the time step

corresponds to 07/19/2012, 05:36 UTC.
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3. Results and Discussion

In this chapter the results of the investigation of the virtual radar laboratory

experiments introduced in Section 2.3 are presented and discussed. To verify

the realism of the forward operator, Section 3.1 contains a comparison of the

operator derivatives to observations made by the PATTERN radars during the

Golden Days of precipitation. The PATTERN measurements are hereby taken

as reference.

The virtual radar laboratory experiments are designed to statistically quantify

the individual measurement errors caused by attenuation, elevation angle and

scattering scheme for the virtual radar data. The results can be applied to real

measurements since the operator outputs realistic reflectivity data. The analyses

of the measurement error due to attenuation, due to elevation of the radar and

due to the usage of the Rayleigh scattering scheme are structured identically to

ensure comparability between the experiments.

In Section 3.2 the individual influence of attenuation on the virtual radar data

is examined. Therefore, the deviation of the Attenuated Radar data from the

Perfect Radar data is investigated. Section 3.3 quantifies the measurement error

due to different radar elevation angles. The last part of the sensitivity study is

dedicated to the influence of the usage of the Rayleigh scattering scheme instead

of the Mie scattering scheme. The Perfect Radar data is taken as reference in

Sections 3.2 to 3.4.

Additional to the analyses described above, two ways of generating composites

are examined in Section 3.5.
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3.1. Comparison of model and measurement data

The qualitative comparison of the model radar data to measurement data is im-

portant to verify the applicability of the virtual radar results to reality. In the

following section the operator data is compared to the PATTERN measurement

data as reference. Therefore, the radar forward operator is set to “reality condi-

tions”, that means attenuation is switched on and the radar elevation angle is set

to 3.0◦ to match the PATTERN radars. For the investigation only data points

with actual precipitation are considered, that means all reflectivity values Z ≤ 0

are omitted by setting them to NaN (not a number).

As mentioned in Section 2.3 the main investigation objective is to compare

the magnitude of the measurement data to the operator derivatives. Therefore,

the mean and maximum reflectivity and the probability of precipitation in the

radar areas during the precipitation events of the Golden Days are calculated

for each virtual and PATTERN radar. These quantities are displayed in form of

time series for the MOD radar area, exemplary (Figure 3.1). The denomination

“m” ahead of the radar acronyms indicates the model radars (as for example in

“mMOD”) whereas the denomination “p” refers to the observational PATTERN

radars.

As expected, the comparison of the model data to the reference points out

various differences in the data (Figure 3.1). The model radars overestimate the

mean reflectivity (solid black curves) most of the time, as for example during 6:00

and 8:00 UTC on 07/19/2012 and nearly the complete rain event of 07/28/2012

(Figure 3.1). In other cases, the overestimation is radar specific, as for example

on 08/03/2012, where between 13:00 UTC and 15:00 UTC the measured reflec-

tivity values at the pHWT and pBKM radars (dashed black curves) significantly

exceed the simulated data (Figure 3.2). Altogether, the model produces stead-

ier data in comparison with the more variable observations. This is expected

since the mean values of the reference data are influenced of sudden heavy rain-

fall incidents within the observation period. The spatially limited, heavy rainfall

causes the mean reflectivity value for the whole radar area to rise. The model

in contrast is for some reason not able to express sudden heavy showers even
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Figure 3.1.: Mean and maximum reflectivity and probability of precipitation in
the virtual and observational radar areas mMOD and pMOD for
all Golden Days. Red lines refer to the maximum reflectivity, black
lines to the mean reflectivity. Blue lines indicate the precipitation
probability in the radar area. The probability has been determined
by calculating the percentage of precipitation points for each time
step. Precipitation points are defined as data points with a reflec-
tivity value of 10 dBZ or higher. The denomination “m” ahead of
the radar acronyms indicates the virtual radars whereas the denom-
ination “p” refers to the observational PATTERN radars. Virtual
radar data is illustrated with solid lines and PATTERN radar data
is displayed with dashed lines.

for convective events. On the other hand the model calculates slightly longer

lasting rainfall than observed. On 07/19/2012, for example, the operator data

exhibits reflectivity values during 5:00 UTC and 10:30 UTC in contrast to the

PATTERN measurements, where reflectivity is only observed between 6:00 and

9:00 UTC (not shown here). This might result in an overestimation of the total
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3 Results and Discussion

Figure 3.2.: Same as Figure 3.1, but for all virtual and PATTERN radars on
08/03/2012.

precipitation amount during the precipitation event.

Additionally, the operator predicts higher mean reflectivity values. Figure 3.3

shows the overestimation as a cumulative distribution function (CDF) of re-

flectivity for each virtual (solid lines) and PATTERN radar (dashed lines) on

07/19/2012. The cumulative distribution function is obtained by calculating the

frequency distribution of reflectivity for each radar over the total precipitation

event, then calculating the cumulative sum of the frequencies and normalize the

sum by the sample size. The CDF marks the probability that a reflectivity value

in the radar area is equal or less than the reflectivity value denoted on the x-axis.

Exemplary, according to Figure 3.3, the probability of a reflectivity value in the

pQNS radar area to be equal or less equal than 27 dBZ is 0.5.

The overestimation of reflectivity by the virtual radars is pointed out in Fig-

ure 3.3 for the specific day 07/19/2012. Especially the probabilities of reflectivity
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Figure 3.3.: Cumulative distribution of reflectivity as measured by PATTERN
radars and derived by virtual radars, 07/19/2012.

values between 20 and 40 dBZ (or less) are significantly lower in the virtual radar

areas than in the PATTERN radar areas. That leaves a higher probability of

occurring reflectivity numbers above 20 or 40 dBZ, respectively, and implies an

overestimation of reflectivity. A possible reason for the overestimation is a wrong

setting in the operator software, where the tuning parameter n0 r has been set to

0.1. The n0 r -parameter is used as correction factor for data of the older versions

of the COSMO model, where n0 r artificially reduces the number density of the

Marshall-Palmer distribution by a factor 0.1, so that more large droplets and

fewer small droplets are simulated. The correction results in higher reflectivity

values and is needed for older COSMO versions to obtain more realistic reflectiv-

ities. For COSMO version 5.0, however, the tuning parameter is not necessary.

The removal of the parameter would possibly result in a better agreement be-

tween the mean reflectivities of the virtual and PATTERN radars.
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Figure 3.4.: Cumulative distribution of reflectivity as measured by PATTERN
radars and derived by model radars, 08/03/2012.

The major part of reflectivity values measured by the PATTERN radars are

distributed in a range between 10 and 35 dBZ. This is caused by the radar in-

struments itself. Cases of very light rain (Z < 10 dBZ) are often not detected by

the radars due to noise filtering. In cases of heavy rainfall starting from values

of Z = 50 dBZ, both virtual and PATTERN radars agree in the probability of

reflectivity values being above the thresholds.

The reflectivity distribution in the radar areas is slightly different on 08/03/2012,

in respect to the observed overestimation of reflectivity pointed out in Figure 3.3

(see Figure 3.4). Equal to the results drawn from Figure 3.3, the probability of

high reflectivity values in model radar area mMOD are slightly higher and in

area mQNS significantly higher than in the respective PATTERN radar areas

pMOD and pQNS (Figure 3.4). But in contrast to 07/19/2012, the probability
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of reflectivity values under 50 dBZ is always considerably higher for the model

radars mHWT and mBKM than for their PATTERN references which can be

concluded to be an underestimation of reflectivity. The cumulative distribution

functions of 07/28/2012 and 08/07/2012 have each quite similar trends compared

to 08/03/2012 and 07/19/2012, respectively, and are therefore not shown here

(Figures for 07/28/2012 and 08/07/2012 are given as supplementary material in

Appendix D). Both days 07/19/2012 and 08/07/2012 show the overestimation

of reflectivity whereas on 07/28/2012 and 08/03/2012 the probability of higher

reflectivity values in the PATTERN radar areas pHWT and pBKM exceeds the

probability in the virtual radar areas (see Figures 3.3 and 3.4). The reason could

be sudden heavy showers which are not captured by the NWP model and which

involve high reflectivity numbers. Since precipitation is a spatially highly vari-

able quantity, it is possible that showers occur in one individual radar area out of

range of the other radars in the network. This causes the mean reflectivity values

in the affected PATTERN radar areas to rise but it is not reflected in the virtual

radar areas. An example of such a situation is given for 07/28/2012 in Figure 3.5.

The mean and maximum reflectivity results shown in Table 3.1 support the

theory of heavy showers that effect only two of the radar areas. In addition to

the mean and maximum reflectivity, the bias of the virtual radars to the refer-

ence reflectivity mean and the standard deviation of the mean reflectivity are

displayed in Table 3.1. All values are averaged over the observation time of the

respective Golden Day. With exception of just two values for pQNS on the days

08/03/2012 and 08/07/2012 the maximum values of the PATTERN radars exceed

the virtual radar maxima. The mean values of the model radars in contrast are in

general higher than their references. The exception are the days 07/28/2012 and

08/03/2012. On these days the radar pHWT and pBKM measure larger (or near

as equal) values than the virtual radar means (Table 3.1). This backs the theory

of heavy, spatially limited showers which would have reached pHWT and pBKM

but not the other radar areas. The showers cause higher maximum values and

also increase the mean values. The formation of precipitation is of importance

here. On 07/28/2012, for example, the precipitation is caused by the development

of shower clusters by the convergence of air masses at cold front (Table 2.1). The

observation exhibit a more frequent occurrence of shower clusters in the western

33



3 Results and Discussion

Figure 3.5.: Reflectivity measurement by PATTERN radars on 07/28/2012,
06:15 UTC.

area of the radar network inside the pHWT and pBKM radar areas (Figure 3.5).

The radars pHWT and pBKM and respectively mHWT and mBKM show the

same behavior concerning trends in mean and maximum values and in the CDFs.

The similarity between the BKM and HWT radars (in their own category as

model or observational radars) are due to their location. The radars are spatially

closer together to each other than to the other radars and aligned in south-west

direction, which matches the mean current during the Golden Days.

The remaining days 07/19/2012 and 08/07/2012 exhibit the same radar behavior

with the model radars overestimating the mean reflectivity (Table 3.1). Evidently,

the NWP model predicts longer lasting precipitation events with a higher mean

precipitation but missing the peak showers. The overestimation of the mean re-

flectivity is expected since the tuning parameter n0 r has not been removed from

the operator code. The missing peak showers in contrast are surprising. The
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3.1. Comparison of model and measurement data

missing extreme values are probably a model characteristic.

Last, the daily mean and maximum reflectivities in the radar areas and the bias

and standard deviation of virtual radar data from the observations are compared.

These values give a statistical statement of the agreement between measurement

data and virtual radar data. The means, standard deviations and bias are defined

as follows:

Temporal and spatial mean x̄ =
1

n

n∑
t=1

[
1

m

n∑
i=1

xi,j

]
, (3.1)

Standard deviation s =

√√√√ 1

n− 1

n∑
i−1

(xi − x̄)2, (3.2)

Bias of temporal and spatial mean b =
1

n

n∑
t=1

x̄model,t − x̄PATTERN,t. (3.3)

In Equations 3.1 to 3.3 the variable xi,j marks a single reflectivity value in the

radar area at position (i, j). Index t represents a time step and m and n the

sample size.

The result of the comparison is encouraging: The mean values of virtual and

observational radars and their standard deviations are of the same magnitude on

all Golden Days.

The maximum values do not compare equally well. Here, the maximum difference

between a virtual and a PATTERN radars is on 07/28/2012 for the HWT radar

area. Radar reflectivity in dBZ is a logarithmic quantity. Therefore differences

of 5 dBZ do not have a large influence on small reflectivity values but for the

higher magnitudes differences in the numbers are more severe if the reflectivity is

converted to precipitation rate. Using the Z-R-relation mentioned in Section 2.3

the maximum reflectivity value of all precipitation events of 67.3 dBZ (pHWT,

07/28/2012) accounts to a precipitation intensity of 354 mm/h. The respective

model radar shows a maximum reflectivity of 54.5 dBZ which corresponds to a

precipitation intensity of 75 mm/h - less than a fifth of the observational value

even though the dBZ values only differ by 20 %. However, the given example
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3 Results and Discussion

contains the extreme values of the comparison period. Other samples involve

reflectivity values of 56.6 dBZ and 58.2 dBZ (mMOD and pMOD, 07/19/2012)

which accounts to rain rates of 96 mm/h and 118 mm/h. Extreme values are

single numbers and can be unrepresentative outliers. The large difference in

precipitation intensity on the 07/28/2012 is probably due to a heavy rain shower,

which has not been predicted by the model. Therefore, the maximum reflectivity

of the virtual radars is taken as valid after the comparison.

The bias values are mostly very close together with exception of mHWT and

mBKM on 07/28/2012 and 08/03/2012. The bias values support the shower

theory mentioned above. Conclusive, in a statistical sense the radar forward

operator seems to simulate the radar quantities reasonably well.
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3.1. Comparison of model and measurement data

Table 3.1.: Statistics of mean and maximum reflectivity in the virtual and real
radar areas; statistics of bias and correlation to the reference in the
virtual radar areas for the examined “Golden Days”.

Reflectivity value [dBZ]
Mean Maximum Bias to reference

mean
Standard
deviation

07/19/2012
m HWT 27.5 55.7 2.3 9.2
p HWT 25.2 61.0 ref. 7.2
m MOD 24.6 58.8 2.0 10.7
p MOD 22.7 62.5 ref. 7.8
m QNS 24.9 56.0 3.4 10.9
p QNS 21.5 58.2 ref. 7.7
m BKM 26.1 55.9 4.0 9.8
p BKM 22.0 57.7 ref. 7.8

07/28/2012
m HWT 28.2 53.9 -0.5 10.4
p HWT 28.6 67.3 ref. 7.4
m MOD 29.5 54.7 8.8 10.7
p MOD 20.7 63.1 ref. 7.3
m QNS 32.3 53.2 15.1 10.5
p QNS 17.2 60.5 ref. 6.4
m BKM 25.7 53.3 1.1 10.0
p BKM 24.6 64.1 ref. 8.0

08/03/2012
m HWT 19.4 53.4 -2.8 10.8
p HWT 22.2 58.7 ref. 7.9
m MOD 20.9 53.9 1.7 11.6
p MOD 19.2 59.3 ref. 8.2
m QNS 21.7 53.6 5.9 11.3
p QNS 15.8 52.9 ref. 8.1
m BKM 19.6 53.6 -2.0 10.5
p BKM 21.6 60.6 ref. 7.7

08/07/2012
m HWT 21.8 55.2 -3.5 11.5
p HWT 25.3 61.1 ref. 10.2
m MOD 25.6 55.9 3.4 12.5
p MOD 22.1 58.6 ref. 10.8
m QNS 24.7 56.0 4.0 13.5
p QNS 20.7 53.0 ref. 9.5
m BKM 27.6 56.0 4.6 12.7
p BKM 22.9 62.0 ref. 10.9
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3 Results and Discussion

3.2. Influence of attenuation

During the progression of the radar signal through the atmosphere the signal is

partly absorbed by hydrometeors, insects and other obstacles. The absorption

causes the signal to weaken until it vanishes. This process is called attenuation.

Attenuation is one of the largest error sources in radar measurement at X-band

frequencies. To investigate its influence on the measurements the deviation of

reflectivity between the reference data (Perfect Radar data) and the Attenuated

Radar data is determined by subtracting the Perfect Radar data from the Atten-

uated Radar data. With this approach the sole impact of the damping process

is taken into account without other effects interfering. An example of the reflec-

tivity deviation is shown in Figure 3.6. The neglected area in the lower right

picture section (normally shaded in gray as in for example Figure 2.7) is here

marked dark green. Same as in the previous chapters, the time step corresponds

to 07/19/2012, 05:36 UTC.

The deviation in reflectivity in Figure 3.6 reveals a radial pattern. Obviously,

the reflectivity deviation is purely negative. The absolute reflectivity difference

grows with increasing distance to the signal source. Also, the deviation is more

prominent in areas with higher reflectivity values (compare to Figure 2.7). This

is physically justifiable since the signal weakens with the encounter of obstacles

as for example rain droplets.

Since attenuation (and therefore the deviation from the reference) increases

with distance to the radar the largest differences in reflectivity between the At-

tenuated Radar and the reference data (Perfect Radar data) are expected to be

found at the greater distances to the radar. To investigate the statistical quan-

tity of deviation caused by attenuation, the difference in reflectivity as a function

of distance to the radar is calculated for each precipitation event. The devia-

tion quantifies the measurement error due to attenuation and is classified by two

thresholds: An absolute deviation of 5 dBZ marks a significant difference from the

Perfect Radar. The absolute deviation of 15 dBZ is defined as a severe difference

between Perfect Radar and Attenuated Radar data and is therefore interpreted

as poor measurement. The relation between reflectivity deviation and distance

to the radar is shown in form of a boxplot for the mHWT radar, exemplary, on
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3.2. Influence of attenuation

Figure 3.6.: Reflectivity deviation due to attenuation in the virtual radar areas
on 07/19/2012, 05:36 UTC.

07/19/2012 (Figure 3.7).

As expected the highest differences are found at distances of 17-20 km to the

radar. The maximum value of -52.9 dBZ difference to the reference data occurs

at 18 km distance. The median (black line) in Figure 3.7 reveals, that 50 % of

the data deviates only 0.8 dBZ in absolute from the reference at the maximum

distance. That means in half of the cases the attenuation effect is insignificant

for the measurements. However, the 95 % percentile (green line) exceeds 5 dBZ

absolute deviation beyond a distance of 9 km and reaches a maximum of 19 dBZ

at 20 km distance to the radar. A severe difference with an absolute deviation

of 15 dBZ is here reached at 14 km distance. The results for the 99 % percentile

(pink line) show significant deviations at even smaller distances. The 99 % per-

centile indicates that in 1 % of the cases the 5 dBZ threshold is exceeded at

distances greater than 4 km and peaks in its maximum value of 29 dBZ absolute
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3 Results and Discussion

Figure 3.7.: Deviation of reflectivity due to attenuation as a function of dis-
tance at mHWT radar, 07/19/2012. Top and bottom margins of
the blue boxes mark the first and third quartile of the reflectivity
difference at the respective distances. The black line represents
the median of the data sample. Whiskers indicate the variability
outside the upper and lower quartiles. The whisker length w cor-
responds to w = 10 · (q3 − q1), where q1 and q3 are the first and
third quartiles, respectively. Outliers are plotted with red bars. For
better visualization the 75 %, 95 %, 99 % and 100 % (maximum
value) percentiles are plotted additionally.

reflectivity deviation at 20 km distance. These results reveal a significant mea-

surement error in 5 % of the observations as from distances of 9 km and a severe

measurement error at distances over 14 km. It now might be argued, that 5 %

of the data is not a representative amount but taking into account the trends of

all percentiles in Figure 3.7 it becomes clear that the percentage of significant

deviations increases towards the greater distances. Here, the 75 % percentile
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3.2. Influence of attenuation

(blue line) nearly reaches the significant deviation threshold of 5 dBZ at 20 km

distance. Hence, the percentage of deviation values over 5 dBZ is probably far

more than 5 % at distances beyond 10 km to the radar.

As said above, the radar signal is influenced by encounters with obstacles such

as hydrometeors. As a consequence it is assumed that the major reflectivity

deviations derive from areas with high reflectivity values in the reference data.

Therefore, data points with values above a chosen threshold are extracted from

the rest of the data and investigated separately. The threshold must ensure a

high enough rain rate to influence the radar signal and simultaneously grant

enough data points for a statistical analysis. The DWD classifies rain rates of

13 mm h−1 as “heavy rainfall” which correspond to a reflectivity value of 40 dBZ

according to the Z-R-relation in Section 2.3.1 The selected rain rate grants both

requirements, since “heavy rainfall” is determined to influence the radar signal

sufficiently. Additionally, the maximum reflectivity values in the reference data

are of a magnitude of 60 dBZ, which leaves enough data point for the analysis.

The difference in reflectivity deviation is nicely visible in the cumulative dis-

tribution functions of the reflectivity deviation by attenuation. The CDF’s are

shown for all radar areas on 07/19/2012, exemplary (Figure 3.8). The probability

of finding absolute reflectivity deviations of 15 dBZ or higher are clearly over 0.1

for reflectivity values above 40 dBZ. In the mMOD radar area the probability is

even 0.25. The curves for all reflectivity values in contrast reveal a much lower

probability of finding absolute deviation values equal or higher than 15 dBZ. In

the mMOD radar area the probability is stated on 0.1 as a maximum of all curves

which represent all reflectivity values. This indicates a high probability of finding

high reflectivity deviations among values above 40 dBZ in the reference data.

All remaining Golden Days exhibit a similar behavior concerning the cumulative

distribution functions of reflectivity deviation as on 07/19/2012 (not show here,

figures are given as supplementary material in Appendix D).

1Information extracted from
http://www.deutscher-wetterdienst.de/lexikon/?ID=N&DAT=Niederschlagsintensitaet,
2015/01/26.
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3 Results and Discussion

Figure 3.8.: Cumulative distribution function (CDF) of the deviation of reflec-
tivity due to attenuation for all radars on 07/19/2012. Dashed
lines mark the CDFs of reflectivity values Z ≥ 40 dBZ. Continu-
ous lines show the CDFs of all reflectivity values in the respective
radar area.

To further investigate the effects of attenuation at high reflectivity values, the

deviation of reflectivity is related to the magnitude of reference data points. This

relation is shown in form of a boxplot for all Golden Days (Figure 3.9). A clear re-

lation between high reference reflectivities and high attenuation rates is revealed

in the figure. Above reference reflectivity values of 35 dBZ the median value of

absolute attenuation is increasing. At 45 dBZ reflectivity 50 % of the correspond-

ing data is already attenuated by 4 dBZ. Above 55 dBZ reference reflectivity, the

absolute attenuation in half of the cases denotes about 12 dBZ. Taking into ac-

count that a deviation of 5 dBZ compared to the reference appearing in higher

reflectivity magnitudes is a significant difference in the rain rate conversions, the
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3.2. Influence of attenuation

Figure 3.9.: Deviation of reflectivity due to attenuation as a function of re-
flectivity values in reference data for all radars and all Golden
Days. The horizontal axis represents the magnitude of unatten-
uated reference reflectivity values and the vertical axis shows the
corresponding reflectivity deviation from the reference data in dBZ.
Median, 25 % and 75 % data quantiles and outliers are depicted
as in Figure 3.7.

radar observations are highly effected by attenuation in cases of heavy rainfall

events.

For the statistical analysis of the attenuation during all Golden Days, the two

thresholds of significant and severe deviations are used to quantify the reflectivity

deviation of Attenuated Radar data from the Perfect Radar data. As mentioned

above, the 5 dBZ absolute deviation threshold marks a significant difference from

the reference while 15 dBZ absolute deviation (or more) are a severe difference

between reference and Attenuated Radar data.
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Quantifying the attenuation for all Golden Days leads to the following results:

In the course of the precipitation events there are n = 302, 649, 106 data points

with any deviation of reflectivity from the reference. In 12.5 % of these cases,

the absolute deviation from the reference is equal to or higher than 5 dBZ. That

means the influence of attenuation leads to a significant error in 12.5 % of the

precipitation measurements. As mentioned above, a relationship between the

magnitude of the reference data and the deviation is found. Statistically speak-

ing, 53.8 % of the significant deviations (or 6.7 % of all deviations) correspond

to Perfect Radar data with a value of equal to or higher than 40 dBZ.

The percentage of data points with an absolute deviation exceeding the second

threshold of 15 dBZ is, as expected, much lower than the percentage of the signifi-

cant reflectivity deviation. The amount of data points with an absolute deviation

exceeding 15 dBZ accounts to 2.4 % of all deviated data points. More than half of

these highly deviated data points corresponds to reference data with reflectivity

values above 40 dBZ. In fact, 63.6 % of the data points with 15 dBZ (or more)

deviation from the reference coincide with reference reflectivities of above 40 dBZ.

This equates 1.5 % of all deviated data.

3.3. Influence of radar elevation

Most weather observation radars are set to elevation angles greater than 0◦ to

be able to point their antennas into open space and not to need to worry about

surface elevations which could block the signal or act as clutter. Hence, the

radar elevation is necessary in most cases but it comes with the disadvantage

that the elevation allows the signal to ascend with progression through the atmo-

sphere. The measurements are taken along the ascending signal which delivers

data from different heights. The results, however, are projected on a planar area

since the aim of radar measurements is to provide surface precipitation data. The

observation in various heights along the radar beam gives different reflectivities

compared to the surface precipitation values because rain clusters can vary in

strength with increasing height. These variations are caused by processes such

as evaporation and collision of falling precipitation. The resulting measurement

error is generated by the elevation angle of the radar. To quantify the measure-
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3.3. Influence of radar elevation

Figure 3.10.: Deviation of reflectivity due to an elevation angle of 1.5◦ on
07/19/2012, 05:36 UTC. The neglected area in the lower right
picture section (normally shaded in gray as in for example Fig-
ure 2.7) is here marked in dark green. The violet circles mark a
prominent area with high reflectivity deviations.

ment uncertainty, the difference between Elevated Radar data with the elevation

angles of 1.5◦ and 3.0◦ and the reference, the Perfect Radar data, is determined

by subtraction of the reference data from the Elevated Radar data. The inves-

tigations in this section are based on the experiments in Section 3.2 to ensure a

good comparability of the measurement errors due to attenuation and elevation

of the radar, respectively.

The influence of radar elevation is shown in the Figures 3.10 and 3.11 as a

deviation in reflectivity from the reference data. Both figures reveal deviations

in reflectivity along the margins of the rain clusters. Unlike the error caused by
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3 Results and Discussion

Figure 3.11.: Same as Figure 3.10 but for an elevation angle of 3◦.

attenuation, the differences in reflectivity can be either negative or positive. The

deviations in Figure 3.11 are notably higher than in Figure 3.10. The anomaly

to the reference amounts to an absolute maximum value of 25 dBZ in the 3.0◦

elevation data (inside violet circle in Figure 3.11). The positive and negative

deviations do not follow an obvious pattern apart from the fact that the highest

differences occur in margin areas of the rain clusters.

It is expected, that the 3.0◦ Elevated Radar data shows greater deviations than

the 1.5◦ Elevated Radar data since the spatial distance between the horizontal

projection plane and the radar beam is increasing with elevation angle. The radar

signal ascends with growing distance to the radar and creates a growing height

difference between the pulse volume and the ground. Therefore, also the chance

of measuring variances in the rain clusters increases. For a radar elevation of

3.0◦ the distance between the projection plane and the radar beam amounts to
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3.3. Influence of radar elevation

1046 m at a range of 20 km whereas for 1.5◦ elevation the distance is only 523 m.

Indeed, for 3◦ radar elevation the reflectivity deviations are higher than for 1.5◦

elevation, especially in the areas marked by the violet circles in the Figures 3.10

and 3.11. Additionally, since the spatial difference between the projection plane

at 0◦ elevation and the radar beam grows with distance, it is assumed that the

highest reflectivity deviations are found at the greater distances to the radar. To

prove this theory, the deviations of reflectivity from the Perfect Radar data (as

reference) and the Elevated Radar data is statistically investigated for all radars

and precipitation events. Therefore, the operator data with an elevation angle of

3◦ is analyzed to quantify a maximum error since the deviations are highest at 3◦

(compare Figure 3.10 and 3.11, violet circles). Also, 3◦ elevation is the same angle

as used for the PATTERN radars. For the investigation of the relation between

distance to the radar and reflectivity deviations, the deviations are sorted by

range and shown in form of a boxplot (Figure 3.12).

Obviously, the deviations are nearly symmetric around zero. The negative

maximum is -52 dBZ while the positive maximum value accounts to +53 dBZ at

a radar range of 20 km. The median is therefore very near to 0 dBZ, even at

the higher range distances. However, the absolute deviations grow larger with

increasing distance to the radar. To examine the found relation between increas-

ing reflectivity deviations and the distance to the radar, deviation data with over

15 km distance to the radar is discussed separately. Here, the elevation angle of

3◦ is analyzed due to the observed higher deviations in comparison to the 1.5◦ el-

evation data. The statistic analysis is, as in Section 3.2, done for all precipitation

events of the Golden Days. The thresholds of significant and severe reflectivity

deviations chosen in Section 3.2 are used again for the quantification of measure-

ment error.

During the Golden Days there are n = 301, 298, 161 data points with any de-

viation of reflectivity from the reference and of which 8.3 % show a significant

difference of 5 dBZ. These results show that the percentage of significant devia-

tion due to the elevation of the radar is less than the significant deviations caused

by attenuation. Obviously, attenuation is a stronger error source than the ele-

vation of the radar. The analysis of severe deviations supports that statement.

Due to elevation only 0.4 % of the deviations exceed the threshold of 15 dBZ in

comparison to 2.4 % due to attenuation.
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Figure 3.12.: Deviation of reflectivity from the reference caused by an elevation
angle of 3◦ for all radars and all Golden Days. The horizontal
and vertical axis represent the distance to the radar in km and the
reflectivity deviation from the reference data in dBZ, respectively.
The colored lines represent data percentiles. Other statistic fea-
tures are the same as in Figure 3.7.

As mentioned above, a separate investigation is done to prove the theory of higher

deviations at greater distances to the radar. It is found that 57.7 % significant de-

viations occur at distances to the radar of more than 15 km. The relation is even

clearer for the severe deviations. Here, 71.8 % of the severely deviated data points

are found at the greater distances. That means, the high deviations correspond

to nearly three quarters to reflectivity values situated at distances of 15 to 20 km.

Additional to the relation between distance to the radar and severe deviations,

high reflectivity differences occur near the center of the radar (e.g. mHWT or

mBKM radar in Figure 3.11). A possible explanation for high reflectivity devi-
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3.3. Influence of radar elevation

Figure 3.13.: Contour lines of the specific rain content QR in kg kg−1 in model
layers 50, 38 and 35 on 07/19/2012, 05:36 UTC. Model layers
50, 38 and 35 correspond to heights of the surface level, 1073 m
and 1662 m above ground, respectively. Red contour lines show
values of QR above the threshold of 0.0003 kg kg−1 in model
layer 50. The bold, tilted, red line indicates a cross section shown
in Figure 3.14. For orientation reasons the violet circle marks
the same prominent area with high reflectivity deviations as in
Figure 3.11.

ations near the center are very high rain cluster variations so that even small

height differences in the beam have influences on the reflectivity measurements.

To investigate the rain cluster variations, the contour lines of 0.0003 kg kg−1 of

the specific rain content QR in three different model layers are analyzed. For
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Figure 3.14.: Cross section of specific rain content QR in kg kg−1 on
07/19/2012, 05:36 UTC.

better visualization the QR contour lines for the model layers 50, 38 and 35

are shown exemplary for 07/19/2012 at 05:36 UTC in the model domain (Fig-

ure 3.13). The model layers are named inversely to their representing height, so

that model layer 50 denotes the ground level while model layer 35 represents a

height of 1662 m above ground (above orography). Model layer 38 corresponds

to a height of 1073 m above ground.

Evidently, drift patterns occur in the QR fields where the precipitation field ex-

pands or drifts with increasing height above ground (Figure 3.13, see for example

the violet circle). Especially the rain clusters on the eastern end of the cross

section show a westwards rain drift with increasing height (Figure 3.14). It is

also visible that certain rain clusters dissolve with increasing height, since the

area encircled in the contour line is becoming smaller with each model layer.

Positive deviations are caused by a rise in reflectivity - and therefore a rise in

precipitation rate - with increasing height. When the inclined radar beam passes

through the varying cluster a positive deviation between the elevated and non-

elevated radar is derived. If the rain cluster diminishes with increasing height,

the derived reflectivity deviation is negative.

The drift patterns in Figure 3.13 reveal the reflectivity variations in the rain

clusters. To show a more detailed picture of the specific rain content QR a cross
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3.4. Influence of Rayleigh scattering

section is displayed in Figure 3.14. Here, the specific rain content in kg kg−1 is

illustrated in dependency of the model layers and position along the cross section.

The axis of the cross section is laid through three of the largest rain clusters to

maximize the display of drift patterns (compare Figure 3.13). The three rain clus-

ters are distinguishable along the cross section. All of them are slightly inclined

towards the southwestern end of the section. The southwestern cluster shows

the highest QR-values with a maximum at model layer 40 (corresponding to a

height of 750 m above ground). The northeastern cluster exhibits a maximum

rain content at ground level. The cluster shapes are consistent with the specific

rain content in Figure 3.13. If a radar beam with an elevation angle of 0◦ would

now measure the reflectivity corresponding to the rain content at ground level

and another one would measure with an ascending beam of 3◦, the difference in

the reflectivity of both radars beams would be positive for the southwestern rain

cluster and negative for the northeastern cluster. Using this knowledge, the violet

encircled area in Figure 3.11 and 3.13 is examined. It is the area with the highest

deviations of reflectivity, positive and negative. The specific rain content reveals

an extension of the rain cluster with height to the east (Figure 3.13). The pos-

itive deviations in the east of the cluster are therefore caused by the convective

extensions of the rain cluster during the rain event. The strong negative values

nearby are caused by a northeastwards drift in the rain cluster directly northeast

of the violet circle in Figure 3.13. There, the ground level contour lines extend

more to the west than the contour lines of higher model levels.

Observing the pattern of high deviations at the margins of the rain clusters it is

concluded that the greatest measurement error is due to drifting and convective

movement with height.

3.4. Influence of Rayleigh scattering

The influence of the droplet scattering scheme is a further interesting part of the

investigation. The Rayleigh scheme is used in the PATTERN X-band precipita-

tion retrieval although part of the measurements remain in the Mie regime. In

this section the reflectivity deviation caused by applying the Rayleigh scheme

instead of the Mie scattering scheme is analyzed and quantified. Once again, the

Perfect Radar data is used as reference.
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Figure 3.15.: Deviation of reflectivity by use of the Rayleigh scattering scheme
exemplary on 2012-07-19, 05:36 UTC. The neglected area in the
lower right picture section (normally shaded in gray as in for
example Figure 2.7) is here marked in dark green.

The deviation between the reference data and the reflectivity derivatives with

Rayleigh scheme applied is calculated as in Section 3.2 and 3.3 alike by the sub-

traction of the Perfect Radar data from the Rayleigh Radar data. The resulting

deviation in reflectivity is shown in Figure 3.15. The deviation due to Rayleigh

scattering is mostly negative with a maximum value of -2.3 dBZ in areas with

high reflectivity values. In other areas, the anomaly to the reference is slightly

positive. Apparently, the absolute deviation is more prominent in areas with high

reflectivity values in the reference data (compared to Figure 2.7). Therefore, the

deviation might be related to the reflectivity values in the reference data. To

prove this theory the relation between reflectivity deviation due to the Rayleigh
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Figure 3.16.: Deviation of reflectivity from the reference by use of Rayleigh
scattering scheme for all radars and all precipitation events. The
horizontal and vertical axis represent the reflectivity value in the
reference data in dBZ and the reflectivity deviation from the refer-
ence data in dBZ, respectively. The statistic features (percentiles
and outliers) are the same as in Figure 3.7.

scattering scheme and the corresponding reflectivity value in the reference is an-

alyzed.

The above mentioned relation is displayed in form of a boxplot (Figure 3.16).

The resulting relation can best be described with the help of the calculated

99 % percentile which shows the general behavior of the data since 99 % of the

data are below this value. The 99 % percentile describes an equilibrium curve with

a decreasing trend and a minimum of -0.17 dBZ deviation at 35 dBZ reference re-

flectivity (median value even lower, -0.2 dBZ). Afterwards the curve increases and

shows positive deviation values at a reference reflectivity of greater than 55 dBZ.
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Figure 3.17.: Relative single particle backscattering cross section σMie/σRayleigh
as a function of droplet diameter (Peters et al., 2005).

Fascinatingly, the curve form is consistent with the particle backscattering cross

section relation between σMie and σRayleigh shown in Figure 3.17 with an inverted

sign. The Mie theory backscattering cross section in Figure 3.17 is calculated on

the basis of the code of Morrison and Cross (1974) and related to the Rayleigh

approximation (Peters et al., 2005). The diameter D is defined as the diameter

of a sphere with the droplet volume V [D = (V · 6/π)(1/3)] after Peters et al.

(2005). The inverted sign in the deviation of reflectivity in Figure 3.16 is caused

by the subtraction of the reference from the Rayleigh data.

The connection between the particle backscattering cross section relation be-

tween σMie and σRayleigh (Figure 3.17) and the results of Figure 3.16 is the droplet

diameter D and the reflectivity value in the Perfect Radar data. The droplet di-

ameter defines the reflectivity value: large drops with an extensive diameter result

in high reflectivity values (applied to rain droplets). Of course, the droplet di-

ameter is a microphysical quantity and cannot directly be compared with the

reflectivity in a much larger scale but it is astonishing that the connection be-

tween the microscale quantity D and its resulting reflectivity is visible in the

statistical results of Figure 3.16.
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Overall, it becomes apparent that the measurement error caused by using the

Rayleigh scattering scheme instead of the Mie scattering scheme is very small

(Figure 3.16). The maximum absolute deviation value accounts to 2.3 dBZ - a

value that does not even reach the significance threshold defined in Section 3.2.

99 % of the deviation data is located between values of -0.3 and 0.3 dBZ reflec-

tivity deviation which is clearly inside the measurement inaccuracy of the radars.

Hence, the difference in reflectivity between the two scattering schemes can be

neglected compared to the measurement error caused by attenuation.

3.5. Calculation of composites

Attenuation is proven to be one of the largest error sources in radar precipita-

tion measurement (see Section 3.2). Thus, efforts are made to reduce the effects

of attenuation by measuring the reflectivity in each measurement volume from

different directions and then trying to find the true reflectivity value. Radar

networks with overlapping monitoring areas of the individual radars such as the

PATTERN network are of an advantage here. By measuring with more than

one radar from different directions, more information about the air volume is ob-

tained and can be used for the derivation of precipitation rate. The combination

of radar measurements of the same area is called a radar composite. As men-

tioned in Section 2.3, the best composite results are obtained when the radars

of the network are leveled to the same height above sea level and have no eleva-

tion angle, so that the radars are pointed at each other. In that case the radars

observe the same measurement volumes in the overlapping areas (although the

beam expansion of the radars might produce measurement volumina that are not

equally big). Unfortunately, radar installations often need an elevation angle to

have an unblocked signal path (like the PATTERN radars) and effectively over-

lap only where the signal paths of the radars are crossing. The radar forward

operator, however, is able to simulate the radars under perfect conditions which

is an advantage in composite investigations.

The calculation methods of radar composites are manifold. A method currently

used by PATTERN is the usage of the mean value of all radar measurements in

the same air volume to calculate the value for the composite (averaging method).

Here, the idea is to use all the measurement information to find the statistically
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most stable reflectivity value for the composite calculation. A different composite

calculation method uses the maximum value of the radar measurements (maxi-

mum method) with the argument that the highest reflectivity value must be the

one least influenced by attenuation. In a third method the measurement value

of the radar with the smallest distance to the observed air volume is taken to

produce the composite, also in the hope of finding the value least influenced by

attenuation. In this section two composite calculation methods are analyzed to

quantify their results on attenuated data.

For this experiment, composites for all time steps of the precipitation events are

calculated using the averaging and the maximum method. Due to lack of time,

the third method is not considered. To investigate the attenuation reduction by

the composition of a composite, the reflectivity deviations between the composites

produced with each method and a reference composite are analyzed. The com-

posites are produced with Attenuated Radar data. Further, a Perfect Composite

is calculated to serve as reference for the investigation. The Perfect Composite

is calculated with the averaging method from the Perfect Radar data (no atten-

uation, 0◦ radar elevation, minimized beam width; Table 2.4). An example of a

Perfect Composite is shown in Figure 2.9 in Section 2.3.

For the investigation of composites an area of the PATTERN domain is selected

where a radar monitoring of at least two radars is guaranteed due to the overlap-

ping of individual radar areas. Only data points within this area are considered

in the investigation. The new domain is shown in Figure 1.1 marked by a black

rectangle.

The exemplary illustration of the averaging and maximum calculation meth-

ods of the composites reveals good results in the reduction of attenuation effects

compared to the Perfect Composite (Figure 3.18). Strong reflectivity deviations

due to attenuation effects are seen on the northern margin of the mHWT radar

and on the western margin of the mBKM radar. This is expected since these ar-

eas are not observed redundantly and are not included in the statistic composite

investigation. These areas agree with the reflectivity deviations of the individual

radars in Section 3.2.

For the averaging method, the deviations are entirely negative (Figure 3.18a).

The slight underestimation of the true reflectivity values is caused by the cal-
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(a) Averaging method

(b) Maximum method

Figure 3.18.: Example of composites calculated with averaging and maximum
method for 07/19/2012, 05:36 UTC. The neglected area in the
mQNS radar area is set to NaN here and not filled as in Fig-
ure 2.7.
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Figure 3.19.: Percentage of reflectivity deviations in the composite due to dif-
ferent composite calculation methods for all precipitation events.
Blue bars represent the averaging method whereas red bars stand
for the maximum method.

culation of the mean value in each measurement volume and expected since the

Attenuated Radar data consists of lower reflectivity values than the reference

data, which influences the mean calculation. However, the overlapping radar

areas show very low reflectivity deviations of around 1 dBZ absolute difference

from the reference except for a small area in the central sector of the composite

where absolute deviations of 10 dBZ occur (Figure 3.18a). The high deviations

in this small area are a reminder, that even composites can not fully avoid the

effects of attenuation. A possible explanation for the high reflectivity deviations

is the magnitude of reflectivity in the reference data (Figure 2.9). The Perfect

Composite shows a cluster of very high reflectivity values in the central sector of

the composite. Here, the attenuation develops a maximum effect according to the
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3.5. Calculation of composites

results of the investigation of attenuation in Section 3.2. The radar observation

from different directions is in this case of no avail, since the compact circular

form of the cluster leads to the rapid attenuation of the radar signals no matter

from which direction the signal advances. However, the in the main part of the

composite the attenuation reducing results are excellent.

The statistical analysis of the reflectivity deviations during all precipitation events

shows similar results (Figure 3.19). The significant and severe measurement error

thresholds of Section 3.2 are used to compare the results of both, investigations

of measurement error due to attenuation for single radars and the composite.

The Perfect and Averaged Composites are consistent in 55.5 % of the cases (Fig-

ure 3.19). It also becomes clear that by the calculation of a composite the severe

measurement errors of 15 dBZ are reduced to a statistical irrelevant value of less

than 0.5 % during the investigation period of the Golden Days (not shown in

Figure 3.19). Further, the significant deviations (more than 5 dBZ absolute devi-

ation) of 12.5 % for the individual radars is reduced to mere 3.6 % (Figure 3.19).

These results provide definite support for the establishment of radar networks for

the measurement of precipitation instead of the usage of individual radars.

The results of the maximum method show the same characteristics as the Av-

eraged Composite but are slightly different in the magnitude of reflectivity devi-

ations. First, the deviations from the Perfect Composite are both positive and

negative (Figure 3.18b). Second, at the margins of the reflectivity clusters oc-

cur slightly higher deviations than in the Averaged Composite of about 6 to

10 dBZ (for example in the central sector of the composite in Figure 3.18b). This

is expected since the precipitation decreases rapidly at the cluster margins and

therefore a variety of reflectivities are observed. The averaging method calculates

the mean for each measurement volume and thus gives a moderate value. With

the maximum method, however, the maximum value is taken as truth and the

reflectivity is overestimated in these cases.

The statistical analysis of the maximum method displays a near normal distri-

bution around zero of the reflectivity deviations (Figure 3.19). The Maximum

Composite resembles the Perfect Composite in 32.6 % of the cases, which is much

less agreement (of 22.9 percentage points) than between the Averaged Composite

and the Perfect Composite. The maximum method also eliminates severe devia-
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tions and reduces the significant measurement error (more than 5 dBZ deviation),

but in absolute the significant error amounts to 3.9 % of the cases – half of the

percentage at the negative 5-dBZ-threshold and the other half at the positive

threshold.

Overall, the averaging method seems to be the most reliable composite calcu-

lation method in this investigation. Indeed, the maximum method is not applied

in practice for the PATTERN observations. In contrast to the ideal conditions in

the radar forward operator data, clutter occur in the PATTERN measurements

and cannot always be eliminated (according to Lengfeld (2015), personal commu-

nication). Clutter are characterized by very high reflectivity values. The usage

of the maximum method would overestimate the reflectivity in areas with clutter

pixel and thus the precipitation rate. In the averaging method clutter do not have

such an effect since the calculation of the mean takes much more uninfluenced

data into account than clutter values. In conclusion, the averaging method is

better suited for practical application and provides better results compared to

the Perfect Composite.
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This thesis is dedicated to the statistical analysis of the measurement error caused

by attenuation, elevation angle of the radar and the usage of the Rayleigh scat-

tering scheme for the X-band radars of the PATTERN project.

In this work the radar forward operator EMRADSCOPE was used to simulate

the four operational PATTERN X-band radars on four convective precipitation

events in the summer of 2012 basing on data provided by a numerical weather

forecast model. The usage of the radar forward operator is a helpful tool not

only to compare radar measurements to model data but also to investigate the

measurement inaccuracies caused by error sources such as the attenuation of the

radar signal, the radar elevation angle and the scattering scheme. The systematic

switching off of the mentioned error sources in the radar forward operator settings

makes it possible to quantify the individual influence of each error item by the

comparison of the resulting data to an unchanging ideal reference.

The simulated events were analyzed regarding to their data quality compared to

the observation. Further, the operator was used to systematically vary the men-

tioned measurement error sources to obtain data which is influenced by one of

the error items only. The quantification of the measurement errors was obtained

through a statistical analysis of the deviations of the disturbed data from the

ideal reference data. Additionally, two methods of calculating a composite from

the four individual measured radar data sets were examined.

The comparison of the operator data to the PATTERN observations reveals

a slight overestimation in the mean reflectivity for nearly all cases which likely

derives from a tuning parameter in the microphysics scheme of the operator. The

parameter artificially reduces the number density of the Marshall-Palmer distri-

bution by a factor 0.1, so that more large droplets and fewer small droplets are

simulated. In further studies this parameter should be removed to obtain more
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realistic reflectivity data.

The comparison of operator data to the measurements further shows lower re-

flectivity maxima in the simulated data than in the observations. This supports

the view that the model (or the forward operator) is not able to simulate the full

extent of heavy convective showers. Instead, the precipitation events last longer

in the simulations and reveal higher mean reflectivity values. However, the com-

parison of the simulated values to the reference indicates qualitatively good data

for the small-scale area of the PATTERN domain in reference to the PATTERN

radar observations.

The investigation of measurement errors due to attenuation and changes in the

radar elevation angle display comparative absolute maximum reflectivity devia-

tions from the reference (-52.9 dBZ maximum deviation due to attenuation and

53 dBZ due to an elevation angle of 3◦, respectively). However, the attenuation

influences a larger percentage of the data than the elevation angle change. It is

found that the effect of attenuation leads to a significant error in 12.5 % of the

precipitation measurements during the Golden Days. The influences of the eleva-

tion angle in comparison show significant reflectivity deviations in only 8.3 % of

the cases. These results reveal that attenuation and elevation cause measurement

errors of the same magnitude but also fulfill the expectation that the influence

of attenuation is statistically more extensive than the influence of elevation given

the higher percentage of significant measurement errors (deviations of more than

5 dbZ).

The more detailed examination of the deviations due to attenuation shows a rela-

tion between the strength of deviation and the distance to the radar. The results

reveal a continuous increase in deviation with increasing distance to the radar.

It is found that in 50 % of the data points the damping influence amounts to less

than 5 dBZ. In 5 % of the cases, however, the deviation from the unattenuated

data amounts to over 18 dBZ at the maximum distance of 20 km.

Additionally, the relation between the magnitude of the reference data values and

the deviation due to attenuation is addressed. The results show a clear increase

in deviation in areas with high reference reflectivity values. Until reference val-

ues of 35 dBZ the 75 % quantile of the deviation is well below 5 dBZ, extreme

values, however, reach up to 36 dBZ. The highest deviations are found at refer-
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ence values which exceed 55 dBZ. There, 50 % of the deviations lie above 12 dBZ.

The results suggest that an elevation angle of 3◦ also has significant effects

on the measurements. The reflectivity deviations calculated from a horizontal

measuring radar reveal a division in negative and positive differences from the

reference with a slight positive trend with increasing distance from the radar. The

absolute deviation values (positive and negative) have a maximum magnitude of

53 dBZ at 20 km distance to the radar.

The examination of the areas with higher deviation displays an accumulation of

large reflectivity differences on the margins of rain clusters. The results of the

investigation of the specific rain content in three model layers exhibit a drift pat-

tern in the specific rain content with increasing height. It is concluded, that the

main cause of the large deviations is a variation in reflectivity with increasing

height.

A further measurement error source is the usage of the Rayleigh scattering

scheme instead of the Mie scattering scheme since the X-band radars partly

measure in the Mie regime. The results visualize the known particle backscat-

tering cross section relation between σMie and σRayleigh, the individual particle

backscattering cross sections for the Mie and Rayleigh theory, respectively. Ad-

ditionally, the outcome shows a small measurement error due to the usage of

the Rayleigh scheme. The maximum reflectivity deviation from the reference

accounts to 2.2 dBZ which is insignificant in comparison with the measurement

error due to attenuation.

The investigation of composite calculation methods reveals that by the compo-

sition of a composite the effects of attenuation are significantly reduced for both

averaging and maximum method. It is found, that both methods reduce severe

measurement errors (reflectivity deviations of more than 15 dBZ from the refer-

ence) to a statistically insignificant percentage (less than 0.5 %). Also, the usage

of either method leads to a smaller percentage of significant reflectivity deviations

(of more than 5 dBZ from the reference) due to attenuation: for the maximum

method, the percentage of significant measurement errors is 3.9 % whereas the

percentage for the averaging method is 3.6 % (instead of 12.5 % for individual
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measuring radars). However, the averaging method seems to give more reliable

results since the maximum method overestimates the reflectivity at the margins

of precipitation clusters.

Conclusively, it is found that attenuation leads to the most extensive mea-

surement errors of the investigated error sources (referring to the percentage of

significant deviations) whereas the usage of the Rayleigh scattering scheme has

no statistically significant effect.

This study shows that attenuation effects in the observation data can be reduced

significantly by the usage of a radar network and the calculation of composites.

The results of this work identify radar networks with large overlapping monitoring

areas to be the best installation to measure surface precipitation (by radar) and

should preferably be used for the observation, not individual measuring radars.

The results suggest the usage of the averaging method for the calculation of

composites since this method shows the most reliable reduction of attenuation

effects.
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5. Outlook

This work is the first study of a simulation of the PATTERN radar observation

network with the usage of a radar forward operator. The results of the thesis

are based on the statistical analysis of the convective precipitation events on four

Golden Days described by Wünsch (2013), all of which lasting two to four hours

and having occurred in the summer of 2012 – a very specified and short time

range. To ensure a higher statistic informational value, the study should be re-

peated for long term precipitation data of all seasons.

In this work the microphysical cloud processes have been parametrized with

the well documented graupel scheme with prognostic cloud water, cloud ice and

graupel output. For the 5.0 version of the COSMO model, however, the two-

moment cloud microphysics scheme by Seifert and Beheng (2006) is available.

The two-moment scheme includes the simulation of the particle number, not just

the mass fraction as the one-moment scheme. With the two-moment scheme, the

distribution of precipitation quantities can be depicted more precisely and obtain

new operator data. The results achieved in this study provide a good basis for

the investigation of the influence of the microphysics scheme. Therefore, a com-

parison of this study with model data simulated with the use of the two-moment

scheme is a new possibility of investigation.

As mentioned in Section 3.1 the comparison of operator data to observations

has revealed a general overestimation of the reflectivity values of rain caused

by the usage of a wrong tuning parameter in the microphysics scheme of the

operator. For earlier COSMO versions the parameter provides consistency to the

microphysics of the COSMO model but has become obsolete in the newer model

versions (according to U. Blahak (2015), personal communication). The major

part of the study now bases on the comparison of operator data simulated with
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different settings but with the same n0 r -factor. That means the comparison is

done under same conditions so that the results are most likely not compromised.

It must be further examined if the n0 r -factor has an influence on the comparison.

The virtual radar laboratory is a new and promising setup for the investiga-

tion of radar precipitation observations. In this work only three error sources in

radar observation have been examined. By the simulation of the Perfect Radar

the effects of additional measurement errors can be analyzed. Further, combined

effects of the error items can be investigated, as for example the combination

of attenuation and elevation. Particular attention should be devoted to radar

networks in further investigations since the observation results of composites are

superior to single radars and should be the first choice in precipitation measure-

ment.

Earlier studies have found the composition of composites to be an efficient method

to reduce the impact of attenuation on observation data and the results of this

work confirm the effectiveness of the method. However, the influence due to the

elevation of the radar can not be reduced so far. Hopefully, future investigations

provide a method to diminish this error source.
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List of Symbols and Abbreviations

α . . . . . . . . . . . . . . . Horizontal angle in the radar coordinate system

∆t . . . . . . . . . . . . . Time difference

η . . . . . . . . . . . . . . . Sum of all hydrometeor backscattering cross sections σ per

unit volume

ηe . . . . . . . . . . . . . . Equivalent reflectivity

λ . . . . . . . . . . . . . . . COSMO model coordinate; Wave length

φ . . . . . . . . . . . . . . . Horizontal angle in the beam coordinate system; COSMO model

coordinate

σ . . . . . . . . . . . . . . . Backscattering cross section of a hydrometeor

σMie . . . . . . . . . . . . Particle backscattering cross section after Mie theory

σRayleigh . . . . . . . . Particle backscattering cross section after Rayleigh theory

θ . . . . . . . . . . . . . . . Vertical angle in the beam coordinate system

ε . . . . . . . . . . . . . . . Vertical angle in the radar coordinate system

~r . . . . . . . . . . . . . . . Range vector in the radar and beam coordinate system

ζ . . . . . . . . . . . . . . . Vertical COSMO coordinate

Cr . . . . . . . . . . . . . . Radar constant

D . . . . . . . . . . . . . . Spherical diameters of a hydrometeor

f 2(φ, θ) . . . . . . . . . Beam weighting function after Probert-Jones (1962)

I(~r) . . . . . . . . . . . . Energy intensity

k . . . . . . . . . . . . . . . Vertical model layer

Kw . . . . . . . . . . . . . Dielectric constant for water

l(r) . . . . . . . . . . . . Attenuation factor of the radar signal

N(D) . . . . . . . . . . Number density of hydrometeors with diameter D

QR . . . . . . . . . . . . . Specific rain content

R . . . . . . . . . . . . . . Precipitation intensity

r0 . . . . . . . . . . . . . . Range between the radar transmitter and the center of the

pulse volume
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u . . . . . . . . . . . . . . . Wind vector component, horizontal east-west direction

v . . . . . . . . . . . . . . . Wind vector component, horizontal north-south direction

w . . . . . . . . . . . . . . Wind vector component, vertical direction

Z . . . . . . . . . . . . . . Radar reflectivity, logarithmic

z . . . . . . . . . . . . . . . Radar reflectivity, non-logarithmic

ze . . . . . . . . . . . . . . Equivalent reflectivity factor

n0 r . . . . . . . . . . . . Tuning parameter in the forward operator software

CFMIP . . . . . . . . . Cloud Feedback Model Intercomparison Project

CORINE . . . . . . . Coordinated Information on the European Environment

COSMO . . . . . . . . Consortium for Small-scale Modelling

COSP . . . . . . . . . . CFMIP Observation Simulator Package

dBZ . . . . . . . . . . . . Decibels relative to Z

DFG . . . . . . . . . . . Deutsche Forschungsgemeinschaft

DWD . . . . . . . . . . Deutscher Wetterdienst

EMRADSCOPE Efficient Modular Radar Scanning Operator

HHG . . . . . . . . . . . Hamburg Radar

HWT . . . . . . . . . . Hungriger Wolf Radar

MOD . . . . . . . . . . Moordorf Radar

NWP . . . . . . . . . . Numerical weather prediction

PATTERN . . . . . Precipitation and Attenuation Estimates from a High Resolu-

tion Weather Radar Network

QNS . . . . . . . . . . . Quarnstedt Radar
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Appendix

A. Additional information on the COSMO model

The differential operators are numerically approximated by second order finite

differences in the spatial discretization. For time integration a two time level 2nd

and 3rd order Runge-Kutta split-explicit scheme after Wicker and Skamarock

(2002) is used (Schättler et al., 2013).

The COSMO-DE model works on the basis of the primitive hydro - thermo-

dynamical equations transferred to the (λ, φ, ζ) coordinate system. To reduce

numerical errors induced by the calculation of the pressure gradient force a basic

state, which represents a time-independent, horizontally homogeneous, vertically

stratified atmosphere in hydrostatic balance, is subtracted from the equations.

Further, the thermodynamic variables temperature (T ), density (ρ) and pres-

sure (p) are split into a height dependent reference value (T0(z), ρ0(z) and p0(z))

and its space/time dependent deviation (T ′, ρ′ and p′), which, in combination

with the integrated hydrostatic equation and the adequate boundary values for

pressure and temperature, allows to define the vertical profiles of the reference

state of T0(z), ρ0(z) and p0(z). These methods result in the model equations.

The horizontal coordinate system is rotated by shifting the North Pole so that the

rotated equator crosses the model domain to ensure a more precise calculation

of model variables in the limited domain. In the vertical, a generalized terrain-

following height coordinate is introduced. The transformation of the model equa-

tions to the nonorthogonal terrain-following (λ, φ, ζ) coordinate system is given

by the three elements of the inverse Jacobian matrix (Jλ, Jφ, Jζ).

The following set of prognostic model equations for the three wind vector com-

ponents u, v and w, the perturbation pressure p0, the temperature T and the

humidity variables q is used in the model (in differential form; after Schättler

et al. (2013)):
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∂u

∂t
+ v · ∇u− uv

a
tanφ− fu = − 1

ρacosφ
(
∂p′

∂λ
+

Jλ√
G

∂p′

∂ζ
+Mu) (A.1)

∂v

∂t
+ v · ∇v − u2

a
tanφ+ fu = − 1

ρa
(
∂p′

∂φ
+

Jφ√
G

∂p′

∂ζ
+Mv) (A.2)

∂w

∂t
+ v · ∇w =

1

ρ
√
G

∂p′

∂ζ
+B +Mw (A.3)

∂p′

∂t
+ v · ∇p′ − gρ0w = −(cpd/cvd)pD (A.4)

∂T

∂t
+ v · ∇T = − 1

ρcvd
D +QT (A.5)

∂qv

∂t
+ v · ∇qv = −(Sl + Sf ) +Mqv (A.6)

∂ql,f

∂t
+ v · ∇ql,f +

1

ρ
√
G

∂Pl,f
∂ζ

= Sl,f +M l,f
q . (A.7)

In Equations A.1 to A.7 is a the Earth’s radius, cpd and cvd the specific heat of dry

air at constant pressure and volume, respectively, G is the gravity acceleration,

f is the Coriolis parameter and ρ is the density of moist air which is calculated

as a diagnostic variable from the equation of state. Further is qv the specific hu-

midity, whereas ql defines the specific water content for liquid water (e.g. cloud

and rain droplets). qf denotes the specific water content of frozen water, such

as cloud ice, snow or graupel. Pl and Pf represent the corresponding precipi-

tation fluxes. The remaining terms M∗ mark contributions from parametrized

subgrid-scale processes, e.g. turbulence and convection. QT thereby represents

the diabatic heating resulting from these processes. Sl and Sf define sinks and

sources of humidity due to cloud and precipitation formation. The terms related

to parametrized subgrid-scale processes are calculated by physical parametriza-

tion schemes. The relevant schemes used in this work are displayed in Section 2.3.
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B. Additional information on the radar forward

operator EMRADSCOPE

Radar measurements can be improved by rapidly repeating the signal pulses while

the antenna rotates and averaging over the consecutive pulses. For symmetric an-

tennas and by then averaging over many successive pulses a more effective beam

weighting function is obtained. Based on Equation 2.2 the new weighting func-

tion fe is:

f 2
e (α, ε) = (B.1)

exp

{
−4 · ln2

[(
(α− α∗)cos(ε)

α3,eff,0

+ (cos(ε0)− 1)∆α[1− exp(−1.5∆
α

θ3
)]

)2

+

(
ε− ε0
θ3

)2
]}

Equation B.1 describes the beam weighting after a horizontal radar scan of

360◦ at a constant elevation angle ε0. Function fe has been converted from the

beam system to the radar system to precisely define the angular averaging. That

means, range ~r is a function of r, α∗ and ε with α∗ being the center of the averag-

ing interval. In Equation B.1 ∆α describes the averaging interval of the successive

pulses whereas α3,eff,0 represents the effective 3-dB beam width at 0◦ elevation.

The effective beam width α3,eff,0 only depends on the radar specific ratio ∆α/θ3

and can be assessed with help from Table 1 of Blahak (2008).

Equation B.1 is used in the EMRADSCOPE software after Blahak (2008).

C. Additional information on Mie theory and the

Rayleigh approximation

On the basis of the Maxwell equations Mie (1908) developed a scattering/absorption

theory of planar waves for homogeneous spheres in a non-absorbing environment

(Zeng, 2013). The theory consists of terms for attenuation Qt, total scattering Qs

C



and total absorption Qa of the wave and the backscattering cross section σs. The

terms are defined as follows (after Zeng (2013)):

Qt =
λ2

2π
(−Re)

[
∞∑
n=1

(2n+ 1)(an + bn)

]
, (C.1)

Qs =
λ2

2π

[
∞∑
n=1

(2n+ 1)(|an|2 + |bn|2)

]
, (C.2)

Qa = Qt −Qs, (C.3)

σs =
λ2

4π

∣∣∣ ∞∑
n=1

(−1)n(2n+ 1)(an − bn)
∣∣∣2. (C.4)

The parameters an and bn are the so-called Bessel functions, which represent

the magnetic and electric multipoles of order n and depend on the radio electric

size γ = πD/λ and the complex refractive index m (Zeng, 2013).

For relatively small drop-diameter/wavelength ratios (i.e., D ≤ λ/16), the mul-

tipole moments can be neglected and the equation consist only of the dipolterm

which is equivalent to setting all an and bn to zero except for the first moment

Bessel function a1 (Zeng, 2013) that is defined:

a1 =
2i

3

(
m2 − 1

m2 + 2

)
γ3. (C.5)

This yields the Rayleigh approximation (after Zeng (2013)):

Qs =
2π2

3λ4
|K|2D6, (C.6)

Qa =
π2

λ
Im(−K)D3, (C.7)

σs =
π5

λ4
|K|2D6. (C.8)

Here, K =
∣∣∣m2−1
m2+2

∣∣∣2 is the dielectric constant of the particles. The backscatter-

ing cross section σb is proportional to the reciprocal of the fourth power of the

wavelength and to the sixth power of the particle’s diameter (Zeng, 2013).
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D. Additional figures

Figure D.1.: Mean and maximum reflectivity and probability of precipitation in
the virtual and observational radar areas, 07/19/2012.
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Figure D.2.: Same as Figure D.1 but for 07/28/2012.

Figure D.3.: Same as Figure D.1 but for 08/07/2012.
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Figure D.4.: Cumulative distribution of reflectivity as measured by PATTERN
radars and derived by model radars, 07/28/2012.

Figure D.5.: Same as Figure D.4 but for 08/07/2012.
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Figure D.6.: Cumulative distribution function (CDF) of the deviation of reflec-
tivity by attenuation for all radars on 07/28/2012. Dashed lines
mark the CDFs of reflectivity values Z ≥ 40 dBZ. Continu-
ous lines show the CDFs of all reflectivity values in the respective
radar area.
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Figure D.7.: Same as Figure D.6 but for 08/03/2012.

Figure D.8.: Same as Figure D.6 but for 08/07/2012.
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Arbeit selbstständig verfasst und keine anderen, als die angegebenen Hilfsmit-

tel verwendet habe. Insbesondere habe ich keine im Quellenverzeichnis oder in

Fußnoten nicht benannten Internetquellen verwendet.

Diese Arbeit wurde vorher nicht in einem anderen Prüfungsverfahren eingereicht.
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