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Abstract

Quantitative precipitation forecast is a special challengeof numerical weather pre-
diction models, which is amongst others due to the still unsatisiyg representation
of convective processes. This study aims at an analytical desc¢igm of small-scale
convective precipitation structures to enable a better undstanding of the underly-

ing processes and an improved numerical representation, folaexple in a stochastic
way. Therefore, the well-known convective precipitation attern in the rear of cold-

fronts is analysed by means of the quantitative radar compositRZ of the German
Weather Service. Through the restriction to one speci ¢ synopt situation and by

assuming that post-frontal showers are generated by a stochastimpess, it is for
the rst time possible to describe not only the geometrical struatire of the post-

frontal precipitation eld, but also the mean temporal devebpment of the individual

structures within the eld by means of simple analytical equabns.

In an Eulerian-type approach, the geometric structure and th radar derived rain
rates are investigated by means of the instantaneous values edch distinct time

step. Enclosed rain areas are identi ed as clusters and are discimated according

to the number of included local maxima of rain rates, where eagnaximum is as-
sumed to represent a single convection cell. It turns out that # cell numberp is a

crucial parameter for the description of the geometric structre. Furthermore, the

area and the area integrated rain rate (AIRR) per cell increaseith increasing cell

number until saturation e ects appear at a speci c cell count. This has not been
observed before and may be explained with an equilibrium stageached at that

point of growth.

In a Lagrangian-type analysis, the temporal development of B& characteristics is
investigated via a tracking of individual clusters. The whole i@wth process, from
genesis through all growth stages till the nal dissolving, is fferred to as a track
with each track having a speci c life span. Three types of trackare distinguished
by means of their complexity. Despite large variabilities irthe development of in-
dividual tracks, one universal function for the cluster specicarea as well as the
AIRR development is identi ed for all three track types. The respective parame-
ters depend on the track type and the life span of the track onlyThis allows for

the rst time a surprisingly simple analytical description of the mean life cycle of
post-frontal, precipitating convective clouds with the lie span as the determinant
parameter. The frequency distribution of the latter followsbasically a power law
for all track types.

Together with recalculations of previous results concerrgnthe geometric structure
with the high resolution radar data, a set of analytical functons and distributions

is presented which describe the basic characteristics of posttal shower precip-
itation over Central Europe. One envisaged application of # results is the con-
struction of a forecast scheme for post-frontal shower precipttan as a tool for a

stochastic post processing of deterministic model output.

Keywords: cell, convection, life cycle, radar, temporal delopment



Kurzfassung

Quantitative Niederschlagsvorhersage ist eine Herausforderumg fumerische Wet-
tervorhersagemodelle, u.a. aufgrund der nicht zufriedenfienden Darstellung kon-
vektiver Prozesse. Ziel dieser Studie ist eine analytische Besgbung kleinskaliger
konvektiver Niederschlagsstrukturen, die ein besseres Verstand der zugrundelie-
genden Prozesse sowie eine verbesserte numerische BeschreibiBi@uf stochastis-
cher Basis, ermeglichen kann. Dazu wird das typische konveké Niederschlags-
feld auf der Rackseite von Kaltfronten mit Hilfe des quantitaiven Radarkomposits
RZ des Deutschen Wetterdienstes untersucht. Durch die Beschieung auf eine
spezielle synoptische Situation und die Annahme, dass die Entstely der Schauer
auf stochastischen Prozessen basiert, ist es zum ersten Mal megldie mittlere
zeitliche Entwicklung der einzelnen Regengebiete analyth zu beschreiben.

Die geometrische Struktur und die Regenraten werden anhancderd5-mingtigen
Momantanwerte des Radarkomposits untersucht (Euler-Analyse)Abgeschlossene
Niederschlagsgebiete werden als Cluster identi ziert und beghkch der Anzahl der
enthaltenen lokalen Maxima unterschieden, wobei jedes Maxim eine einzelne
Konvektionszelle reprasentiert. Die Zellenanzahp stellt sich als ein bestimmender
Parameter far die Beschreibung der geometrischen Strukturdnaus. Des weite-
ren nimmt die Flache sowie die achenintegrierte Niedersclagsrate pro Zelle mit
zunehmender Zellenanzahl zu, bis bei einer bestimmten Zebazahl Sattigung
auftritt. Dies ist bisher so nicht beobachtet worden und lasst atidas Erreichen
eines Gleichgewichtszustands schlie en.

In einer Lagrange Analyse wird die zeitliche Entwicklung grutiegender Charak-
teristika mit Hilfe eines Trackings individueller Cluster unersucht. Der gesamte
Wachstumsprozess eines Clusters wird als Track bezeichnet, wofeder Track eine
bestimmte Lebensdauer hat. Es werden drei Arten von Tracks begitch ihrer Kom-
plexi@t unterschieden. Trotz einer gro en Variabiliat in der zeitlichen Entwicklung
individueller Tracks, beschreibt eine einzige Gleichung dimittlere zeitliche Ent-
wiclung der Flache sowie des achenintegrierten Niederschgs fur alle drei Track-
Arten. Die entsprechenden Parameter hangen nur von der Art undler Lebens-
dauer des Tracks ab. Zum ersten Mal wurde solch eine uberrasndeeinfache ana-
lytische Beschreibung der mittleren Entwicklung postfrontadr, konvektiver Nieder-
schlagsstrukturen gefunden, die die Lebensdauer als bestimmendParameter ent-
halt. Die Hau gkeitsverteilung der Lebensdauer wird fdar jede Track-Art durch ein
Potenzgesetz beschrieben.

Zusammen mit Neuberechnungen der Ergebnisse frasherer Untersuolgen mit den
heher aufgelesten Radardaten, wird eine Reihe von analgchen Funktionen und
Verteilungen prasentiert, die die grundlegenden Charaktestika postfrontaler Schau-
erniederschiage uber Mitteleuropa beschreiben. Eine mghe Anwendung der Er-
gebnisse liegt in der Entwicklung eines Vorhersageschemas, tvefcals stochastisches
Postprocessing auf deterministische Modellvorhersagen aufgeseterden kann.

Schlagwerter: Konvektion, Lebenszyklus, Radar, zeitlich&ntwicklung, Zelle
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Chapter 1

Introduction

Precipitation is defined as condensed water vapour fallingptthe Earth's surface in
a liquid or solid state of aggregation. It is generally classifideinto stratiform and
convective precipitation. This thesis deals with the lattertype which often leads
to significant amounts of precipitation on small spatial and tenporal scales. Ac-
cording toTetzlaff and Hagemann (1986), who analysed the precipitation type
with data of the synoptical observation station Hannover-Herremausen for a period
of six years (1979 - 1984), convection accounts for 24 % of thetal precipitation.
Walther | (2007) analysed precipitation events over the Baltic area byneans of
radar data for the years 2000-2002, distinguishing conveativand frontal precipi-
tation. It was found that the annual overall fraction of conwective events is about
36 %, with larger values over land than over the sea. Furtherm®, almost half of
the radar echoes equivalent to rain rates of more than 10 mmhwere identified to
be related to convective processes.

Because of the small-scale nature of convection, the individusonvection cells can-
not be reproduced by current operational models. Although theesolution of the
models has increased up to 2.8 km (COSMO-DE) now and deep coctven is explic-
ity modelled, the small-scale structure of shallow convectiois still not resolvable
and needs to be parametrised. This is particularly true for gbal and climate mod-
els. The processes that govern the convective activity are stilbt fully understood.
Especially convective initiation and the influence of orogmphy are topics of current
research. A better understanding of those processes in combioatiwith new ap-
proaches for numerical representation, for example in a stadtic way, may lead to
improved parametrisations and thus to a better quantitativeprecipitation forecast.

The spatial and temporal structure of precipitation fields ha a significant influence
on the components of the hydrological cycle, like for exanmglthe runo, and con-
stitutes an important input for hydrological models. Some of hese models are
based on long time series with high resolution precipitation da at single sites.
Because of the lack of adequate data, such time series are getegfatochastically
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Chapter 1. Introduction

(e.g. Bardossy | (1998), Haberlandt et al. (2007)), but without a distinction
of di erent synoptic conditions. Another type of models direcly takes into account
the spatial structure of the precipitation field by modellingthe characteristic pat-
terns, especially for small hydrographic catchments/illems |2001). Here, often
spatial and temporal stationarity is assumed. A review on recemtevelopments with
a focus on Poisson cluster-based models (for single-site modgliand generalized
linear models (for multi-site daily rainfall, non-stationary in space and time) can be
found inWheater et al. (2005). A closer look on the structure and development
of convective precipitation patterns could be beneficialof a better representation
of precipitation in hydrological models.

The analyses presented in this thesis have been restricted to p&sintal shower
fields. Those precipitation fields seemingly have a common stture which is ap-
parent, for example, in the satellite derived cloud structurésee Figure 2Z#). Based
on the obvious similarities among di erent post-frontal prepitation fields, the as-
sumption was made that they result from the same stochastic procemsd thus have
identical statistical properties. It should be noted that post-fontal characteristics
over sea di er significantly from those over land. Over sea, cldustreets as well
as open and closed cells are observed while the appearance efdtructures over
land is less classificable. The focus of this thesis is on miditatle convection over
land. The results byTheusner | (2007) and those of the present thesis confirm the
assumption of common statistical properties for that type of carection. Due to the
limited area of the radar composite, only Germany was considt for the analysis.
However, it is hypothesised that the results are also applicable bther areas within
Central Europe.

Convective precipitation fields have been studied at thimstitute of Meteorology and
Climatology of the Leibniz University of Hannovefor more than 10 years nowHae-
seler (1995) investigated the precipitation structure on the rear sie of a trough
and constructed a simple model for the spatial and temporal ddepment of single
shower cells with cloud thickness and cell velocity as input pameters. Clausen
and Roth (1997) worked on the regionalisation of convective precipition from
large scale climate models with a special focus on post-frongtiowers. This was
done by means of a conceptual model, relating large-scale ppeaties, like the tem-
perature in 850 hPa, to statistical information on precipitaion parameters which
describe single cells or an ensemble of cells, respectivéhauf et al. | (2001) in-
vestigated on a statistical basis the spatial and temporal structe of convective
precipitation fields in the lowlands of Northern Germany as grerequisite for a
subscale parametrisation of precipitation in climate models.t was found that the
precipitation intensity measured at a fixed location dependsot only on the life
span of the cells and the wind field, but to a high degree also ohd orientation
and geometrical formation of the shower cells. Hereupoiheusner | (2007) in-
vestigated the geometrical structure of the post-frontal prepitation field based on
radar data with a spatial resolution of 2 km x 2 km and a temporal @solution of
15 min. A small number of parameters was found to be su icient talescribe the

2



Chapter 1. Introduction

basic geometrical characteristics of the post-frontal showerefd, for example the
size distribution of the individual rain areas and the diurnalkcycles of the number of
rain areas and of the total precipitation area (see also Seati®b.1). The observed
day-to-day variability of the characteristics, however, cold so far not be related to
the synoptic conditions by means of conventional stability idices Witha |12007).
Besides a conditional unstable stratification, a large scaldting seems to be a nec-
essary prerequisite for the formation of the shower structures.

Motivated by the promising results concerning the geometritastructure of the
post-frontal precipitation field, the project Hybrid probabilistic forecast scheme for
post-frontal shower precipitation(in the following referred to asshower project was
initiated in the scope of the the Priority Program 1167Quantitative Precipitation
Forecast of the German Research Foundation (DFG). The Priority Progren was
established because precipitation forecast has, in contrast toher parameters like
temperature and wind, not significantly improved in the last 6 years. In order
to identify and eliminate the prevailing deficiencies in gantitative precipitation
forecast, the e ort of university institutes and other researchnstitutions were inter-
connected, together with the German Weather Service (DWD)rpviding the opera-
tional forecast system as a development, testing and validatianstrument (Hense
et al. 12003).

One of the identified deficiencies concerns the temporal érspatial scale of pre-
cipitation events. It seems to be necessary to consider precigitan as a stochastic
variable when using observational data and interpreting detministic simulations.
The shower project takes into account the stochastic nature ofrgcipitation. By
focusing on one special synoptic situation, simple analytical drstatistical relation-
ships could be derived, which allow an improvement of the prigitation forecast
in a stochastic way. For a realisation of the planned forecast sehe, the investi-
gation on the geometrical structure was extended by an analgsof rain intensity
characteristics and temporal properties. For the latter, a tcking algorithm was
developed byWeusthoff | (2005) and was in a first instance applied to two days
with post-frontal shower precipitation. The preliminary resuts concerning growth
processes of individual clusters within the shower field wererdamed with an en-
larged data set of 17 days containing a total of over one milloindividual clusters
(Weusthoff and Hauf 2008b). As a result, a simple growth model was proposed
which describes the cluster growth process in terms of embeddeahvection cells
(see Sectiom Z2.112).

The present thesis, which results from the shower project, aims ain analytical
description of the mean temporal development of individuallgsters within small-
scale convective precipitation structures. As in previous stues, a special synoptic
situation was chosen for the investigation, namely the preciition field in the rear
of a cold front. That post-frontal shower field shows a typical sticture of convective
shower precipitation, which can easily be identified in satéé or radar data. 17
days with post-frontal precipitation were analysed by meansfgadar data with a
temporal resolution of 5 min and a spatial resolution of 1 km x 1 kmThe high
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Chapter 1. Introduction

temporal resolution enabled the tracking of individual clustrs which was the basis
for the investigations on the individual clusters' time series. \Nile the geometrical
structure has been analysed by various authors in the last deczsl(a review can
be found inlMesnard and Sauvageot (2003)), only one study is known where
the temporal development of an ensemble of convection ceisainalysed in a similar
way by means of radar datallopez et al. |11983).

The limitations of the analysis, i.e. the restriction to only o synoptic situation
and the assumption of a stochastic process, only enabled the anaigt description
of the mean temporal development of individual small-scale gcipitation structures
in the way presented here. Such an investigation of the tempdrdevelopment of
rain rate and area for individual cluster tracks with respect @ their life span has
not been performed before. Furthermore, for the first time th mean time series of
an ensemble of tracks which are grouped by the complexity ofd@tdevelopment into
three track types could be described by a simple analytical fgtion. This function
only depends on the life span.

Parts of the thesis have already been published in scientificymals. The investiga-
tions on the life cycle of convective showers can be found inetQuarterly Journal of
the Royal Meteorological SocietyWeusthoff and Hauf 2008b) while the analy-
ses of the mean temporal development of the rain rate and theear of a cluster were
submitted to the Meteorologische Zeitschriftthis year (Weusthoff and Hauf
2008a).

Objectives

The overall aim of this thesis is to give an analytical descripin of convective clusters
and related rain rates within the post-frontal precipitation field. The key questions
in this respect are:

1. Is it possible to derive a set of equations which describe theathcteristics of
the post-frontal precipitation field? What are the governimg parameters?

2. How do the characteristics of the individual areas, like aresize and rain rate,
develop with time? Which analytical functions can be deriwe for the mean
time series?

3. How can the rain rate characteristics be described?

4. Which shape can be assumed for the individual clusters in theqmipitation
field? And how are they related to the wind field?

5. Are the results of previous studies concerning the geometictructure repro-
ducible with the higher resolution RZ-composite?
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Structure of the work

This thesis is structured as follows. InChapter Z7], atmospheric convection is ad-
dressed including the life cycle characteristics of individliaells (Section 2. 1.R) and
mesoscale organisation of convection, with a special view on {hest-frontal shower
field (Section[2.1.1). Furthermore, the basic principles ofreather radar are intro-
duced (Sectior’ZR2) as well as the German radar network anddar products of the
DWD (Section [2.2.2). In Chapter 37, the data material is presented, comprising
the radar data and the tracks. The latter are defined as the Bf cycle of individual
clusters. The results are presented in the subsequent three chapteln Chapter 4],
basic investigations on the radar derived rain rates provideldy the RZ composite
are introduced. Chapter 5] deals with the geometrical structure. Besides a recalcu-
lation of selected results of previous studies with the higheesolution data (Section
£.1), investigations on the shape and the orientation of the usters (Sectiorf.5.R) as
well as cell related properties (Sectioh 5.3) are shown. Theafor results can be
found in Chapter @], namely the mean time series of area and rain rate for three
di erent track types. Finally, a summary is given in Chapter 7] and conclusions
are drawn, followed by a short outlook Chapter 7).




Chapter 2

Background

2.1 Atmospheric Convection

If a body lighter than a fluid be forcibly immersed in it, the loty will be
driven upwards by a force equal to the di erence between itsigig and
the weight of the fluid displaced.

The sixth proposition from "On Floating Bodies", Archimedes, cica 260
B.C. (Emanuel |11994)

Convection in the most general term refers to the movement of atecules within
fluids resulting in transport and mixing of the properties. In amospheric convec-
tion, the fluid is air and the process of convection results irhe vertical heat transfer
between di erent layers of the atmosphere. This heat transfeconstitutes a com-
pensation process caused by prevailing static instabilities. Bamese of the partially
chaotic appearance, convection is often referred to as tineal turbulence (Liljeg-
uist and Cehak [1974).

Meteorologists divide convection into dry and moist conveain. Dry convection is
apparent in non-saturated air without formation of clouds. Mast convection simply
implies that the temperature of a rising air parcel cools dowbelow the dew point
and convective clouds form. A prerequisite for moist conveom is atmospheric in-
stability and especially conditional instability. Under condtional instabilities, an air
parcel is unstable to up- and downward displacements, if it is aatated, but stable
to small changes if the parcel is unsaturated. For the initiatin of moist convection
it is necessary, that the parcel is lifted above the condensatidevel. This may be
caused by orographic uplift or by subsequent heating of the suda leading to a
decreased stability of the near surface layer. Above the condehsa level, cloud
droplets form and the now saturated air parcel ascends furthentil the equilibrium
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Chapter 2. Background

level is reached, where the surrounding air is warmer than trescending air parcel.
This level marks the cloud top. The concept of atmospheric stdity and the par-
cel theory are discussed in various textbooks, suchlBmanuel | (1994),Bluestein
(1992) andBluestein | (1993). Depending on the moisture of the air and the convec-
tive available potential energy (CAPE), the cloud droplets my grow to form much
larger drops by the mechanisms of coalescence or the BergefFamdeisen process.
When the convective clouds become so deep that the water drefd or ice crystals
grow large enough to fall as precipitation, one speaks of pigitating convection
(Emanuel |11994).

Moist convection can generally be categorised in three types:

(1) shallow non-precipitating convective clouds,
(2) mid-level precipitating showers and

(3) deep convection.

The emphasis of this thesis is on mid-level precipitating shovge whereas most
previous studies on moist convection deal with deep conveatio As the dynamic
structure and the underlying processes are basically the same #irthree categories,
references in this chapter are frequently taken from deeprogection studies.

Over homogeneous surfaces, particularly over oceans, moist \@xiion becomes
manifest in di erent types of ordered structures. Typical exarples are open and
closed hexagonal cells, cloud bands (across the direction @fAf) and roll-convection
(along the direction of flow) as described ilBader et al. | (1995) andEmanuel
(1994), for example. These regular systems develop in the coctee boundary
layer and are related to non-precipitating shallow convean. When such structures
are advected over land, they change their appearance due toastal e ects. The
more irregular formation of mid-level and deep convectiornver land into convective
complexes, which are subject of this thesis, is addressed in theldaing Section
2.1.1.

2.1.1 Mesoscale organisation of convection

Convection is often organised into larger mesoscale structureSingle convection
cells combine to form clustersAustin and Houze, Jr. (1972) called those clus-
ters small mesoscale area (SMSA). Several of those SMSA with a splaéixtent of
up to 1000 knt build a large mesoscale area (LMSA) with areas of up to several
thousands of square kilometers. The post-frontal shower struces, which appear
as an ensemble of several hundreds of convection cells and @rsstof cells, can
be allocated to the LMSA. The larger and more intense SMSAs are #dly called
mesoscale convective systems (MCS). Examples are squall lined aloud clusters
(Emanuel | 11997). MCSs are subject of various studies as they often causae
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Chapter 2. Background

precipitation associated with flash floodsJewett and Wilhelmson (2006), for
example, investigated the mesoscale forcing on mid-latitude usjl lines, while Fu
and Guo (2006) analysed the role of merging on the formation of MCSs. Aethiled
overview over studies on MCSs over the past 10 - 15 years is gi\wnHouze, Jr.
(2004). According to that study, MCSs are an important link betveen atmospheric
convection and the larger-scale atmospheric circulation begase they are associated
with larger-scale wave motions.

Post-frontal precipitation field

The subject of this study is a special case of atmospheric convecti namely the
post-frontal shower precipitation field, its spatial organishon and the precipita-
tion amount. This precipitation field is usually located belnd a cold-front passing
Germany in south-easterly directions. The convective structes develop in the ap-
proaching cold air masses of polar origin. They can easily be itiéied in satellite
or radar data (Figuresl2Z.4 and2J5) by the characteristic cellar organisation. The
apparent structuring of the precipitation field suggests simg underlying princi-
ples describing the structural characteristics and the correspding precipitation.
Theusner | (2007) analysed the geometric structure of post-frontal preutation
fields by means of radar data and found that a small nhumber of pameters is
su icient to describe the basic characteristics. In the present wk, the analysis is
extended by the precipitation rate characteristics and thedmporal development of
the individual convective complexes within the precipitaibn field, aiming at a better
understanding of the formation and organisation of the invesiated structures.

The characteristics of the precipitation field and the methdology of the data se-
lection are in detail described in the previous works d#Veusthoff | (200%) and

Theusner | (2007) on the same subject. Therefore, only a basic overview tiet
typical synoptic characteristics is given here by means of 9 Newmber 2006. The
synoptic situation is governed by a trough located over NortherEurope as can be
seen in the 500 hPa chart in Figuré2l1. In the analysis of the 00 Tsurface
chart (Figure [Z2), the cold front is located over Northern Genany, approximately

parallel to the coast of the North Sea and moves in south-eastedyrection. The air

mass behind the cold-front shows a typical unstable structure faurable for con-
vective activity. The radio sounding of Greifswald (Figuré_23) reveals this unstable
stratification up to a height of 7 km. In the satellite image of 215 UTC (Figure

[Z.4), the post-frontal shower area is visible in the Northern parof Germany, ap-

proaching from north-west behind the cold-front, which at tkat time (1215 UTC) is

located over Southern Germany and Austria. Embedded in the appent convective
cloud structure behind the cold-front, the precipitation isorganised in contiguous
rain areas as can be seen in the radar image (Figurel2.5).
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Figure 2.1: 500 hPa geopotential height [gpdm] and surface pressure [hPa], 9 November Z)®0
UTC. Source: www.wetterzentrale.de.
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Figure 2.2: Analysis of surface chart, 9 November 2006, 00 UTC. Source: DWD.
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Figure 2.3: Radio sounding of Greifswald, 9 November 2006, 12 UTC. Source: University of
Wyoming.

Figure 2.4: Satellite image of 9 November 2006, 1215 UTC. Source: DLR.
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Figure 2.5: RZ-composite radar image of 9 November 2006, 1215 UTC. In Southern Germg,
residuals of the frontal rain bands are present while in Northern Germany posfrontal shower
precipitation prevails.

2.1.2 Life cycle of convective showers

The life cycle of precipitating convection cells has so far nmy been studied for the
case of deep convection. The common idea of the life cycle ofragi thunderstorm
goes back to the early model proposed by Byers and Brahaf@r@ham Jr. |11996)
after the Thunderstorm Project in the late 1940s. They definethree stages in the
life of a thunderstorm as depicted in Figuré_2]6: towering cuatus stage, mature
stage and dissipating stage. They also recognized the formatiohidividual cells
in clusters. Although not explicitly dealt with at that time, th is implies interactions
among individual cells which may have consequences for thenegective evolution,
as was shown later, for example byewett and Wilhelmson (2006).

In the present study, mid-level convective showers as they agpen the post-frontal
precipitation field (see Chapter[Z111) are investigated by eans of radar data.
Hereby, a shower is always related to a contiguous rain area ihet radar image (in
the following referred to as cluster) which may consist of one aonore individual
convection cells. Each of them is related to a maximum of refigvity or precipita-
tion rate, respectively. According to the numbem of embedded cells, a cluster is
referred to as ann-cell cluster. An example of a cluster comprising two individual
convection cells is displayed in Figure“2.7 in a 3D represeni@at. Each convection
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Figure 2.6: Life stages of a single convection cloud comprising towering cumulus stage, mat
stage and dissipating stagelBluestein |1993).

Figure 2.7: Example of a two-cell cluster in a 3D representation. Both the color and the height
of the individual pixels indicate di erent rain intensities.

cell within a cluster runs through its individual life cycle which is comparable to
that presented in Figure[Z.6 for a single thunderstorm. Due to # formation of

cells in clusters, neighbouring cells certainly have an e ecn each others dynamics,
which has already been observed for the case of deep convection

Besides the individual life cycles of the embedded convectioells, the whole cluster
shows a life cycle itself. The latter was investigated by trackg the clusters indi-
vidually and relating the growth to the variation in the number of embedded cells
(number growth. The results on the growth processes can be found Weusthoff
and Hauf [2008b).

The whole life cycle of a cluster is in the following referredotas atrack. Each
track has a specific duration which is also called the life sparf the track. Due
to interactions amongst di erent clusters, a track refers to tle whole set of clusters
that were found to be precursor or successor of each other. The cept of tracks
is addressed in more detail in Section-3.2. In the following, ¢hindividual growth
processes within a track are considered. Within a time step of 5 mia cluster with
n maxima (n  0) develops to a cluster withm maxima (m 0): n! m. Five
life stages or transition processes were identified by visual iresggion of radar time
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sequences (see Figure2.8):
() genesis,
(i) growth (including internal growth and merging),
(i) stagnation,
(iv) decay (including internal decrease and splitting) and

(v) dissolving.

Figure 2.8: The life stages of a cluster (G = genesis, M = merging, |G = internal growth, St

= Stagnation, Sp = splitting, ID = internal decrease, D = dissolving) ( Weusthoff and Hauf
2008b).

For a description of the growth process, two di erent approacteare followed Weust-

hoff and Hauf  [2008b): the cluster-based approacland the transition-based ap-
proach

1. In the cluster-based approacfor each cluster identified in the radar data the
transition process within the next time step is considered, whicleads to one
transition count per cluster. Growth is hereby subdivided intdnternal growth
and merging, and decay, respectively, into internal decreased splitting. As
the processes are related to the starting cluster, each splittirgpunts only one
transition process, while merging counts at least two processesedior each
actual cluster. As genesis is starting from no actual cluster, isiconsidered as
an additional process.

2. The transition-based approachin contrast, counts each transition from an
n-cell cluster to anm-cell cluster (0 ! m). Merging and splitting are not
especially accounted for in that approach. Each transition &m the initial
cluster n to any successom is counted as an individual transition process.
This includes also genesisn(= 0) and dissolving (m = 0).

13
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Figure 2.9: Growth processes with respect to life span for theransition-based approach The
dashed orange line gives the total number of transitions observed for each difspan.

Altogether, most frequent transitions in both approaches are agnations, followed
in number by genesis \(Veusthoff and Hauf 2008b). In the transition-based
approach genesis, growth, decay and dissolving show nearly the same fragye
In the cluster-based approachhowever, decay and dissolving occur less frequently
than genesis and growth. This is obviously due to the fact thanithe cluster-based
approach just one transition process is counted for splitting, e merging includes
one transition process for each cluster involved.

Figure 2.9 shows a plot of the relative frequencies of transitis with respect to the
life span of the tracks in which they are occurringtansition-based approach Stag-
nation clearly dominates the growth process for all life span§&enesis and dissolving
represent the second most frequent transition processes for lifeasp up tol 10
* 5 min, whereas for longer life spans, growth and decay are mdrequent. While
the latter two occur nearly equally frequent, there is a mamkd di erence between
genesis and dissolving. This di erence means that more clusteage generated than
do disappear and leads to the assumption that merging is more drgent than split-
ting. Thus, when two clusters combine and this combined clustelisappears, there
were two clusters generated in that track, but only one is disgearing. This was
in fact observed in the cluster-based approachAeusthoff and Hauf 2008b).
About 28 % of all clusters were found to grow within a time step of Bin, with
75 % of the cases being merging processes. Thus, growth is nearigavas frequent
as decay which occurs for 16 % of all clusters, with only 55.5 %tbe cases caused
by splitting.

Based on observed transition probabilities for the transitionfrom an n-cell cluster
to an m-cell cluster {ransition-based approac) a simple growth model was proposed
which describes the incremental growth by one cell within arie step (see Figure
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Figure 2.10: Simplified growth of the cluster growth process Weusthoff and Hauf 2008b).
Displayed is the frequency distribution of the cell numberp, the arrows indicate growth and decay
processes. A cluster preferably forms as single cell, grows and decays by one cellhivita time
step and finally disappears via the single-cell-stage.
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2.10). Clusters form as single cells, grow by gaining one additial cell within each
time step and decay accordingly preferably by one cell befdieey finally disappear
via the single-cell-stage again. Within the growth process, a pke of stagnation
may appear where the cell number stays constant. The basic modwedglects the
fact that larger clusters may generate first or that cells grovby more than one cell
within a time step.

As stated in Weusthoff and Hauf (2008b), the growth mechanism of shower
cells, deduced from observed transition frequencies, was fouttdfit the general
properties of a Yule processCGoncas et al. 2006). The key element of this pro-
cess is that entities increase their property at each time stepitiv a certain proba-
bility in proportion to the size of this property. According to that hypothesis, new
shower cells would preferably grow in direct vicinity of exigng cells, which would
subsequently merge, or within already existing clusters. The etence of preferred
locations for the formation of new shower cells has not beervestigated so far. A
test of the hypothesis is therefore left for further studies.

2.2 Weather Radar

As the analysis is mainly based on radar data, Section 2.2.1 giweshort introduction
into the basic principles of radar measurements. For more defid information the
reader is referred toBattan (1973) andSauvageot (1992). In Section 2.2.2, the
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German radar network and the radar products of the DWD are inbduced. The
Z-R-relationship, as the common way of quantitative precipation estimation by
means of radar measurements, is addressed in Section 2.2.3. lné&e problems
of radar measurements are discussed in Section 2.2.4.

2.2.1 Radar principles

The weather radar is a ground based remote sensing instrument uded the detec-
tion of precipitation. RADAR stands here for Radio D etection And Ranging. A
radar station basically consists of a transmitter-receiver antma and a protecting
radome. The measurement is based on the principle that eleatnagnetic waves
are propagated through the atmosphere at the speed of light ( 3 10°m=s) and
along straight lines. The directional antenna sends a narrow am of pulsed mi-
crowave signals of known wavelength and duration . The frequency with which
radar pulses are emitted is given by the pulse-repetition fregncy (PRF). The lat-
ter determines the maximum range ax Up to which radar measurements can be
performed unambiguously:

'max = C2PRF (2.1)

All types of targets present in the beam, such as hydrometeors, talso insects
and birds, absorb the incident energy and radiate in di erent @tections. Thus, a
fraction of the energy is reflected and returns to the anteran The runtime of the
reflected signal gives information on the distance to the prgxstation particles, while
the strength of the signal gives hints on size and composition dfig target. The
capability to measure a specific type of hydrometeor is givenylthe wavelength.
C-band radar stations, which are usually used for precipitatiomeasurements, have
a wavelength of 7.3 - 3.75 cm. Shorter wavelengths are apgli®r smaller particles,
such as K-Band (2.4 - 0.75 cm) for cloud droplets.

Radar measurement is a volume measurement, i.e. the radar stati captures
backscatter of energy from a measuring volume which increasessize with in-
creasing distance. The radar equation for volume targets assgthe received power
P, to the radar reflectivity factor Z (Gekat et al.  2003):
e

Pp=C Z ’TJZ 2.2)
Here, r is the distance to the target,jkj? is a factor depending on the state of
aggregation (0.93 for water, 0.21 for snow) and C is a radar iant, including all
radar station specific technical factors (e.g. wavelengthransmitted peak power at
the antenna etc.). The reflectivity factor Z apparent in Equation 2.2 results from
the radar reflectivity under the assumption of the validity of Rayleigh scattering.
The radar reflectivity is the sum of the radar backscattering cross sections of
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the individual particles over the unit volume V (one cubic meer):

1 X
- v i (23)
\%

(D) N(D) dD (2.4)
In this equation, D is the diameter of the particles in the volume andN (D) is the
size distribution of the particles. The reflectivity is a characteristic value for the
size of the target and its definition includes no assumptions ae nature of the
backscattering medium. Only by assuming the validity of Raylgih scattering, i.e.
when precipitation particles are small compared to the radawvavelength, the target
is specified over the backscattering cross section:

5

ZDmax
= — jkj? D® N(D) dD (2.5)

min

The radar reflectivity is proportional to the radar reflectivity factor Z; the latter
is given by the expression behind the integral.

5

= — jk? z (2.6)
Z D max
Z = D® N(D) dD (2.7)
Dmin
/| D (2.8)

As the reflectivity depends on the sixth power of the diameterfahe drops, large
hydrometeors dominate the precipitation signal.

The reflectivity factor is usually given in units of dBZ, whee dB stands for decibel
and Z is the radar reflectivity factor. The decibel is a logarithnic measure for the
relation of two energy parametersR (indB ) = 10 log,oP;=P,).

#
Z(inmm®m 3)

Z(indBZ ) =10 logo mom 3

(2.9)

Besides the conventional radar reflectivity measurements, rdern radar systems,
namely doppler radar and polarimetric radar, provide addibnal information on

the targets. With a doppler radar, the radial velocity can be reasured by means
of frequency shift due to the Doppler e ect. Polarimetric raérs are capable of
determining the shape of the drops by using two pulses with ortgonal polarization.

This additional knowledge gives the possibility to di erentate precipitation types

and, thus, to improve the rainfall estimates [|lingworth 2003). Furthermore,

both radar types can improve the recognition of ground cludr.
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Figure 2.11: Map of the 16 radar stations of the German radar network (plus research radaat
Meteorologisches Observatiorium Hohenpei enberg) with 128 km horizontal rage. Source: DWD.

2.2.2 German radar network

The German Weather Service's (DWD) radar network comprises61C-band radar
stations (wavelength = 5 cm, 5600 - 5640 MHz) of Doppler type cexing the whole
of Germany and parts of the surrounding countries. Figure 2.14hows the radar
stations with operating ranges of 128 km. Each radar station igperated in two dif-
ferent scan modes: theolume scanand the precipitation scan(Schreiber 1998).
In the volume scan the atmosphere is scanned every 15 minutes with 18 di erent
elevations ranging from 37.0to 0.5 . The volume scan comprises again two di erent
modes: theintensity mode for elevations from 0.5 to 4.5 has a horizontal range of
230 km, thedoppler mode covering elevations above that, ranges 120 km. Every 5
min the volume scan is halted to start theprecipitation scanwhich provides the in-
stantaneous values of the latest precipitation echoes in alstaeal time. Depending
on the orography, the atmosphere is hereby scanned with an edden of 0.5 and
1.8 and a horizontal range of up to 128 km.

Radar products

From the di erent radar products available at the DWD, only those relevant for
the present work are introduced. These are plan-position inditor (PPI) products
which display a plan view of received signals on a polar coordie system based
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on azimuthal antenna scans. Other available products, which wenot used in this
analysis, provide information on the vertical structure, such & the range-height
indicator (RHI) where the antenna scans vertically, and the awstant-altitude plan-
position indicator (CAPPI) which gives signals calculated to enstant altitudes.
Additional information on the DWD's radar products can be found in Schreiber
(1998) or in the Radarbroschareavailable on the DWD's Websites (www.dwd.de).

The local radar product PL results from the volume scan providing every 15 min
the nearest surface radar echoes in six reflectivity classes. Theximum scanning
distance is 230 km, the horizontal resolution 2 km x 2 km. The PLrpducts from
all radar stations are merged to the national compositeC . In the overlap region
of di erent radar stations, the strongest signal is taken. Based othat composite,
Theusner (2007) analysed the geometrical structure of the post-frontgrecipita-
tion field.

The precipitation scan is used to produce the locdDX products, which contain
the current values of the latest precipitation echoes measuteevery 5 min. The
horizontal resolution is 1 km x 1 km. The composite generateddim the local DX
products is the RX -composite. In overlap regions of two radar stations, the value
which is nearer to the ground is used. The RX composite contairasdar reflectivities
encoded in so-calledRVP-6-Units with a resolution of 0.5 dBZ. The measurement
range runs from 0 to 255 RVP-6-Units, which can be converted toftectivities by
means of Equation 2.10.

RVP 6 Units
2

Thus, the measurement range covers reflectivities from -320BZ to +95 dBZ. The
use of the RVP-6-Units has the advantage that negative dBZ valse occurring for
low reflectivities, are avoided and that more information ionserved compared to
a direct conversion to dBZ values.

The quantitative RZ composite, which is used for this thesis, is described in the
following Section 2.2.3.

325=dBZ Value (2.10)

2.2.3 Quantitative precipitation estimation

Besides the spatial information gained by radar reflectivityneasurements, the quan-
titative precipitation measurement by radar is of great inteest. Therefore, the mea-
sured reflectivity values need to be converted into rain rate This is usually done
with the so called Z-R-relationship which is an empirically déved relationship be-

tween the measured radar reflectivityZ [mm®m 3] and the correspondent rain rate
R [mmh 1] and was first proposed byMarshall and Palmer (1948):

Z=a R" (2.11)

For the two constantsa and b, a huge number of di erent values have been derived
mainly by measurements of drop-size distributions as a funchioof precipitation
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intensities. The constants vary largely for di erent synoptic duations, regional
characteristics and implicitly assumed rain drop size distribubns. They essentially
depend on whether precipitation is convective or stratiform The problem is ex-
tensively discussed byBattan (1973), who gives a comprehensive list of values
reported by di erent authors, and Sauvageot (1992). Because of the large num-
ber of di erent constants, the restriction to a general Z-R-redtionship cannot satisfy
all purposes Beheng 1998). The German Weather Service uses with the standard
relationship (a = 256 and b = 1.42) a mean Z-R-relationship of those found for
convective and for stratiform precipitation events (see Fige 2.12). This leads,
however, to an overestimation of convective and an underestition of stratiform
precipitation intensities (Bartels et al. 2004).

In the framework of the project RADOLAN (Bartels et al. 2004), an advanced
Z-R-relationship was established which distinguishes stratifor and convective pre-
cipitation based on reflectivity values and a shower index With the resulting
five di erent relationships (see Table 2.1, Figure 2.12), theeflectivity values of the
RX composite are converted into rain rates, resulting in thd&RZ composite which
constitutes the basic data material for the present analysis. ThRZ composite con-
tains rain rate values in steps of 0.01 mm per 5 min. It has a spatiresolution of 1
km x 1 km and a temporal resolution of 5 min.

According to Bartels et al. (2004), the advanced Z-R-relationship has a positive
impact on the quantitative precipitation estimation. Howeve, the errors due to
the variability of the drop size distribution may still be large (Lee and Zawadzki
2004) and need to be kept in mind when radar data is used quartttvely. A
common way to improve the quantitative precipitation estimaion is the adjustment
to rain gauge data Gjertsen et al. 2004), which is usually done for larger time
intervals from one hour to 24 hours.Ehret (2002) proposed a statistical method
where the spatial variability of the radar image is imprintedon the interpolated field
from rain gauges with respect to the field mean (ordinary krigg). First quality
investigations reveal a superiority of adjusted radar rainfalestimates based on this
method over the unadjusted ones. The evaluation was done for aaincatchment
and by cross-validation as well as by runo -simulations Kleistermann (2008)
http://www.wrah-2008.com/PDF/O2-008.pdf).

The German Weather Service applies an adjustment to rain gaeg for example to
the hourly precipitation sum composites both o line and in re&time, resulting in
the RW composite Bartels et al. 2004). For smaller time scales, this adjustment
is restricted by the displacement velocity of rain events anche spatial and temporal
representativeness of the ground measurement. However, altgbithe RZ composite
might not be the best quantitative radar product, it is the mostadequate for the
purpose of this study because of the 5 min time resolution. A shoristussion on
the quality of the RZ composite is given in Chapter 3.1.2.
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dBZ < 36.5 36.5... 44| > 44

<35/35..75/>75

a 125 200 320 200 77

b 1.4 1.6 1.4 1.6 1.9

Table 2.1: Parametersa and b in Equation 2.11 of the advanced Z-R-relationship for
three reflectivity classes defined byBartels et al. (2004). For low reflectivities an
additional discrimination based on the so-called shower indx is given.
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Figure 2.12: Advanced Z-R-relationship of the project RADOLAN (black lines) and the standard
Z-R-relationship (red).

2.2.4 Error sources

Radar measurements have the great advantage of a high spatiadeemporal resolu-
tion in combination with a large coverage range, but also exbit certain constraints.
Especially when using those measurements to estimate quantitai precipitation,
the quality is limited due to various error sources. More detts on the princi-
ples of quantitative rainfall estimation and the related unertainties can be found
e.g. in the review ofJoss and Waldvogel  (1990) or in Sauvageot (1992) and
Salek et al.  (2004). The relative importance of various kinds of unceriaties
are discussed irAustin  (1987) on the basis of several case studies. Three types of
uncertainties are introduced in the following.

The first type deals with the conversion from measured radar refctivities into pre-
cipitation rates, which is usually done by an empirical Z-R-dationship as introduced
in Section 2.2.3. That relationship depends strongly on the dp size distribution
and varies largely with space and time. There is no unique rélanship between
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radar reflectivity and rain rate and assuming such a relationspiprovides an un-
certainty in the precipitation amount. Thus, the natural variability in drop size
distributions is an important source of uncertainty in radar neasurements of pre-
cipitation (Joss and Waldvogel 1990).

Another error source is the vertical variability of radar reféctivity (Chumchean
et al. 2003). A change of the nature or intensity of precipitation wh height, for
example caused by orographic enhancement, creates a veltticarying reflectivity
profile. This variability causes a range dependent bias in dar rainfall estimation
(Joss and Waldvogel  (1990), Smith et al.  (1996)). Saltikoff et al. (2004)
identified the vertical dBZ profile as one of the most importat challenges concern-
ing radar quality issues for the Northern European countries.

Uncertainties of a third type are related to instrumental conglerations, i.e. errors
in the measurements of radar reflectivity itself Joss and Waldvogel ~ 1990). This
includes ground clutter and attenuation as well as the hardave of the radar system.
Some of those problems can be dealt with logistically, for exqube through changes
of infrastructure or the radar scan strategy $altikoff et al. 2004).

Clutter correction

The term clutter refers to echoes returned from fixed targstwithout meteorological
content and is basically caused by orography (ground cluttegnd anomalous propa-
gation of the radar beam (anaprop) as a special case of groundttzr ( Salek et al.
2004). Besides a modification of the spatial structure, cluttehas also a strong im-
pact on quantitative precipitation estimation as its signal an be much more intense
than that of meteorological targets. Several methods exist tdetect and delete clut-
ter from measured radar data, such as statistical techniques, tii@ppler-method or
a clutter-map (static or dynamic). The di erent methods are dscussed, for instance,
in Seltmann (1997), Germann and Joss (2003) andSalek et al.  (2004). It
is, however, impossible to remove clutter completely withouth@anging the meteoro-
logical information. The elimination of clutter may cause n& problems concerning
radar applications. Resulting holes limit the use of trackingrad extrapolating tech-
niques based on radar dataGermann and Joss (2003),Mecklenburg  (2000)).
The same is true for shielding, i.e. the blocking of the radar ben by buildings or
orography causing a lack of radar information behind that olgict (see Figure 2.13).
Those problems especially arise in mountainous regions as thaghic reveals.

For the RZ composite, the measured radar reflectivity is cludr-corrected by means
of statistical clutter filtering and doppler filter ( Bartels et al. 2004). Elimina-
tion of clutter shall be enhanced in the quality improvedRY composite, which was
unfortunately not available for the investigated dates.
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Figure 2.13: Vertical cross section (0 to 6 km above sea level) of a radar station in a ountainous
region, displaying the radar error sources clutter and shielding Germann and Joss 2003). The
top figure represents intensity of ground echoes during clear weather without clutter etnination.
In the bottom figure, a 24 h accumulation of stratiform precipitation ill ustrates the problem of
shielding. To the north, for example, the lowest elevations are blocked at a rangef 8 and 44 km;
everything behind is shielded (S). More detailed information can be found inGermann and Joss
(2003).
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Data

The data set comprises basically the radar data, namely the 5 mRZ composite,
and the characterfiles containing all information on the individual clustes as well
as the tracking information from the previous study byWeusthoff and Hauf
(2008b) for 17 days with post-frontal showers. In Section 3.1.the processing of
the radar data is described, followed by a short discussion on thatd quality in
Section 3.1.2. Section 3.2 introduces the concepttodcks as the basic data needed
to describe the characteristics of individual clouds in the cwse of their life. The
latter will be presented in Chapter 6.

3.1 Radar data

While the basic principles of radar measurement and the radarrgducts of the
DWD were addressed in Section 2.2 including an introduction tthe RZ composite
in Section 2.2.3, the explicit data processing procedures atite data quality are
described in the following sections.

3.1.1 Data processing

The analyses for the current thesis are based on the quantitawadar composite
RZ, which was introduced in Section 2.2.1. For 17 days in 20@hd 2006, listed
in Table 3.1, the 5 min RZ composite data of the whole day was agaed, in total
288 files for each day. On two days, consecutive data was onlyadable from 09
UTC (25 February 2004, resulting in 180 files), respectively fro 06 UTC (21 March
2004, resulting in 216 files). Due to temporarily missing datadm a single radar site
or sometimes even from the whole radar network, some additidndata gaps were
present. The data was processed following the method describedWeusthoff
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Year Month Day Number of clusters p max
2004  February  25.(from 09 UTC) 24 000 48
March 21. (from 06 UTC) 43 000 105
May 23. 51 000 82
June 12. 58 000 106
July 10. 64 000 60
12. 70 000 74
August 13. 88 000 289
26. 118 000 161
31. 72 000 160
September 24. 112 000 248
2006  January 21. 70 000 440
March 01. 64 000 85
02. 71 000 70
05. 39 000 180
06. 85 000 90
07. 70 000 110
November 09. 48 000 67

Table 3.1: List of analysed days together with the total number of clusters detected on each da
(rounded to full thousands) and the maximal cell number occurring within a cluster pmax -

and Hauf (2008b). In a first step, the post-frontal shower area was extréed and
rain rate values below a cut-o of 0.05 mm per 5 min were elimated. That threshold
(2007) found in a previous study a reflectivity value of
19 dBZ being su icient to detect the convective structures whin the precipitation
field. Calculated with the standard Z-R-relationship (Equaton 2.11), a rain rate of
0.05 mm per 5 min corresponds to a radar reflectivity value obaut 20 dBZ.

was chosen agheusner

The extracted radar data was then labelled. This means, eachuster which is
defined as a contiguous rain area in the radar data was contiously numbered
for each day. This way, a cluster can be unambiguously ideng&fd by date and
number. The characteristics of all clusters were stored in an tdy data file (char-
acter.yymmddhh00.tx}; an example of such a file is given in Figure 3.1. The column
numbers start with O as displayed in the first line. In column O, ke time is dis-
played, followed by the label number in column 1 and the clusts characteristics
in the subsequent columns. Among them are the cluster size (2), thember of
embedded cells (3), the area integrated rain rate (5), the- and y-value of the cen-
tre of the encompassing ellipses (7 and 8) and information abotite tracking, e.g.
precursor (18) and successors (19 - end). The tracking procedw# be addressed
in Section 3.2. Finally, the basic data set for each day consist$ the extracted 5
min radar data (288 in total) and the character-files (24 in otal). All presented
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Figure 3.1: Example of acharacter-file containing in the columns time (0) and cluster label (1)
as well as characteristics of the individual clusters (2-6) and information ontheir location (7 and
8), precursor (18) and successors (19-end).

analyses are based on this information.

3.1.2 Radar data quality

As the analysis is completely based on the RZ composite, the lirations of the latter
should be kept in mind. As mentioned before, the main advantag# precipitation
measurement by weather radar is the measurement over a largage with a high
temporal and spatial resolution. The resulting data provide aaherent image of the
spatial precipitation structure. An important disadvantage, lowever, is certainly the
guantitative aspect. Measured radar reflectivities can be owerted into rain rates
using for example an empirical Z-R-relationship. The qualitpf those rain rate val-
ues is a problem due to various error sources which are discussedection 2.2.1.
Direct measurements by rain gauges, in contrast, allow a precetermination of the
rain amount, but they have the problem of spatial representateness. Rain gauge
measurements are point measurements of the surface precipibat and interpola-
tion and regionalisation is necessary to get the spatial structarof the precipitation
field. The best procedure is to combine the spatial structure shdar measurement
with the good quality point measurements of rain gaugesgjustmen), as it is done,
for example, at the DWD on an hourly basis (see Section 2.2.3).

For the purpose of tracking individual clusters over time, thec min RZ composite
is the most applicable product, although it is not calibratedby rain gauge mea-
surements. Instead, precipitation is calculated with an advared Z-R-relationship
using five di erent Z-R-relationships depending on the refldivity values and the
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Figure 3.2: Frequency distribution (absolute values) of the ratio of daily sums from synopical
observations ©bsynop ) and derived by radar (obsagdar ) for a single pixel closest to the station
(point) as well as with precipitation sums averaged over 9, 16, and 25 pixsl around the station
location. The ratio displayed in (a) includes all radar derived rain rates while in (b) only values
larger than 0.05 mm per 5 min are considered.

shower index (see Chapter 2.2.3), which presumably has a postiimpact on the
guantitative precipitation estimation. Heuel (2004) investigated di erent methods
to estimate precipitation amounts based on radar measuremerdad found that the

error could be reduced when di erent Z-R-relationships aresed for convective and
stratiform rain events. In that study, the error reduction readied up to 20 % for an
automatically di erentiation and even 48 % if this di erentiation was done manually.
In another study, Marx (2007) compared three di erent Z-R-relationships, (a) the
standard form, (b) the improved Z-R-relationship byBartels et al. (2004) and

(c) a new Q-Z-R-relationship calibrated with runo measuremats and simulations
with data of six di erent rain gauge stations. It was found that, for hydrological

modelling, (b) has already improved the quality of runo -sinulations while (c) per-

forms best in this comparison. All three relationships lead to annderestimation of
high rain intensities.

To get an idea of the quality of the radar derived rain rates fothe investigated
post-frontal shower events, the pixel-wise daily sums were compd to 24 h rain
gauge measurements. The comparison was done only for 15 of thedays, as the
radar data for two days were incomplete (25 February and 21 Meh 2004, cf. Table
3.1). For about 150 synoptic observation stations distributedwer all of Germany,
the hourly sums were accumulated to daily totals. For a compan of these station
measurements @gbsynop) With the radar derived precipitation sums Ebsaqar) at a
single pixel closest to the station as well as with precipitatiosums averaged over 9,
16, and 25 pixels around the station location, the respectiveugtients were calcu-
lated (0bSynop=0b$a4ar ). A quotient of 1.0 would indicate a perfect fit, values bel
1.0 indicate an overestimation by radar and values larger timal.0 an underestima-
tion by radar, assuming that the synoptic observations give thertie precipitation
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amounts. Due to the limitations of both instruments and the prblems concerning
their comparability (ground based vs. remote sensing instrumentcertainly no per-
fect agreement is expected. The frequency distributions ofie ratios are displayed
in Figure 3.2 (a), including all radar derived rain rates, andn Figure 3.2 (b) consid-
ering only those rain rates with values of more than 0.05 mm p&rmin. Obviously,
the radar overestimates the precipitation amount which is idicated by the peak
at a ratio of approximately 0.40 in both figures. This value Bs in between those
reported by Paulat (2007), who analysed radar data for the period of 2001 - 2004
by means of the PC composite. The rain rates in that study were alated from
measured radar reflectivities by means of the standard Z-Riationship (Equation
2.11). Paulat (2007) found that the overestimation by radar was larger in sum
mer with a ratio value of 0.35 than in the other seasons with a rat of 0.45. The
peak value identified in the present study without season distition represents the
average of those two values. A truncation of rain rate values lesv 0.05 mm per 5
min leads obviously to a less distinct peak and generally lessehg toverestimation
of the daily rain sum by radar.

The frequency distribution shows a decrease towards larger wak of the ratio
0bSynop=0b$adar . Less than 40 % of the radar derived precipitation sums revedlan
underestimation with ratio values> 1. Including only values larger than 0.05 mm
per 5 min, overestimation and underestimation become more laalced with about
45 % of the ratios revealing values larger than 1. A value of ppximately 1 was
obtained in both cases for 8 % of the calculated ratios.

Concerning the di erent methods of comparison, averaging gided slightly better
results than the comparison with values from only one pixel, gardless over which
number of surrounding pixels the average was calculated.

3.2 Tracks

3.2.1 Definition

Based on the 5 min radar composite, a tracking of individual ctiers was performed.
The procedure in use combines various methods such as correlatanalysis and
individual tracking. A detailed description can be found inWeusthoff and Hauf
(2008b). Altogether, on the 17 analysed days, a total of over 8D tracks could
be identified, which form the basis for the present analysis, inagpticular for the
investigation of the clusters' life cycle. A track is hereby défed as the whole
set of clusters that belong together such that they are precursoor successors of
each other. As mentioned before, the precursors and successors aluster are
stored in the characterfile (see example in Fig. 3.1). Each track has a specific life
span| which is the time from the genesis of the first cluster of the tracuntil the
disappearance of the last member of the track. A cluster has to Iieacked at least
once to be referred to as a track. The minimum life span is consemtly 15 min,
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Figure 3.3: (a) Frequency distribution of the tracks' life span fitted by a power law (E quation
3.1, N(I) = relative frequency) and (b) day-to-day variation of the coe icient b. The two days
furthest away from the mean (day 0 and day 10) are the winter days.

as each transition process is assigned to a 5 min time intervalde genesis, growth,
dissolving). About 10 % of all clusters have neither precursor n@uccessor, they
could not be tracked and thus have a life span of just ten minutemprising genesis
and dissolving. They are not included in the track analysis.

The frequency distribution of the life spanl for all tracks is displayed in Figure 3.3
(a). It can be described by a power law of the form

N(h=a I° (3.1)

with N (l) being the relative frequency,a = 3.94 and b = -2.28 and a correlation
value of R = 1.00 (cf. Table 3.2). The negative value of the parameter b,hich
is the slope in the double logarithmic representation, indi¢as that the short life
spans are dominant. About 80 % of the tracks have a life span of 1& 35 minutes.
Lopez et al. (1983) found that even 90 % of the cells have a duration of ledsan
20 minutes. In this number were also those cells included thatwd not be tracked
and thus have a duration of only 10 minutes. As stated above, thosdusters are
not included in the present study as they are no tracks by defiton.

The parameterb of the frequency distribution shows a day-to-day variation wich
is displayed in Figure 3.3 (b). With the exception of two days, He variations are
quite low. Those two days are the winter events: 25 February 20Qday 0) and
21 January 2006 (day 10). They show opposed deviations, i.e. ghon day O,
less short living tracks were observed, more short life spans wéoeind on day 10.
However, for an elaborate sensitivity study regarding the infience of the season on
the results, the number of considered days is too low. Such an &sas is therefore
left for subsequent studies with more observation days.
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3.2.2 Track types

For a determination of the time series with respect to area inggated rain rate and
cluster size, the tracks were grouped into three categories:

1. Single-cell-tracks (53 500 tracks = 66 %, see Figure 3.4)a)
Clusters that remain single cells over their whole life time. Ais means, growth
occurs only with respect to the area and the rain rate, but not ith respect
to the number of cells within the cluster.

2. Single-cluster-tracks (10 500 tracks = 13 %, see Figure 3))X
Clusters which develop only by internal growth and decay areatled single-
cluster-tracks. They have no interaction with other clusters, bt the number
of embedded cells varies.

3. Multi-cluster-tracks (17 000 tracks = 21 %, see Figure 3.4 )
Multi-cluster-tracks are all those tracks where interactioa among clusters oc-
cur, namely merging and splitting. Those tracks often have a hg duration
and a rather complex life cycle.

In Appendix A, three examples of each track type with dierent ife spans are
presented to show the variety of possible developments. For eachtlbose track
types, the mean time series of the cluster size and the area intaggd rain rate will
be determined over each respective life span. The investigat®oconcerning single-
cell-tracks are published already iWeusthoff and Hauf (2008a). Together with
the two other track types, the results will presented in Chapte6.

(@)

O (O—=(o—O©

(b)
O~ (D)~ =D

()

O—=CON Py
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G’ TOO—o

Life Span (= 6 * 5 min)

Figure 3.4: The three di erent track types: (a) single-cell-tracks, (b) single-cluster-tracks and (c)
multi-cluster-tracks.
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The life span distributions of the individual track types, as dplayed in Figure 3.5
(a) in a linear representation, can be fitted to a power law (Egation 3.1). They are
plotted together with the frequency distribution of all tracks' life spans in Figure
3.5 (b) in a double-logarithmic presentation. The respectivparameters and the
correlation coe icients are given in Table 3.2. Although thecorrelation coe icients
are quite high for all three track types, a closer look revealdat single-cluster-tracks
and multi-cluster-tracks are better described by a modified qwer law (Figures 3.5
(c) and (d), Equation 3.2). The coe icients of the equation ad the correlation
coe icients can be found in Table 3.3. The modified power lawields correlation
coe icients of more than 0.99 for the two track types.
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Figure 3.5: Frequency distributions of the life spans for the three di erent track types in a linear
presentation (a) and in a double-logarithmic plot together with the frequency distribution for all
tracks together (b). The dashed lines represent the power law regression (Equatio3.1), calculated
for frequencies greater than 5 10 #. The respective parameters can be found in Table 3.2. The
distributions for (c) single-cluster tracks and (d) multi-cluster tracks were additionally fitted to a
varied power law (dotted lines, Equation 5.4). The parameters can be found irfable 3.3.
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track type Imax [ 5Min] a b R

single-cell 19 48.77 -3.84 0.997
single-cluster 32 12.03 -2.69 0.973
multi-cluster 40 0.80 -1.33 0.957
all 40 3.94 -2.28 0.999

Table 3.2: Parameters a and b of the life span frequency distribution fitted to a power law
(Equation 3.1) and correlation coe icient R. The second column gives the maximum life span
Imax used for the calculation.

track type C - C3 Ca d, ds R

single-cluster 7.85 0.04 1.85 -2.05 0.9G- 1.000
multi-cluster 3.09 0.73 0.47 -0.68 0.08 0.990

Table 3.3: Parameters of the life span frequency distribution fitted to a modified power baw
(Equation 3.2).

3.2.3 Basic evaluation

Remaining clutter in the radar data that could not be eliminded by clutter filtering
has certainly an impact on the tracking procedure. When, foexample, two clusters
move over permanent clutter at di erent times, they can misledingly be assigned to
the same track. Caused by an overlap with a clustar, the clutter will be assigned
to a track . For each time step the clutter lasts, it will be precursor of itséland
thus remain a member of the same track. When a new clusterm has an overlap
with the still present clutter, that cluster m is allocated to the already existing track
and the two independent clustersn and m would thus be member of the same
track.
Another problem arises when radar data is missing in certain partof the radar
image, for example due to shielding or caused by a temporary bkelown of a radar
station. This may lead to large clusters suddenly disappearing ceappearing within
a time step of 5 min Weusthoff and Hauf 2008Db).

The performance of the tracking has only been checked for a dhset of selected
cases. Despite the problems with clutter, the results are pronmig so far. As a first
guality measure, the identified tracks are compared to the wd field in a qualitative

way. This comparison is presented here for data of 26 August 2004. Figures 3.6
and 3.7 tracks with a length of 50 - 100 min with starting times ©000-06 UTC, 06-12
UTC, 12-18 UTC and 18-24 UTC are presented together with the 925 bPwind

fields at the beginning of the respective period. The tracksalsically move with the
925 hPa wind field with only slight deviations. This indicateshat the steering level
for post-frontal showers is probably located in that height. Achange in the wind
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direction as for example observed in the north-eastern part @ermany between 12
and 18 UTC causes a correspondent change in the movement of thecks. A more
guantitative evaluation of the tracking results is left for tuirther studies. So far, it
can be stated that the 925 hPa wind field seems to be an appropeandicator for

the movement of the clusters.

In Appendix B, the comparison is shown for all investigated days. Atracks of a
day with a life span of 50 - 100 min are presented in direct compson to the 925
hPa wind field at 12 UTC and the daily rain sums. The spatial structue of the

latter also indicates the movement of the clusters.

(a) Tracks, | =50 - 100 min, 00-06 UTC (b) 925 hPa wind field, 00 UTC
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Figure 3.6: Comparison of tracks with life spans of 50 - 100 min with the 925 hPa wnd field
(NCEP reanalysis data) for 26 August 2006, 00 and 06 UTC.
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Figure 3.7: Comparison of tracks with life spans of 50 - 100 min with the 925 hPa wwd field
(NCEP reanalysis data) for 26 August 2006, 12 and 18 UTC.
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Local rain rates

For the present study, a quantitative radar product, which gies the 5 min rain rate
values with an accuracy of 0.01 mm per 5 min, was analysed. Tldata gives the
possibility to investigate not only the spatial structures of theprecipitation field,

but also the quantitative precipitation characteristics. Thus, the radar derived rain
rates were analysed at fixed times and diurnal cycles were dahined (Section 4.1).
Furthermore, the daily sums were calculated (Section 4.2) dnmean wet and dry
times were determined (Section 4.3).

Radar reflectivity [dBZ] Rain rate [mm / 5 min]

I 7-18.9 0.01-0.03
I 19-27.9 0.03-0.16
" 28-36.9 0.16-0.68
\Y 37-45.9 0.68-2.92
\% > 45.9 > 2.92

Table 4.1: Radar reflectivity and rain rate classes, respectively.

4.1 Diurnal cycle of rain rate classes

In a first attempt to qualify the rain rates given in the RZ composite, the occurrence
of rain rate classes according to Table 4.1 was determined. Ttlasses were defined
on the basis of the corresponding reflectivity classes of the DWIRalculated by
using the standard Z-R-relationship. Caused by the cut-o of 0® mm per 5 min
used for the radar data (see Section 3.1.1), class Il with a moiéifl lower value of
0.05 mm per 5 min is the lowest class considered. It can be seen timapost-frontal
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Figure 4.1: Mean diurnal cycle of area covered by the di erent rain rate classes as well as ohe
total precipitation area, averaged over all 17 days.

situations the lower rain rates clearly dominate the radar irage. Almost 75 % of
the detected rain activity in the investigated situations show a radar derived rain
rate of 0.05 - 0.16 mm per 5 min. Higher rain rates are less dommntand values of
more than 2.92 mm per 5 min are rarely detected.
The diurnal cycle of each of those rain rate classes shows a shapéhvis close to
that of the diurnal variations of the total precipitation area (Figure 4.1, see also
Section 5.1.1). The maximum in each class is reached in the lgaafternoon while
the minimum can be found in the night. The di erences betweeday and night are
less for the lower rain rate classeMax=Min = 4.0 for II) than they are for the
higher rain rate values Max=Min = 11.9 for V). The diurnal variations are well
described by the first five frequencies of the fast Fourier trafiormation (FFT):

|

X2
£(t) = % 1+ ;; cognlt + 1) (4.1)

n=1
with a, and a; being scaling parameters and , an o set parameter (Theusner
2007). The parameters and the correlation can be found in Thb5.1.

4.2 Daily rain totals

The daily totals of the radar derived rain rates were alreadyntroduced in Section
3.2.3 for the evaluation of the tracks. For the summation all ailable radar derived
rain rates were employed, including those below the cut-o . fe spatial structure
of the daily precipitation total reveals basically the moverant of the clusters, but it
also exposes the deficiencies of radar measurements, such as stemgy problems
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ag a as as a as 1 2 3 4 5 R

I 18528.6 0.59 0.15 0.05 0.02 0.00 059 136 135 -147 1.201.00
I 112284 0.69 0.18 0.00 0.04 0.02 059 147 157 -142 -1.611.00
Iv 16209 0.87 0.27 0.01 0.03 0.04 045 113 126 -1.38 -0.691.00
\Y 94.9 1.02 040 0.13 002 0.03 048 103 -1.39 -148 0.92 1.00

Table 4.2: Parameters of the fast Fourier transformation of the diurnal variations of four
reflectivtiy classes (Equation 4.1).

Figure 4.2: Daily totals of radar derived rain rates of 26 August 2004, revealing sora deficiencies
of the radar measurement: (1) spokes, (2) lack of data around the radar stadbn and (3) consistency
problems at the overlap of two radar stations.

at the overlap of two radar stations or spokes around a radar stanh (see Figure
4.2). The images of the daily totals for individual days can & found in Appendix
B (Figure B.1 - B.6).

A basic evaluation of the radar derived rain sums was presented Section 3.1.2.
The comparison of the daily totals from the radar with ground bsed measurements
revealed a considerable overestimation of precipitation amots by radar. Never-
theless, the frequency distribution of the daily totals were daulated in classes of 1
mm per kn?, showing a strong decrease toward larger rain sums (Figure 4.3)b
About 90 % of all pixels reveal a daily total of less than 6 mm. TRiis not surprising
considering the rain rate frequency distribution (Figure 4.3a)).
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Figure 4.3. (a) Frequency of occurrence of the dierent rain rate classes for all 17 days. (b)
Frequency distribution of daily totals per km?2 for all 17 days in a logarithmic presentation.

dry time wet time

total 1335 55 57 55
mean 377 432 18 28

Table 4.3: Total and mean dry and wet times [min] per pixel of 1 kn?, averaged for all days with
standard deviation . The calculation was done without those pixels, which are without rain all
day.

4.3 Duration of wet and dry events

A question of common interest is how long a shower will last at a f&d point and
how long the dry time between two showers may be. An answer can been by
determining the mean times locally with and without rain. Therefore, each pixel of
the radar image was evaluated with respect to consecutive tiseavith and without
precipitation. This way, the total time with rain and without rain for each single
pixel was determined through summation of all wet and dry timg, respectively. The
mean time with or without precipitation was derived throughdividing the latter by
the number of respective events per pixel. Table 4.3 shows theesage values and
the standard deviations for the whole area covered by weathesdar. Obviously,
the main part of the area is nearly the whole day without rain.The average total
precipitation time per pixel is about 57 min for all days rangg from a mean value of
30 min up to 100 min on individual days. The average mean time thi consecutive
rain is just about 18 minutes, while it does not rain on averagef over 6 hours. The
ratio of wet and dry times for the total duration per pixel is Q043 and for the mean
duration per pixel 0.048. Although deviations are very largeit can be concluded
that the time between two showers is in average about 21 timekd duration of a
shower event.
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4.4 Discussion

The post-frontal precipitation field extends over a large aa, but only shows rela-
tively low precipitation amounts. While nearly 75 % of the de¢cted rain rates have
a value of 0.03 - 0.16 mm per 5 min, rain rates over 2.92 mm per Snnare rarely

detected. The daily precipitation sums are basically less thabh0 mm per square
kilometer. More than 90 % of all pixels with a radar detected aly rain sum > 0

reveal values of 5 mm or less.

The precipitation field is governed by several hundreds ofdividual showers on each
day. The shower duration at a given pixel of one square kilometiwas found to be
about 18 min in average with a large standard deviation (= 28 min), the mean dry

time is 377 min. This means that a short shower is usually followeby an almost

21 times longer phase without precipitation.

39



Chapter 5

Geometry

The geometric structure of post-frontal shower fields was preswsly analysed by
Theusner (2007) (in the following referred to asTheuO7 ) by means of the PC
composite of the DWD with a spatial resolution of 2 km x 2 km and a taporal
resolution of 15 min. Besides the diurnal cycle of parametersctuas the number of
clusters,TheuO7 calculated the cell number distribution (CND) and the cluster sie
distribution (CSD) and investigated the spatial variabilities of the characteristics.
Furthermore, the nearest neighbour distances were determahand first attempts
concerning a modelling of the investigated structures were ggented.

For the present thesis, selected characteristics of the geomed#ii structure were
recalculated with the higher resolution RZ composite, which ds a resolution of
1 km x 1 km and 5 min. The results including the diurnal cycles, th CND and the
CSD are presented in Section 5.1. Besides the advantage of aeigresolution, the
RZ composite provides radar derived rain rates which were calated from measured
radar reflectivities by means of an advanced Z-R-relationgh (see Section 2.2.3).
This new data source, which is available since 2004, enablesliéidnal investigations
of, for example, the rain rate characteristics of the precigition field (Chapter 4).
The recalculation of structural characteristics is done to shw the comparability
of the two radar products with the di erent resolutions and chrify if the results
presented here and inWeusthoff and Hauf (2008b) and Weusthoff and
Hauf (2008a) can be used together with those dtheu07 to provide a thorough
description of the small-scale convective precipitation fiel

The analyses presented in this chapter are based on the instantaus values of the
RZ composite and include no tracking information. In additio to the recalculations
presented in Section 5.1, Section 5.2 deals with the clustersiemtation and motion.
In Section 5.3, cell related properties are investigated,lfowed by a short discussion
on the results of this chapter in Section 5.4.
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5.1 Recalculation of selected structural charac-
teristics

In the previous study of TheuO7 , the geometrical structure was analysed based
on the PC composite of the DWD for a data set of 39 days in the yeal®97 and
1998. In the present study, a recalculation of selected charadstics by means of
the higher resolution RZ composite is presented. As the RZ comptashas only been
available since 2004, a new data set was applied comprising 1y<slm the years 2004
and 2006. Although fewer days were investigated, the highemtgoral resolution of
5 min compared to the 15 min temporal resolution of the PC compgde leads to a
higher number of analysed imageslheu07 analysed 3258 individual radar images,
whereas in the present study 4716 radar images were evaluated.

5.1.1 Diurnal cycles

The average diurnal variation of the number of clusters ideified within the post-
frontal precipitation field shows a typical diurnal cycle ofconvective activity with
a maximum of about 400 clusters around 13 UTC and a minimum of abb 100
clusters at night (Figure 5.1 (a)). The average total precipation area reveals a
similar diurnal variation, but the maximum with a value of nealy 30 000km? is
reached about two hours later at approximately 15 UTC (Figures.1 (b)). The
decline in the evening is sharper than the increase in the mong. In the early
morning hours a slight plateau is observed where the precipitan area stays nearly
constant for approximately three hours followed by an incres after sunrise. These
observations mirror the convective cycle of precipitation\er land, as for example
reported by Lin et al. (2000), with a maximum in the afternoon. According to
Grabowski et al. (2006), this is also the time when an increased organization
of convection into mesoscale features is observed. Such cotivecvariability is
basically driven by surface heating as displayed in Figure 5.2Zlhe diurnal cycles
presented here represent the average of all analysed days withoonsideration of
the time of the frontal passage. Nevertheless, a typical diurnaicle of convective
activity was observed. This leads to the conclusion that the mie of the cold front
passing apparently does not play a significant role, but thatnistead, the post-frontal
shower activity is mainly governed by the overlying conveacte cycle. Certainly, the
timing of precipitation is also influenced by regional chareteristics such as local
orography and mesoscale circulation8échtold et al. 2004). Theusner and
Hauf (2004) analysed regional characteristics of the post-frontprecipitation field
and found, besides a preferred occurrence of larger clustetesng the North Sea
coast, that mountain ranges preferably trigger convectionhut do not change the
spatial structure of the precipitation field.

The shape of the diurnal variations fits well with the observabns reported by
TheuO7 for the same synoptic situation as well as with those dfopez et al.
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Figure 5.1: Diurnal cycles of (a) the number of clusters (black) and the mean number of embedded
cells per cluster (red) and (b) the precipitation area (black) and the mean area per cellred) for all
17 days. The mean number of cells per cluster i 2:3 and the mean area per celA  30km?2.

(2983) (in the following referred to ad.op83) for radar data from the Florida Area
Cumulus Experiment (FACE-2). Only the total number of clustes is larger with
the RZ composite compared torheu07 for the same investigation area, which is
certainly caused by the higher resolution of the radar data. Ténabsolute values of
Lop83 are not comparable to the values presented here as the formatoanalysed
data from one single radar station in contrast to the network of @ radar stations
providing the data for this thesis. For the number of embeddedetis within a cluster,
a mean value of 2.3 was found with a slight maximum in the aftegon (Figure 5.1
(a)). Lop83 reports a similar diurnal cycle but larger variations rangig from about
1.7 to 4 cells per clusterTheuO7 found a mean number of about 1.6 cells per cluster
and rarely a variation over the day. Thus, with the higher resaition radar data not
only more clusters were detected but also more individual, erabbded convection
cells.

The area occupied by an individual convection cell within alaster shows nearly the
same diurnal variation as the number of cells per cluster (Figa 5.1 (b)). Despite
a maximum in the afternoon, the ratio stays almost constant ovethe day with a
mean value of 29 krfA per cell. While lop83 reports a comparable average area
per cell of 18 to about 55km? with the maximum around the time of maximum
convective activity, TheuO7 found a much larger value for the mean area per cell
(about 230km?). This is due to the fact that a pixel in the PC composite repres#s
an area of 4 kmd while a pixel in the RZ composite covers only 1 kfn In addition,
the number of detected cells within a cluster is larger for thaigher resolution RZ
composite (rain rate in steps of 0.01 mm per 5 min) compared toehPC composite
(6 reflectivity classes). This leads, consequently, to a smallerea assigned to each
embedded convection cell in the RZ composite.

Similar to the diurnal variations of the reflectivity classegsee Section 4.1), the di-
urnal variations of the number of clusters and total precip#tion area size presented
here are well described by the first five frequencies of the fasburier transforma-
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tion as given in Equation 4.1. The scaling parameteray and a, and the o set
parameters , can be found in Table 5.1.

ag a1 as asz a4 as 1 2 3 4 5 R

I 32238.7 0.60 0.17 0.03 0.02 0.01 053 142 126 -1.50 -1.301.00
I 57.9 0.10 0.05 0.01 0.01 0.01 112 -068 0.26 -0.81 -0.53 0.98
" 4783 050 0.14 0.08 0.03 0.01 025 0,66 039 154 0.831.00
v 4.5 0.08 0.06 0.02 0.01 0.01 133 -040 0.75 0.72 -045 0.97

Table 5.1: Parameters of the fast Fourier transformation for the diurnal variations of area (I),
area per maximum (I1), number of clusters (1) and maxima per cluster (IV).

5.1.2 Cell number distribution

A cluster is assumed as being comprised of one or more individuaheection cells,
each of which is represented by a local maximum of rain rate (s&ection 2.1.2).
The number of cells embedded in a cluster is referred to as thellmumber p. The
cell number distribution (CND), i.e. the frequency distribution of the number of
cells per cluster (normalized with the total number of clustes identified) is dis-
played in Figure 5.3 (a) for the whole data set of 17 days. The drdbution can be
approximated by a power law of the form given in Equation 5.1 ith a correlation
coe icient of R = 1:00. For the fit, only data with a relative frequency of more
than 5 10 4 were used. The maximum cell number with a frequency above that
value wasp = 25.

N(p)= a p° (5.1)

The coe icient a of Equation 5.1 represents the fraction of single cells which in
this casea = 0.69. For the parameterb, the slope of the regression in the double-
logarithmic representation, a value ob = -2.24 was derived (see als@Weusthoff
and Hauf (2008b)), ranging from -1.92 to -2.50 for individual days (seFigure 5.3
(b)). The value found by TheuO7 for a comparable cut-o (cf. Section 3.1) of 19
dBZ lies at the very end of this range withb = -2.46. Mesnard and Sauvageot
(2003) (hereafter referred to aMes03) investigated the structural characteristics
for much smaller areas but with higher resolution data. The slapvalues for two
French regions, Bordeaux at the Atlantic coast and Toulouse merinland, were
b=-2.48 and b= -1.78, respectively, for a cut-o of 23 dBZ. Both authors inesti-
gated the dependency of the slope on the cut-o and reported ancreasing absolute
value of the slope with increasing cut-o .

Except for the case of Toulouse, all slope values are very closgdther. The remain-
ing di erences may be explained with the di erent data used fothe analysis and
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Figure 5.2: Descriptive model of the diurnal cycle of convective activity over tropical summer
continents (Lin et al.  2000) based on satellite and surface observation®OLR stands for outgoing
longwave radiation and Net SW for the net shortwave flux. The maximum of rain is reached about
3 hours after local noon.

the methodical di erences in identifying the maxima. Whilefor the present study
all local maxima were identified,Mes03 only used local maxima which exceeded
all their neighbouring pixels by a given threshold. The latte procedure leads to a
smaller number of maxima and, consequently, to fewer maximatin a cluster. The
procedure ofTheuO7 concerning the maxima identification is constrained by the
fact that the PC composite is given in six classes which implies artain threshold.

The diurnal variation of the slopeb for the whole data set, as displayed in Figure
5.3 (c) for 3h-intervals, is smaller than the day-to-day varigon (Figure 5.3 (b)).
Aside from a minimum in the morning and a maximum in the eveninghte slope is
almost constant over daytime. This means that there are more shiexr clusters in
the morning and more larger ones in the evening while the digbution is self-similar
over the rest of the day. Only the total number of maxima changeaccording to the
diurnal cycle (see Section 5.1.1). Due to limited sample statiss, the variation for
single days is usually larger as can be seen in Figures 5.4 (a)fi@ three individual
days.
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In summary, the CND was found to be scale-invariant, i.e. the ra of clusters with
n embedded cells and clusters witin embedded cells stays constant for arbitrary
values ofn and m. Besides large day-to-day variations of the parametdy of the
power law, the diurnal variation of that parameter rarely shas a variation over
daytime. Based on those observations, an influence of the air madsaracteristics
of di erent post-frontal situations on the CND is assumed. This wa investigated
by Witha (2007) by means of various stability indices and parameters duas the
maximum cloud height, but so far no unambiguous dependenciesuld be identified.
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Figure 5.3: (a) Cell number distribution (CND) for all days, fitted by a power law (E quation

5.1), (b) day-to-day variation of the slope b and (c) diurnal variation of the slope bfor 3h-intervals.
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Figure 5.4: Diurnal variation of the parameter b of the cell number distribution by means of 3h-
intervals for three individual days: (a) 10 July 2004, (b) 24 September 2004 andc) 9 November
2004.

5.1.3 Cluster size distribution

The cluster size distribution (CSD)N (D) was calculated for each fixed cell num-
ber p. The size of a cluster is hereby represented by the equicircleantieter D
following the procedure ofTheuO7 . The data for each cell number can be fitted
by a lognormal distribution (Figure 5.5, Equation 5.2). The nean and the standard
deviation of In(D,), , and , respectively, depend on the cell numbgp and can

- like in previous studies - be described by power laws. The vai@ns of , with
cell number p are well represented by a simple power law (Equation 5.3) with a
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correlation coe icient of R = 1.00 (fit for 2 p 10, see Figure 5.6 (b)). The
parameters of the power law are given in Table 5.2. They are ime with those re-
ported by TheuO7 for the lower resolution radar data and almost the sami&les03
derived for a smaller investigation area. The variation of , with respect to the
cell numberp was fitted to a modified power law (Equation 5.4) as it appamly is
not best represented by a simple power law which would give a stgat line in the
double logarithmic presentation (Figure 5.6 (a)). Despite aarrelation coe icient
of 0.98 for the simple power law, the modified power law gave atber fit with a
correlation coe icient of R = 1.00. While Mes03 applied a simple power law for
the fit, TheuO7 used a modified power law which di ers slightly from Equation 5i.

exp (In(sz)z P)2

N(D,) = n__ i (5.2)
P "2 D, ,
— dq
S = o p (5.3)
C.
b = G p? (1 o p® 5“) (5.4)

The first moment of the lognormal distribution as given in Equéion 5.5 represents
the expected value of the variable, i.e.Dy. Inserting Equation 5.3 for , and

Equation 5.4 for , into Equation 5.5 gives the mean equicircle diameter as a fction

of p (Equation 5.6).

Dy

exp p+ (5.5)

2
p

NI

exp oo Pt (1L opt %)+ o p) 56)

Thus, it is possible to calculate the mean equicircle diametdd, for a given value
of p. From this mean equicircle diameter the mean areA, of a cluster with cell
number p can be deduced:

!
Dp
2

2
Ap=2 (5.7)
Together with the above presented cell number distributiorN (p) the here derived
CSD N (D,) can be used to determine the cell independent size distributidN (D):

N(D)=  N(Dy) N(p) (5.8)
p=1
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cC C € ¢ d;y dy ds

038 432 061 0.14 -0.33 0.33 0.06

Table 5.2: Parameters of the equations for , (Equation 5.3) and , (Equation 5.4) as a function
of cell number p.
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Figure 5.5: Cluster size distribution N (D) and lognormal distribution fit for di erent cell num-
bersp. The cluster size is hereby represented by the equicircle diametedD,.

In the same way, the size distribution with respect to the areal ¢agnt N (A), as
displayed in Figure 5.7, can be determined. This was successfudbne by TheuO7
yielding very good agreement between the calculated disttbons and those directly
determined from the radar data. The area size distribution whout cell number
distinction can be approximated by a power law with large deations occurring for
small area sizes< 11 knv).

The main conclusion from the here presented observations is thhe results ob-
tained by means of the new RZ radar composite are to a high degreomparable
to those of previous studies using the lower resolution PC compiesi The results
of TheuO7 can, consequently, be taken as the basis for a description of thest-
frontal precipitation field. By using the higher resolution mdar composite and the
rain rate values given therein this basic characteristics cdme extended by rain rate
characteristics and the temporal development of the indivigal clusters to provide
a more detailed picture of the shower field.
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Figure 5.6: Parameter (a) , and (b) , of the lognormal distribution. While , was fitted to a
modified power law (Equation 5.4), , is well represented by a normal power law (Equation 5.3).
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Figure 5.7: Frequency distribution of the cluster area A for the whole data set without cell
number distinction. The dotted line gives the power law which was fitted to the data with a linear
correlation coe icient of R = -0.99 for areas of more than 10 knd in size. Smaller clusters show
significant deviations from the power law.

5.2 Cluster orientation and motion

Locally measured rainfall is influenced by precipitating dis that move with the
present flow and also follow their individual life cycles. Whd investigations into
the life cycle of individual clusters are presented in Sectiod.1.2 and 3.2 as well
as in Chapter 6, this section deals with the shape of individuallusters and their
orientation relative to the mean flow. The shape of rain cells relevant to many ap-
plications in meteorology and hydrology, such as stochastic ipo-process models for
intense precipitation events (e.gWheater et al. (2000) assuming circular shape
and von Hardenberg (2003) assuming elliptical shape), nowcasting systems like
those discussed byVilson et al.  (2004) or rain-runo modelling (Feral et al.
2000). According toKarklinsky and Morin (2006), the hydrological response
of a drainage basin is sensitive to the spatial characteristics thfe rain cells. Hauf

et al. (2001) additionally found a strong dependence of precipitiain distribution
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Figure 5.8: Definition of the ellipses' parameter: major axis, minor axis and orientaion  of the
ellipse relative to the mean flow ( , counter-clockwise, starting from x-direction).

on the formation of rain cells. In that study, a circular shape ws assumed for
individual cells. If the circular shape turned out to be a good @proximation for
the clusters as well, the orientation of the latter relative ¢ the flow would have no
influence on the local rain amount. Assuming an elliptic shape,ggiificant di er-
ences would be observed locally between a cell which is oreshparallel to the flow
and a cell which has an orientation perpendicular to the flow

The rain cell shape and orientation were previously investigatl, for example, by
Feral et al. (2000) for South-West of France andKarklinsky and Morin
(2006) for the area of Southern Israel. The latter analysed blotfeatures for every
single cell whereas in the present study clusters including one more individual
convection cells are considered. Each of those clusters was ragpmated by an
ellipse (see Figure 5.8). The major and minor axes were detenad as well as the
orientation of the ellipses with respect to the mean flow dir¢ion. The ellipticity,
defined as the minor axis divided by the major axis, was calatked and the frequency
distributions and mean and median values of the various paraeters were determined
for the whole data set (Figure 5.9).

The results are comparable to those of the authors cited abovBoth authors found
lognormal distributions for minor and major axes and a normadlistribution for the
ellipticity. These distribution functions were also fitted to the present data set (see
Figure 5.9) with correlation coe icients of 0.77 (minor axs), 0.67 (major axis) and
0.46 (ellipticity). The orientation of the clusters in the present study was relatively
uniformly distributed, like in the study of Feral et al. (2000). Karklinsky
and Morin  (2006), in contrast, found a preferred orientation perpendular to the
mean wind direction. The mean value for the ellipticity facor is 0.58, which means
that the ellipses are in average about twice as long as wide. iShvalue is a bit
lower than that of Karklinsky and Morin (2006), who found 0.63 for the single
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Figure 5.9: Frequency distributions of (a) ellipticity, defined as minor axis divided by major axis,
(b) minor axis, (c) orientation  and (d) major axis. The red lines give the distributions found by
other authors for the same parameters.

cells, and nearly the same as that dferal et al. (2000) with 0.57 for the total
clusters. The distributions for minor and major axes both show skaess to the left
with a mean value of 5.2 km (minor axis) and 10.3 km (major)Karklinsky and
Morin (2006) found lower values for the axes (minor: about 3 km, maj. about
5 km) which is probably due to the fact that they consider singlecell features.
Interestingly, the median values of the distributions preseeid here are nearly the
same (minor: 3.4 km, major: about 6.1 km). The reason is probabthe dominance
of single cells in the considered post-frontal situation.

The picture changes when only large clusters are consideredheTfrequency dis-
tributions for clusters which occupy an area of more than 100n¥ are displayed
in Figure 5.10. Assuming a mean area of 30 Knper cell (see Section 5.1.1), a
cluster then would include at least three individual cells. Thelistributions show
less scatter than those including all clusters. The ellipticitys normally distributed
with skewness to the left with a mean value of approximately 0.5Minor and major
axes are consequently larger compared to the values given adowith mean values
of 16.5 km and 36.1 km, respectively. The most noticeable di ence can be seen
in the frequency distribution of the orientation. While no preferred orientation is
identifiable when all clusters are included in the analysis, w$ters> 100 kn? show a
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Figure 5.10: Frequency distributions of (a) ellipticity, defined as minor axis divided by major
axis, (b) minor axis, (c) orientation  and (d) major axis for clusters with an area of more than
100 kn?.

preferred orientation around 20, i.e. nearly parallel to the mean flow, with a slight
deviation to the left.

The movement of the individual clusters within the precipitdion field follows ap-

proximately the 925 hPa wind direction. This movement can beerived from the
total daily precipitation but also from a plot of the tracks indicated by path lines
from the tracking of the clusters. Figures 3.6 and 3.7 shows sudalat¢ks with a track

length of 50 to 100 min with starting times classified into four ime periods on 26
August 2004 in comparison with the 925 hPa wind field at the begning of each
time period (00 UTC, 06 UTC, 12 UTC, 18 UTC). The comparison revealsearly

the same directions for wind arrows and tracks. They are aligden south-westerly
directions with slight variations in the course of the day. A cmparison of tracks
with a life spans of 50 - 100 min with the 12 UTC wind field can be tmd for all

17 days in Appendix B (Figures B.1 - B.7).

In summary, individual clusters within the precipitation field are apparently well
represented by ellipses with the major axis about twice as lorag the minor axis.
Although visual inspection of the radar images lead to the assumiph that the
individual clusters have a preferred orientation, which waalso reported in previ-
ous studies, this could not be observed for the investigated datet. Instead, the
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orientation of the clusters was nearly equally distributed. @ly if small clusters
(< 100 kn?) are eliminated, is a preferred orientation observable dicged at around
20 relative to the mean flow. The steering level controlling theanovement of the
individual clusters is located in heights of approximately 35 hPa. Thus, impor-
tant information could be derived in preparation of a modeihg of the post-frontal
precipitation field.

5.3 Cell based characteristics

Relating the quantities of the clusters to the individual cdt they contain gives
additional information on the precipitation field. One of those quantities is the area
integrated rain rate (AIRR), which was determined as a functn of the number

of embedded cellgp (Weusthoff and Hauf 2008a). Normalisation with the

respective cell count gives the AIRR per cellAIRR (p)=p. This analysis was done
for all clusters identified in the radar data of the 17 analysedlays. The average
values are plotted in Figure 5.11 (a). In the same way, the argaer cell A(p)=p

was determined (Figure 5.11 (b)) as well as the ratio of thosevb quantities, i.e.

AIRR (p)=A(p) (Figure 5.11 (c)).

Both the AIRR per cell and the area per cell increase with the nuber of embedded
cells. Obviously, the formation of cells in clusters leads to aincreased e iciency
of the individual cells. At a specific cell count saturation e ets appear. This is
the case atp 20 for the AIRR per cell with a maximum value of about 11 mm
per 5 min, after which the AIRR even decreases. For the area peilcéhe increase
slows down already at a cell number of 10, which was also obsen®dTheu07 ,
and becomes saturated when a cell number of about 40 is reacheith a mean
cluster size ofA  45kn?. It can be concluded that cells embedded in a cluster
are more e icient in terms of rain rate. Similarly, the area @r cell increases with
the number of embedded cells. This means, a cluster ioenclosed cells produces
more precipitation than i single cells and, similarly, covers a larger area than the
respective number of single cells do. This corresponds to thenwoon experience
that within a larger cluster the rain rate to be expected is higer than within a
single cell.

The highest AIRR per area, i.e. the rain density in mm per 5 min pekm?, appears
for a cluster with p = 25. This is caused by the fact that the area per cell shows a
continuous increase with the cell number, while the AIRR per tlereaches a critical
size atp = 20 embedded cells after which it stays nearly constant and thhedecreases
for higher cell numbers thanp = 25.

In summary, both AIRR per cell and area per cell increase througthe formation
of clusters where the AIRR shows saturation e ects for lower cetlumbers than the
area. The maximal e iciency in terms of rain rate at a cell nurher ofp 20 has
not been observed before.
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Figure 5.11: (a) Mean area integrated rain rate per cell and (b) mean area per cell as a function
of total cell number. (c) Mean ratio of area integrated rain rate per area wth respect to the cell
number. The error bars represent the standard deviations, which are lower for thearea than for
the AIRR. The mean coe icients of variation are 0.62 for the AIRR, 0.30 for the area and 0.59 for
the AIRR per area.

5.4 Discussion

The geometrical structure of the post-frontal precipitationfield has previously been
analysed byTheuO7 by means of radar data from the PC composite of the DWD.
It was found that a small number of parameters is su icient to dscribe the basic
characteristics of the shower field. A recalculation of selesd characteristics with

higher resolution radar data, which is presented in this thesiseveals comparable
results. Thus, the results ofTheu07 provide the basic description of the investigated
small-scale structure which can now be extended by rain rate ala&teristics (see
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Chapter 4) and the description of the structures' temporal devepment (see Chapter
6). In addition, new investigations on the geometrical struatre, which are presented
in this chapter, provide additional information for a thoroaugh description of the
post-frontal precipitation field.

The geometric structure of the post-frontal precipitation feld is basically governed
by power laws and lognormal distributions as was already showm previous studies.
TheuO7 speculates on self-organised criticality (SOC) as a possible &qation for
the evolution of the observed ordered structures within the @t-frontal precipitation
eld. The theory says that some dynamical systems naturally del@p into a critical
state with no characteristic time or length scales, evident as aoper law shaped
frequency distribution (Bak et al. 1988). However, the presence of the temporal
signature of SOC, i.e. #f noise (a power spectral density proportional to the
reciprocal of the frequency), could not be detected so far ftite case of post-frontal
shower structures.

The area size distribution has been analysed by several authorst €loud fields by
means of satellite data and for rain areas based on radar dat@raig and Cohen
(2006) give a brief overview over published studies and thetfitg functions found by
those authors. Besides exponential and lognormal distributispnmore recent studies
report power law distributions, often with a scale break. Accoriidg to that review,
exponential distributions are frequently observed foyoung cloud fields while the
more mature cloud fields rather fit a power law. The latter wa also found in the
current thesis for the total area size distribution without pe& number distinction.
For the cluster size distribution of each distinct cell number, éognormal distribution
was found. Such a distribution is often observed in systems thatay by the law
of proportionate e ects (Lopez et al. (1983), Lopez (1977)). This means, that
the development of the observed systems, here the clusters, is prdnal to their
actual growth stage. As an explanation, two hypotheses are progped byl opez
(1977). One of them is related to the growth process of cloud ngals where growth
occurs by a random process that obeys the law of proportionageects, i.e. growth is
a random proportion of the element's size. The other hypothesiefers to a formation
process for clouds, in which clouds are formed by a merging oheective elements.
This implies that larger elements grow more rapidly than smédr ones which again
constitutes a growth process according to the law of proportiate e ects. Both
mechanism produce populations whose size is lognormal distried.

The observed power-law distribution for the total area size mapccording toCraig
and Cohen (2006), result from non-ideal behaviour in the mass flux but ab from
di erent processes a ecting cloud size, including interactios of clouds.

The shape of the individual clusters is well represented by gfies with a mean
ellipticity of 0.58. This was previously reported by other athors such asFeral
et al. (2000). While the individual clusters move with the mean windield, they
are not oriented in a specific way. The frequency distributiorf orientation with
respect to the mean wind flow shows no preferred direction. Qnif clusters <
100 kn? are eliminated, a preferred orientation is observable, rated at around 20
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relative to the mean flow (counter-clockwise).

The AIRR per cell as well as the area per cell increase with inagng cell num-
ber. At a cell number p = 20, the AIRR per cell show saturation e ets such that
additional cells do not increase the AIRR per cell. For the areper cell saturation
e ects occur only for cell number ofp  40. The most e ective clusters in terms
of AIRR per area are those with 25 embedded cells. This saturati@nect has not
been observed before and may be explained with an equilibriustage reached at
that point of growth. According to Emanuel (1997), laboratory convection is of-
ten viewed as a statistical equilibrium process in which the statical properties of
convection are regarded as having reached an equilibriumtivthe external forcing.
Statistical equilibrium forms the basis for the assumption thathe statistical prop-
erties of a small-scale process can be uniquely related to praps of a larger-scale
process with which it interacts. Trade cumulus and stratocumuls boundary lay-
ers are usually modelled as equilibrium processes, but contrmsie remains about
whether or to what extent ordinary deep precipitating convetion can be regarded
as equilibrium process. Two equilibrium assumptions are discussky Emanuel
(1997): The first sees water in an equilibrium stage, which meauit is processed by
convection at the rate at which it is supplied by large-scale pcesses. The other
regards the buoyant energy produced by large-scale processemdp balanced by
dissipation insight clouds. While the water equilibrium assumptin proved to be
a deficient concept, because the time scale of water vapour asljment in a con-
vective environment is quite long, the energy equilibriumssumption turned out to
be true on su iciently large space and time scales but, howevanpt for individual
convection cells. The here considered clusters usually consistseferal embedded
convection cells, resulting in an area which might be large emgh for a practicability
of the energy equilibrium assumption. According t&Craig and Cohen (2006), a
necessary condition for convection in a finite region to be ingailibrium with the
average forcing over that region is that the region with a siz& be larger than the
mean cloud spacing L with

L=(A=<N>)% (5.9)

A is hereby the size of the area containing an average ofN > clouds which are
in the present case represented by the individual convectionlisewithin a cluster.
Considering for example a 20-cells cluster, which is the clus@ze where saturation
e ects were observed. As a convection cell was found to be in eage 29 knt large,
this results in an area of almost 800 kifor a cluster. The mean cloud spacing
L is accordingly 3.7 km and thus less than the considered regisize. Thus, this
precondition for the practicability of the equilibrium assunption is fulfilled, which
implies that the clusters may reach their equilibrium stage wén they contain at
least 20 individual cells.
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Temporal development

The main part of this thesis is covered by the investigation offie temporal deve-
lopment of the clusters identified in the post-frontal precigation field. The time
series of properties like the area or the area integrated ramte (AIRR) were cal-
culated based on a tracking of clusters in the radar data. So faonly one study is
known where the temporal development of convective structes in the radar data is
investigated in the same way.Lopez et al. (1983) studied the phenomenological
growth and development process of radar echoes in South Fttaj including growth
curves for cell area and reflectivity. As in the present thesis, @ell was identified as
a maximum of radar reflectivity within an area of precipitaion echoes in the radar
data. The data was derived from two radar stations covering aegion of almost
36 000 kn?. Besides the 5 min radar reflectivity values, echo heights weused for
the analysis. The study ofLopez et al. (1983) aimed at a characterisation of con-
vective clouds in a higher latitude tropical region to proue background knowledge
of convective clouds against which hypothesized e ects of dgmic cloud seeding
should be assessed. Amongst others, the scale interactions betweeereint scales
of convection were investigated as well as typical formatioand growth mechanism
of showers. The focus was thereby on undisturbed synoptic situatis, i.e. days in
which clouds develop in an air mass favourable for convecti@md were forced by
the undisturbed Florida sea breeze. This way, the large day-tay variation in the
strength and extent of shower activity observed in that region as eliminated.

In the present study, the analysis is in a similar way restricted tone synoptical situ-
ation, the convective precipitation field in the rear of a clal front in the mid-latitudes
which reveals a similar structure for di erent days. That post-fontal precipitation
field has been analysed in previous studies with respect to ite@metrical structure.
Concerning the temporal development of the individual smalcale structures within
that precipitation field, no study is known. The aim of the inwestigations is an an-
alytical description of the temporal development of the prepitation structures, in
addition to the simple functions which were found bylrheusner (2007) to describe
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the geometrical structure of the precipitation field. A thoough description of the
precipitation structures and their temporal development cold help to improve the
understanding of the small-scale convection field and enablenamerical simula-
tion, for example on a stochastic basis. The latter can be exteraléo develop a
forecast scheme for post-frontal shower precipitation based ohet findings on the
geometrical structure and the temporal development.

The results on the temporal development of area and AIRR for sifegcell-tracks,
which grow only by areal growth without a change in the cell nmber, can be found
in Weusthoff and Hauf (2008a). Nevertheless, the procedure and results are
presented here for all three track types together. In the faWing, the temporal
development of di erent variables characterising a clustersidetermined. The time
series for area and AIRR are presented in Section 6.1, includiaglescription of the
procedure. Section 6.2 deals with the area and time integet rain sum which is
simply the AIRR time series integrated over the respective life gp. In Section 6.3,
additional investigations are presented, namely the mean tienseries of the AIRR
per normal area and those of the cell number. Finally, a short situssion on the
results is given in Section 6.4.

6.1 Temporal development of area and AIRR for
three di erent track types

The set of tracks that form the basis for the present analysis weidentified by a

tracking algorithm which was applied to the 5 min RZ compositeadar data for 17

days in 2004 and 2006Weusthoff and Hauf 2008b). Three track types were
distinguished by means of the developments' complexity (singéell-, single-cluster-
and multi-cluster-tracks). They were introduced in Section 2.2. Altogether, more

than 81 000 tracks were analysed regarding the temporal demeient of the area
size and the AIRR over their whole life span. Three examples ofamatrack type are

given in Appendix A (Figure A.1 to A.9), showing the individual aea and AIRR

development as well as the footprint of the track.

Based on the seemingly stochastic nature of post-frontal showeltsisiassumed that

all tracks of a specific life span are members of the same popidat The mean

characteristics are therefore determined with respect to thkfe span, noting that

the latter varies largely even within each track type. For eeh life spanl, the mean

development of the respective variable (area, AIRR) is detelimed as described in
Section 6.1.1. The result of this procedure is one averagedn& series for each
track type and each life span, averaged over all days. Those tinseries are then
normalised in two steps; the time is divided by the life spahand the amplitude by

the maximum amplitude Ay, i.e. respectively the maximum area or AIRR of the
mean time series of track typek and life spanl.
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6.1.1 Determination of mean time series and normalisation

For each day and each track type mean time series are deterndnéor the area
integrated rain rate distribution (r(t)) and the area distribution (a(t)). The deter-

mination and normalisation of the time series is the same for botvariables and is
thus described in general for a functiori (t) which then has to be replaced by the
respective parameter.

1. All tracks are sorted by track typek. Three di erent track types are distin-
guished (cf. Chapter 3.2.2): single-cell-tracks, single-clesttracks and multi-
cluster-tracks k = 1,2,3).

2. Each of those track types is then sorted by life span For the analysis, only
short life spans till I=15, with a relative frequency of 0.001 K = 1), 0.01 (k
= 2) and 0.02 (k = 3), are investigated. Tracks with a life spanl > 15 were
omitted for statistical reasons.

3. The number of tracks with life span on each single dayn alad for track type
k has to be determined:ny,., . The sum for all days @ = X, niim) can
be found in Table 6.1.

4. Calculation of the mean development,.. (t) for each track typek, life span
| and day m. Thereby, one mean value for each time stepis determined (see
also Figure 6.1):

1 X

fk;l;m (t) = ﬁ
i=0

frcimi (1); (6.1)
with N = Nicim -

Thus, one mean time series for each life span, each considered dag each
track type is derived.

5. Calculation of the mean time series for all days$y, (t), for each track type
k and each life spanl, out of the mean time series for the individual days
(fk:m (1), see also Figure 6.3 (a){(c)):

1 M

fra(t) = M frm (1); (6.2)
m=1

with M = Max(m) = 17.

6. Normalisation of the timet with the respective life span and thus deletion of
that discrimination; for | = 3, ..., 15.

t = - (6.3)
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The density characteristic off (t) leads to an integration constraint:

fg(t) dt = fi(t) dt (6.4)
falt) = fu® & 6.5)
Oclitt = | (6.6)
The normalised function then reads as follows:
frat) = fra(t) | (6.7)

7. Normalisation of amplitude with the maximum amplitudeA,,

D E fra(t)
f. = ’ 6.8
) = S (6.8)

with

A = max(fy,(t)) (6.9)
= max(fy(t) 1) (6.10)
= max(fy,(t)) | (6.11)
= Ak;| | (612)

For the sake of clarity, definitions of the variables are listin the following:

fk.:.m mean parameter development for track typé& and life spanl for individual
daysm [unit of f]

fx. mean parameter development for track typ& and life spanl for all days
[unit of f]

f., mean parameter development for track type& and life spanl for all days,
normalised with life span [unit off per unitless time]

f, ~mean parameter development for track type&, normalised with life span
and with maximum amplitude A, [unitless]

t time [5 min]
| life span [5 min]
t time normalised with life span (Equation 6.3) [unitless]

Ay maximum amplitude offy, for track type k and life spanl [unit of f]
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A\, maximum amplitude of f,, for track type k and life spanl [unit of f per
unitless time]

k track type, k =1,2,3
m day, m =1,...17

n;.« number of tracks of track typek with life span |

The determination of the mean temporal development of eaclanable is done in two
steps (step 4 and 5 in the procedure). In a first instance, all tr&s of a specific track
type k and life spanl are averaged for each day. An example is given in Figure 6.1 by
means of tracks with a life span of 6 * 5 min on 24 September 200@n this day, 280
tracks with the respective life span were available. The avegang was done for each
time step separately, leading to five mean values in this exatepand consequently
to five coe icients of variation. The frequency distribution of AIRR values for the
five time steps of the example are shown in Figure 6.2. The fregpcy distributions
reveal a skewness to the left. Nevertheless, the mean value was Usethe analysis.
The deviations from the mean values in this first averaging speprovide information
on the scatter around the mean for individual days. The numbenm, of tracks over
which the averaging was applied varies from day to day as wel between di erent
track types and life spans (see Table 6.1).

8

+

ARR [mm / 5 min]
+H+
- HH
A
o+

t [5 min]

Figure 6.1: Example for the determination of the mean temporal development of AIRR for shgle-
cell-tracks with a life span I= 6 * 5 min, for 24 September 2004 (Step 4 in the procedure). The
number of single-cell-tracks with| = 6 * 5 min available for that day is 280. The red line represents
the mean AIRR development, while the bars denote the standard deviations for each the step
which is in average 1.2 mm per 5 min for this case.

Secondly, the whole set of mean time series derived for the inidiual days is averaged
to determine one mean time series for each track type and lifeasp The scatter
around that mean time series reveals the day-to-day variatio The number M of

tracks over which is averaged in this step is constanM = 17).

60



Chapter 6. Temporal development
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Figure 6.2: Frequency distribution of the AIRR values for the five di erent time steps (t =1,...5
* 5 min) of the example presented in Figure 6.1. Based on those distributions foeach time step,
the mean time series were derived.

The coe icients of variation for both averaging steps are gen in Appendix E in form
of a frequency distribution. The typical coe icients of varation for each track type
and each variable, which are presented in Table 6.2, are deténed by the median
as the frequency distributions show skewness to the left. AlImostl @oe icients of
variation have values of less than 1. The values derived in tHest step are larger
than those obtained in the second step. Furthermore, the coeients of variation
increase with increasing track type number. The values for tharea time series are
lower than those derived for the AIRR time series. This leads to #hconclusion
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Figure 6.3: Example for the determination of the mean temporal development of AIRR for (g
single-cell-tracks, (b) single-cluster-tracks and (c) multi-cluster-tracks with life spanl = 6 * 5 min
for each day and mean of all days according to Step 5 in the procedure (red line). The badisplay
the standard deviations. The mean standard deviation is for single-cell-track€.26 mm per 5 min,
for single-cluster-tracks 0.66 mm per 5 min and for multi-cluster-tracks 0.8 mm per 5 min.

that either quantitative precipitation estimation by radar is still limited in quality
(see also Section 3.1.2) or the AIRR development is more variablhan the area
development.

In summary, the mean AIRR time series derived in the present study etv variances
around the mean values at each time step up to nearly the totalimiension of the
mean value. The area time series vary by half the total value dhe mean time
series.

I[5min] N1 N2 Ni:3

3 28 775 2498 969

4 11285 1926 1409
5 5447 1466 1420
6 2916 1096 1342
7 1742 794 1186
8 1051 615 1022
9 651 478 869

10 418 385 868
11 284 307 672
12 194 224 613
13 138 195 563
14 122 165 547
15 76 129 448

15<I< 50 264 615 4 998

total 53 372 10894 16 926

Table 6.1: Total number of tracks ni with life span | for the three di erent track types: single-
cell-tracks (k = 1), single-cluster tracks (k = 2) and multi-cluster tracks ( k = 3).
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area Step1l 0.52 0.57 0.84
Step2 0.38 0.45 0.53

AIRR Stepl 084 079 1.06
Step2 069 0.67 0.68

Table 6.2: Coe icients of variation for the two averaging steps. Displayed are the nedian values
for the two variables area and AIRR and the three track typesk.

6.1.2 Fitting of normalised time series

By normalising the mean area time series, which were derived fibre di erent life
spans and track types, with the respective life spah and subsequently with the
maximum amplitude A,,, all time series reveal a surprisingly common shape. The
same is observed for the AIRR time series, with the whole set of meame series
following the same parabolic shape. This has not been observexfdre and implies a
common underlying principle governing the temporal devetmment of the small-scale
structures within the post-frontal precipitation field. The normalised time series for
life spansl = 3,..., 11 and the three di erent track types are plotted in Fgure 6.4
(a) for the AIRR and in Figure 6.4 (b) for the area size. The basic siicture of
the temporal development is the same for all track types andfé spans, showing in
a first approximation a parabolic shape. Both the area and the AR time series
were fitted to two di erent functions which are also displayedn the gures: a sinus
function in a general form, involving an exponenty of the sinus (Equation 6.13),
and a standard parabola without an independent parameter (E@tion 6.14).

D E
f(t) = sin( t)% (6.13)

D E
ft) = 4 t t?2 (6.14)

The exponentdy in Equation 6.13 was determined by a least-squares fit for each
track type. The values are given together with the standard deation and the
correlation for both AIRR and area in Table 6.3. The normalisedime series of
the mean AIRR development as well as that of the area developnteare nearly
equally well represented both by a sinus function and a parat@ol This can be seen
from Figures 6.4 (a) and (b) and from the values for the coe ient of determination
R? (Table 6.3). Although the R? values for the sinus function are in both cases
superior, the parabola was chosen to represent the AIRR developnt ry.(t) as it
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is easier to handle and the di erences in th&k? values are marginal. In the case
of the area developmengy, (t), the time series is apparently better represented by
a sinus function with R>  0:99 for all three track types. Thus, for the temporal
development of each of the two parameters (AIRR, area) one sifepfunction was
found to describe all three track types and all considered lifgpans, if normalised
by life span and maximum rain rate. Despite the variety of indiidual developments
(see for example Appendix A) and the di erent characteristics othe three track
types (see Section 3.2), all track types can obviously be attuted to the same
underlying principles.

Through the normalisation of the time series, it was possible torfd a description for
the temporal development of di erent parameters for all trak types and di erent

life spans together. The normalisation thus served the purposd mlentifying a

common structure for the whole set of tracks. For an exact approration, the non-

normalised functions will be considered in the following. Thiefore, the close match
of the normalised time series is ignored and additional paratees are included in
the equations (see Equations 6.15 and 6.20). Assuming a depermeaf the total

values for the area and AIRR development on the life span and theack type, the

additional parameters €, g« and h, ) will be determined by fitting the mean time

series of the respective life span for each track type to the restige equations. The
results are presented in the following Section 6.1.3.

sinus parabola

area dy R? R?

1) single-cell-tracks 0.45 0.037 0.992 0.136 0.936
2) single-cluster-tracks 0.63 0.041 0.990 0.090 0.971
3) multi-cluster-tracks 0.73 0.045 0.988 0.058 0.982

AIRR d R? R?

1) single-cell-tracks 0.62 0.097 0.944 0.120 0.917
2) single-cluster-tracks 0.76 0.065 0.974 0.070 0.972
3) multi-cluster-tracks 0.72 0.070 0.970 0.080 0.963

Table 6.3: The parameters for curve fitting with sinus (Equation 6.13) and parabola (Equation
6.14) for normalised time series (i.e.l = 1, Ax = 1). The parameter d¢ of the sinus, which is
constant for each track type, was revealed by a least-squares fit. Shown atandard deviation
and coe icient of determination R? for the di erent track types.
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Figure 6.4: Average temporal development of (a) area and (b) AIRR for the di erent track t ypes,
normalised with life span and maximum amplitude. The sinus is plotted with dx = 0:60 for area
and di, = 0:70 for AIRR.

6.1.3 Life span dependency of non-normalised functions

For an exact approximation of the mean AIRR and area time seriedetermined for
the di erent track types and life spans, thenon-normalised versions of the basic
equations found by means of the normalised time series are coesed now: a; (t)
(Equation 6.15) andr, (t) (Equation 6.20). Those non-normalized functions include
additional parameters, which were determined for each life ap in order to evaluate
the dependencies of the above derived basic functions on thadk type and the life
span. The additional parametersg, for the sinus andgq and hy for the parabola
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were determined separately for each track type and each varla (AIRR, area) as a
function of life span. The values for individual life spans argiven in Appendix D
(Table D.1 { D.6). The parameters were calculated for each a@he variables fitted
to both the sinus and the parabola. In the following, for eachfdhe two variables
only the function is introduced that was found to describe thdime series best.
Thus, the area development is described by the sinus, while the ARRdevelopment
is approximated by the parabola.

Area development

For the area developmenia, (t), the sinus was chosen because the correlation re-
vealed higher values than that for the parabola fit. This is gpecially true for
single-cell-tracks and single-cluster-tracks (see Table 6.3)he mean temporal de-
velopment of the area for track typek and life spanl can hence be described by a
sinus function of the form

:)dk (6.15)
with t I. The exponentdy is constant for each track type (see Table 6.3). In a
di erent approach, whered, was determined as a function of life span, the exponent
was also found to be constant for each track type revealing néathe same values
as derived in Section 6.1.2. The respective values dyf can be found in Appendix
D (Table D.4 - D.6). The additional parameterc, is equivalent to the maximum
amplitude Ay, (see Figure 6.5 (b)). The values for the specific life spans dexd
by a least-squares fit and the quality measures can again be faum Appendix D
(Table D.4 - D.6). For c(l), which is equivalent to the maximum amplitudeAy,, a
quadratic function was derived (Equation 6.16, Figure 6.5a)). The constants
are given in Table 6.4.

i (1) = a(l) sin(

1wkt o2k I+ sk 12 (6.16)
= Ak;l (617)

(1)

As a consequence, the mean temporal development of the area dfaxk can be
described by a simple sinus function of only life spanand track type k. The final
equation for the area time series reads:

f)dk (6.18)

( 1;k+ 2:k |+ 3:k |2) Sin(

a; (1) A sin(

tl)dk (6.19)

a k(1)
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Figure 6.5: (a) Parameters ¢, for the three di erent track types as a function of life span. (b)
Parameter ¢, of the least-squares fitted functions for each life sparl plotted against empirical
determined amplitudes Ay, of the mean time series. The slope of the regression is approximately
1 and the correlation coe icient R = 0.998.

K 1k [KM?] o [km2=5min] 3 [km?=(5min)?]
1) single-cell-tracks 5.02 1.15 -0.03

2) single-cluster-tracks 14.65 1.38 -0.03

3) multi-cluster-tracks 13.92 1.47 0.10

Table 6.4;: The parameters of the area time series fitted to a sinus function for individual ife
spans (Equations 6.19).

AIRR development

The AIRR time series was found to be best described by the parabol&he corre-
lation was rarely di erent for the fit with both functions (si nus, parabola), except
for single cells where the sinus would have been slightly betteDespite that, the

parabola was chosen as it is easier to handle, for example canoey the integration

in Section 6.2.

The basic equation for di erent life spans and all track typesncludes the two addi-
tional parametersgg and hy:

Ok

N (t) = 4 pYl
k

he t 1t (6.20)
The parameterg represents the maximum amplitudeAy, of the AIRR time series
(cf. Figure 6.6 (c)). Its dependency on the life span was detamed for the mean
time series of each life span by the least-squares method. Theues for the specific
life spans and the quality measures can be found in Appendix D (ke D.1 - D.3).
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(@)

A
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Figure 6.6: (a) and (b) Parameters g« and hy, respectively, of the AIRR time series (Equation
6.20) for the three dierent track types as a function of life span. (c) The parameter g« of the
least-squares fitted functions for each life sparl plotted against empirical determined Ay, of the
mean AIRR time series. The regression has a slope of approximately 1 with correlation coe icient
of R = 0.997.

It was found that g¢ increases linear withl (cf. Fig. 6.6 (a), Equation 6.23) for
each track type. The respective constanty is given in Table 6.5. As already stated
above, the regression was hereby only fitted to tracks with afdéi span of less than
16 * 5 min. Not surprisingly, the parameterh, agrees with the life span with a
correlation coe icient of R = 1.00 (Equation 6.21, Figure 6.6 (b)).

he = | (6.21)
& = Ax (6.22)
= | (6.23)

Finally, the mean time series of the AIRR can be described as a fttion of life span
only:

rk;|(t) = 4 k T 1 JI[ (624)
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rea(t) = 4 I - = (6.25)

The second version of the final equation reveals the basic restliat the temporal
development of the AIRR can be reduced to the life span. The tim#gependency as
well as the amplitude are scalable with the life span and thus &duction of variables
is achieved. The only parameter determining the temporal gelopment is the life
span of the track.

1 R 2 R 3 R

(i) 0.28 0.984 0.27 0.962 0.47 0.892
(i) 0.25 0.997 0.33 0.992 0.51 0.955

Table 6.5: Constant | [mm per(5min)?] for the three track types, derived (i) from the AIRR
time series (Equation 6.25) by means of the regression @i as a function of life span (Equation
6.23) and (ii) from the empirically derived values for the ATIRS (Section 6.2, Equation 6.30).

6.2 Area and time integrated rain sum

The integration of the mean AIRR time series as given in Equatio6.25 over the
whole life span yields the mean area and time integrated rain sU(ATIRS) Ry;:

Z
Rk;| = rk;|(t) dt (626)
=0
= 4 t — dt (6.27)
t=0 |
1 1 '
= 4 S G 6.28
kK 2 31 100 (6.28)
1
= 4 5 12 (6.29)
2 2
Rii = 3 k | (6.30)
2
= — A | 6.31
3 A (6.31)

with

Ry, mean area and time integrated rain sum (ATIRS) for track typek and life span
[ [mm]
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The analytically derived ATIRS shows a quadratic dependencgn the life span
(Equation 6.30). Consistently, the same quadratic function wafound for the re-
gression of the empirically derived precipitation sum as a fution of life span, which
is displayed in Figure 6.7. The values derived for the parammts | this way are
given in Table 6.5. They only di er slightly from those calculded by means of the
AIRR time series in Section 6.1.3.

In conclusion, the total rain sum a track produces in the coursef ats life only
depends on the track type and within each track type on the & span in a simple
guadratic form.

100
single cells

80 - single cluster

60 - -

ATIRS [mm]

20

life span [* 5 min]

Figure 6.7: ATIRS plotted against life span for all three track types with quadrati ¢ regression
plotted as solid lines (Eq. 6.30).

6.3 Additional investigations

In this section, some additional phenomenological investigahs on the temporal
development of post-frontal small-scale precipitation structres are presented. In
the first part, the time series of the AIRR per area for all track ypes are described,
followed by the cell number time series for single-cluster-tcks and multi-cluster-
tracks.

6.3.1 AIRR per area

Both the area and the AIRR time series reveal a very similar shap&his raises the
guestion whether the AIRR development may be caused mainly by eal growth.
To test this hypothesis, the AIRR is normalised by the respective agn, revealing
the ratio g of those two variables:

-
q= (6.32)
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From this ratio, the relation between the development proases of the parameters
AIRR and area can be deduced. Figure 6.8 displays the averagemalised time
series of the AIRR per area ratidg (t )i for the di erent track types and life spans.
It should be noted that the mean normalised time series of the nat is derived
through dividing the AIRR by the area, yielding the ratio q, bdore the averaging
and normalisation is processed. However, assuming a similar depeh@nt for both
guantities, one would expect the ratio being constant over theshole time range.
Instead, a variation is observable with skewness to the left, i.eall track types
show a strong increase of the AIRR per normal area in the beginnitg the growth
process, while the decrease of the ratio is apparently slower. @maximum AIRR
per normal area is reached significantly before half the lifikme, i.e. earlier than
the AIRR and the area itself reach their maximum values.
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Figure 6.8: Average temporal development of the normalised AIRR per arealf (t )i) for the
di erent track types.

One may conclude from these observations that AIRR and area grogi erently
during a life cycle. Rain intensity grows slightly faster than eea size, while area size
decreases slower than rain intensity. This asymmetry is hidden ithe symmetric
representation in Equations 6.13 and 6.14 and appears onlytife ratio of both
guantities is considered. The slight di erences in the curvelead to an enhanced
skewness with respect to the ratio of the two quantities.

6.3.2 Cell number development

In Section 2.1.2 the cluster growth was described in terms ofliceumber variations
(number growth). Thus, the cell number is an important parameter with respecto
the growth process. Therefore, a short discussion on the cell numlzevelopment
for the dierent track types is given. As single-cell-tracks ee defined as being

71
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composed of only one convection cell over their whole life spahe investigation is
here restricted to the two other track types. The average time ses for life spans of
= 3,... 15 are displayed in Figures 6.9 (a) and (b). Both trackypes show in average
only a small number of embedded convection cells. While for teengle-cluster-tracks
the maximum cell number within a track is about 1.6, the multicluster-tracks reach
a maximum cell count of about 2.7 cells.

Both track types show an increase in the maximum cell count foncreasing life span.
Especially the temporal development of the cell count for mtHcluster tracks-reveals
a shape which is in line with that of the AIRR and the area time sees. Only the
mean curve for the life span = 3 * 5 min shows a little di erent behaviour reaching
a maximum cell count ofp = 2. The cell number may thus be a scale parameter
for the area and AIRR time series, such that by reducing the varidés to the values
per cell the di erences due to di erent life spans may be scalediown.
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Figure 6.9: Average temporal development of cell numbemp for (a) single-cluster-tracks and (b)
multi-cluster-tracks.

6.4 Discussion

The fact that the temporal development of convective showemdepends on the life
span is neither new nor surprising.Lopez et al. (1983) already presented time
series of the average area of convection cells for di erentelispans and observed a
considerable increase of the maximum amplitude with cell dutian. However, the
form of this dependency has not been determined before.

Looking at individual tracks of all categories, significant derences in the time
series are obvious (see Appendix A). Some of the tracks show theiaximum rain
rate at the end of their existence, while others have the maxum rain rate in the
beginning of the development. Even some oscillating examplean be found with
several maxima of rain rate occurring. Nevertheless, the meami series show a
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surprisingly smooth parabolic shape with a maximum at around hathe life time.
Thus, the time series reveals a symmetry with respect to the life ap.

To summarise the findings, the normalised time series of the meanRR develop-
ment as well as that of the area development are nearly equalvell represented
both by a sinus function and a parabola. The parabola was chosemrepresent the
AIRR developmentry (t) as it is easier to handle and the di erences in the quality
measures for the fit with both functions (sinus, parabola) are arginal. In the case
of the area developmengy, (t), the time series is apparently better represented by
a sinus function. The resulting non-normalised functions fordih time series, in-
cluding one additional parameterc, for the sinus and two additional parametersy
and hy in the case of the parabola, finally depend only on the life spaof the track.
This way, simple equations for the temporal development of hAIRR (Equation
6.25) as well as of the area size (Equation 6.19) for all life spawere derived.

Apparently, the organisation scheme chosen for the analysis, i.€1) sorting the
tracks by track type and then (2) each track type again by lifespan, turned out
to be well chosen. The life span is the basic parameter for a deption of the
temporal development. It not only scales the time but also theraplitude of the
time series, the latter of which is a simple function of life spah Furthermore, the
parabolic shape of the AIRR time series yields a simple relatioretween the ATIRS,
the maximum amplitude and the life span of a track (Equation @1). Thus, the life
span is the only parameter to be known. It can be estimated fromhé frequency
distributions of life span for the individual track types whid basically follow power
laws.

The results enable an improved description of an ensemble of gective precipita-
tion structures consisting of one or more individual convectiocells and varying in
space and time. The fundamental parameter of the simple funotis found for the
time series of area and AIRR is the life span which represents thelp independent
variable therein.

In addition, di erent slopes in the beginning of a tracks' devlpment may be an indi-
cator for the further cluster development. In the presentatio of the non-normalised
time series for the AIRR (see Figure 8.1), considerable di ereas in that growth
stage are evident.
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Summary and conclusions

This thesis presents a phenomenological study of the complexwstture of the con-
vective precipitation field in the rear of cold fronts. The pat-frontal convective
precipitation field was analysed in an Eulerian approach (denumber distribution,
cluster size distribution, area integrated rain rate per cellluster shape and motion)
as well as in a Lagrangian-type analysis (temporal developnteof area integrated
rain rate and area size, growth processes). The instantaneous aadata were anal-
ysed with respect to the geometrical structure and precipitatin rate characteristics
were determined. Diurnal cycles of specific parameters wetalculated revealing
a dominance of the typical diurnal variation of convective etivity. In addition to
such analyses of instantaneous data, the growth processes of @dusvith respect to
the number of embedded cells and the temporal developmenttbéir characteristics
like size and rain rates were investigated. Although only Germg was considered,
it is hypothesised that the results are also applicable to othere@as within Central
Europe. A dierence in the spatial structure was observed in a pwious study by
Theusner (2007) for the German North Sea coast where coastal e ects lead &
marked enhancement of convective activity.

As a reminder, the objectives of this thesis identified in Chdpr 1 are repeated. In
the following, the conclusions are presented beginning witihé last objective.

1. Is it possible to derive a set of equations which describe theachcteristics of
the post-frontal precipitation field? What are the governirg parameters?

2. How do the characteristics of the individual areas, like aresize and rain rate,
develop with time? Which analytical functions can be derivé for the mean
time series?

3. How can the rain rate characteristics be described?

4. Which shape can be assumed for the individual clusters in theqmipitation
field? And how are they related to the wind field?
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5. Are the results of previous studies concerning the geometictructure repro-
ducible with the higher resolution RZ-composite?

Geometry

It was shown that previous results on the geometric structure gfost-frontal precip-
itation fields as presented byTheusner (2007) can be accurately reproduced with
the higher resolution radar composite employed in the presentusty: the cell num-
ber distribution could be described by a power law and the clustsize distribution
revealed a lognormal distribution for each cell number. Tharfdings of both studies
can thus be combined to provide a thorough description of thergcipitation field.
The question addressed in objective 5 can thus be answered posiyv

Objective 4 dealt with the shape and orientation of the cluster within the precipi-
tation field. The post-frontal precipitation field comprises several hundred clusters
on each day, scattered over whole Germany. The individual dters are well rep-
resented by ellipses with a mean ellipticity of 0.58. While fothe whole set of
clusters no preferred orientation was observed, clusters whioccupy an area of
more than 100 knt are preferably aligned in a direction around 20relative to the
mean flow (counter-clockwise). The small-scale structures Wit the precipitation
field basically move with the mean 925 hPa wind field which wasbserved by visual
inspection of the tracks path and comparison to the wind field.

The cell related area integrated rain rate (AIRR), defined ashe total AIRR of a
cluster divided by the number of embedded cells, and the equalllefined area per
cell showed an increase with the total cell number until an edibirium stage was
reached atp 25 for the AIRR and p 40 for the area size. This implies that
individual cells enhance each other's productivity until leyond a certain cluster size
saturation e ects appear and additional convection cells sino cumulative e ect.
The prevailing convective activity is obviously in equilibrum with the average forcing
over the considered region.

Rain rates

The utilisation of the quantitative radar composite RZ allowel for a qualitative

evaluation of rain rate characteristics within the precipiation field which was asked
for in objective 3. The radar derived precipitation amountswere relatively low.
Nearly 75 % of the detected rain rates had a value of 0.05 - 0.16mper 5 min

while rain rates of more than 2.92 mm per 5 min were rarely obsexd. The daily

precipitation sums revealed mainly values of less than 10 mmrpsguare kilometre.
The shower duration at a given pixel of one square kilometre wésund to be about
18 min on average, the total precipitation time almost one hou A shower was
usually followed by a nearly 21 times longer period without @cipitation.
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Growth processes

The growth process of convective clusters was analysed in terai€mbedded convec-
tion cells, each of them represented by a maximum in rain ratet ils a combination
of individual growth and interactions amongst di erent clusters such as merging and
splitting. A simple growth model was proposed byVeusthoff and Hauf (2008hb)
based on transition probabilities from a cluster withn embedded convection cells
to a cluster comprisingm cells. Clusters were found to form as a single convection
cell and grow by gaining one additional cell within a time stemf 5 min. After a
stage of stagnation, where the number of embedded cells doesaimange, they grow
further or decrease in the same way by one maximum within a timeegp of 5 min.
The disappearance of the clusters again takes place via the stagf single cells. The
frequency distribution of the cell number for all clusters as &l as those for new
developed and dissolving clusters can be fitted by a power lawéusthoff and
Hauf 2008b); the same was observed for the life span. The occurrenta @ower
law is an indicator for scale invariant behaviour. This meanghe characteristics of
the distributions do not change when the scales are modified.n® also speaks of
self-similarity in this context.

The observations concerning the growth of clusters generallit the properties of
a Yule process, which is a widely applicable mechanism for geswémg power laws
(Concas et al. 2006). The Yule process describes a mechanism for generating a
population of entities, each having a property, which is chacterized by an integer
numeric value, like the cell number in the present case of theroctive clusters. The
key feature of this process is that entities increase their wa at each time step with
a certain probability in proportion to the value itself. Physically the growth may
be explained by the cell dynamics which show updraughts thaayour neighbouring
growing cells but suppress those further away. In the case of theos¥er clouds this
would imply that new shower cells grow preferably in the viciity of existing cells or
within an already existing cluster Weusthoff and Hauf 2008b). However, the
existence of preferred locations for the genesis of new celiswbeyond the scope of
this thesis and has therefore been left for future studies.

Temporal development

The temporal development of characteristics like the areatgrated rain rate and
the area size of a cluster was analysed by means of radar data. Shwvas done
based on a tracking of individual clusters with time. A set of owe81 000 tracks was
classified into three track types according to the complexitpf their development:
single-cell-tracks that stay single over their whole life sparepresent about 66 %
of all tracks; single-cluster-tracks which only grow by interal growth by means
of increasing or decreasing their cell number are the smallestogp with 13 %;
multi-cluster-tracks, with 21 % of all tracks the second largeggroup, show the most
complex growth process including interactions amongst di @nt clusters. Assuming
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that clusters with the same life span are members of the same pogtibn, each of
those track types was additionally sorted by means of life span.

It was found that the mean temporal development of the AIRR andhe area within
a track is a simple function of track type and life span only. Het®, the AIRR
development is described by a parabola (Equation 6.25), whithe area development
is well represented by a sinus with an additional exponent, wth is constant for
each track type (Equation 6.19). Considering the variety of icerent individual
time series (some examples are presented in Appendix A), the meame series
show a surprisingly smooth shape. Apparently, the life span is the fia parameter
controlling the development of clusters within the post-frotal precipitation field.

As stated above, the frequency distribution of the life span fita power law for the
whole set of tracks. Considering the life spans of the individuatack types only,
the single-cell-tracks are also well represented by a power lawth a correlation
coe icient of nearly 1.00 but with a steeper slope, which is amdicator for the
enhanced dominance of short life spans. The other two track typare better repre-
sented by a modified power law (Equation 3.2). Altogether, itan be summarised
that the life span of all three track types as well as the wholerdck data set show
frequency distributions which basically follow a power law. t®rt life spans clearly
dominate in all track type classes. The parametds, i.e. the exponent of the power
law, varies from day to day. This variance was determined fdhe whole set of tracks
without track type distinction. For a detailed sensitivity study based for example on
the season, the number of analysed days is too low. Thereforeistis left for further
studies. For the limited number of cases studied here, largest dawons from the
average value were found for the two winter events.

The total rain sum produced by a track was derived by integratig the AIRR over the
whole life span of the track. The so determined ATIRS shows a quadic increase
with the life span for each track type (Equation 6.30).

Analytical equations for the mean characteristics

The structural characteristics of the precipitation field ca be described by a set
of simple equations and distributions involving only a small nmber of parameters,
for example eight parameters are needed to describe the clussize distribution
and three parameters for the distances between peakhgusner 2007). Together
with the diurnal variations described by the first few frequenies of the fast Fourier
transformation, this sums up to a number of approximately 20 pameters. Selected
distributions were recalculated in this thesis with the higheresolution RZ composite
and it was shown that the results of the geometrical structure arreproducible with
this new data. The analysis was then extended by a Lagrangidype analysis aiming
at an analytical description of the temporal development offte individual clusters
within the precipitation field. Following an organisation stieme which classifies the
tracks (equivalent to the life cycle of a cluster) by track tyg and life span, simple
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functions for the mean time series of the area integrated ranmate (AIRR) as well as
the area size for those classes were derived. The mean temporaktigpment of the
areaay (t) can be described by a sinus, while the AIRR time serigg, (t) follows a
parabolic shape:

ai(t)=( 1k+ 2 I+ 3k 1) sin( ﬁ)dk

t
r k;|(t):4 K | T |7

Both equations have the life spar as the only free variable, the time runs from 0O
to life spanl. The only information given on the unknown life span of the treks is
the frequency distribution for each track type as well as forite whole set of tracks.
The life span frequency distribution is for single-cell-track given by a power law:

N()=a I°;
and for single-cluster-tracks and multi-cluster-tracks by a mwdified power law:
_ d ds Ca
N(D=cy 192 (1 c3 I T)

The total rain sum a track produces in the course of its life alsoegpends only on the
track type and within each track type on the life span in a simpleuadratic form:

2
Ry == |2
k;l 3 k

Finally, the problem of an analytical description for the tenporal development of
the AIRR and the area has been reduced to the life span as the oritge variable,
which is primarily unknown. Nevertheless, frequency distribubns for all three track
types can be provided as well as for the whole set of tracks. Alldke distributions
can basically be described by power laws. For the analyses pregehhere, two
approaches were followed. In an Eulerian-type approach thestantaneous radar
derived rain rates at each time step were analysed concerninigetr geometrical
structure and rain amounts. The Lagrangian-type approach ca@entrated on the
individual structures within the precipitation field and th eir temporal development.
Still open questions are: how do the results of both types of dgais (Eulerian,
Lagrangian) fit together and how does a combination give thpossibility to learn
more about the underlying processes? Are the results in line witlaeh other? For a
detailed answer to these questions it would be helpful to simukathe precipitation
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field by means of the equations presented here and in previostudies. Only a
short discussion is given here with respect to the growth process. dlpower laws
identified for the cell number distribution (Eulerian-type approach) and the life
span yielded the assumption of a underlying Yule process. The istigations on
the growth processes (Langrangian-type approach) revealettleed an incremental
growth for the clusters with respect to the cell numberrumber growth), which is
the key process of such a Yule process. Clusters were found to forsnsingle cells
and gain preferably one additional cell within each time stepThe probability with
which this growth occurs is di erent for di erent cell numbers.

In response to objectives 1 and 2, it is hypothesised that the resupresented in this
thesis, including an Eulerian- and an Lagrangian-type analysiof the post-frontal
precipitation field, provide in combination with the results of Theusner (2007) a
thorough description of the post-frontal convective precipation field. Only a small

number of parameters is su icient to describe the precipitatin structure and its
temporal development. This includes approximately 20 parmaeters for the geomet-
rical structure and the diurnal cycles and another 25 for theemporal development
of the individual clusters. The latter are composed of four paraeters for the area
development of each track type (see Table 6.3 and 6.4), one pareter for the rain
rate development of each track type (see Table 6.5) and altdber ten parameters
for the life span distributions for the di erent track types (see Table 3.2 and 3.3).

The main results of this study can finally be summarised as foll@v Enabled (1) by
the assumption that post-frontal showers are generated by a stadtic process and
(2) by the restriction to one synoptic situation, the average dciracteristics and their
temporal development can be described by simple analytical waions. The only
free variable in those equations is the life span This way, the problem is reduced
to only one free parameter, for which only the frequency disbution is known.
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Limitations and Outlook

Constraints and Limitations

The present study is limited by the rarely known quality of the adar derived pre-
cipitation amounts. A basic evaluation of the daily totals reealed a significant
overestimation of rain sums derived by radar compared to grodnbased measure-
ments. This observation is well in line with an evaluation presged by Paulat
(2007) for the period from 2001 to 2004, where the radar reftevities of the PC
composite were converted into rain rates by means of the standaZ-R-relationship.
Although the data basis of the present study is too small for a meamgful evalu-
ation, the preliminary results reveal rarely an improvementhrough the advanced
Z-R-relationship. However, future advancements in rain rateletermination can
easily be adapted to the results presented here.

The evaluation of the precipitation rates are not only limied by the quality of the

radar derived rain rates but also by remaining clutter and agnuation e ects, which
may have significant impact on the radar derived rain amounts.The uncertainty

concerning the absolute rain rates might not be that crucial 8 especially for the
time series, no point data is used but areal sums instead. The dat@nation of

statistical means additionally compensates the uncertaintsee The determined rain
sums and their development can be seen as a hint on the probablean development
of a cluster. The e ective precipitation rates may significatly deviate from that

mean.

Aside from those radar related limitations, the analysis revealseveral other types
of constraints. Remaining questions concern for example seadoaad orographic
dependencies. The latter was partly investigated in previoustudies with respect to
the geometric structure, revealing an enhanced convectivetaity at the North Sea

coast. However, more research is necessary to evaluate the inflkeee of orography

80



Chapter 8. Limitations and Outlook

on the shower characteristics. Especially with a focus on the ldtsea di erences,
it would be interesting to investigate the change in the structte which is observed
at the coast. While over the ocean, open and closed cells prévaionvection is
often enhanced when it is advected onto land leading to a sificant change in the
structure.

For a determination of seasonal dependencies, the data set arsalg in the present
study is too small. Although the analysis was not restricted to a spéic season,
most of the considered days are spring or summer days. Neverthelebg, life span
distributions for all tracks on the individual days show the lagest deviations from
the mean for the only two winter days. Whether this is caused byandom e ects
or if the characteristics actually show seasonal dependenciesild not be evaluated
with the present data set.

Finally, the influence of the total precipitation coverageon the clusters' growth
process could not be investigated due to the procedure of detening the area of
interest. The post-frontal shower field was selected by a semitamatic algorithm
in which a polygon was drawn manually around the precipitatin field, which is to
a certain degree a subjective procedure. A measure for the ppetation coverage
cannot be reasonably determined with respect to the area of arest. Better results
may be derived by determining the minimum area which enclosal clusters selected
in the primary selection process. However, this is not presentea this thesis.
Related to the subject of precipitation coverage is the quest whether locations
exist where new shower cells preferably grow. The Yule processplies preferred
growth in the vicinity of existing cells. This has not been invstigated so far and
may be additionally influenced by the precipitation coverge.

Outlook

Despite the restriction to one specific synoptic situation, theesults may be be-
neficial for hydrological modelling. The characteristics fathe ensemble of showers
provide a huge set of information which can be used for a stochasthodelling of the
post-frontal shower field. As the individual clusters have a spat and temporal scale
which lie below the resolution of operational deterministic ®ather forecast models,
a shower forecast scheme may also be constructed as an applicatibich might be
switched on when a cold front passage is forecast. The developtr@isuch a forecast
scheme for post-frontal shower precipitation has been the objere of the shower
project (see Chapter 1). The planned scheme will combine a detenistic forecast
of the post-frontal precipitation field location with a probabilistic forecast of the
individual rain areas contained therein. To determine prepitation probabilities, the
distribution functions derived for the cell number, area sizand other quantities shall
be used in combination with the analytical functions reveate for the precipitation
rate and area development. The output of the scheme will consisf statistical
means of the various quantities like for example the numbef oonvective rain areas
and the areal precipitation. The realisation of the forecast beme is subject of
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ongoing research.
In the following, some aspects are listed which should be addresgedfuture studies
in preparation of the envisaged forecast scheme.

The day-to-day variability which was observed both for the denumber distribution
and the life span distribution was also found for the temporal delopment of the
characteristics. The mean time series for individual days showé same structure,
but di erent amplitudes. The influence of the synoptic paraméers on the observed
characteristics could not be quantified so far. Traditional onvection parameter
fail to describe the dependencies. Thus, new ways of characterg the observed
di erences between the individual days need to be evaluated

Consecutive work should mainly focus on the consolidation oféhpool of equations
and distributions to provide a thorough description of the posfrontal precipitation
structures. A simulation of the precipitation field with a high resolution numeri-
cal weather prediction model may provide additional inforration on the physical
background of the observations.

The cut-o value of 0.05 mm per 5 min applied for the analyses wabased on
the results of Theusner (2007) who studied the influence of the cut-o on the
geometrical characteristics. In addition to that, a sensitiviy study regarding the
influence of the cut-o on the temporal development should beerformed. It is
assumed that the shape of the time series stays the same, but the aityole varies
when di erent cut-o values are used.

Concerning the cluster orientation and motion, the investig@gons were only of qua-
litative nature. A quantitative comparison of tracks with the wind field, maybe
with a subdivision of the total area into smaller sections, couldrpvide additional
information on the steering level. This might also be the windni higher levels.

Possible applications

This thesis provides new findings on the temporal developmissf individual clusters.
These new insights enable an improved description of the temp@bidevelopment of
individual clusters. The observed time series may, for exampleg imprinted on
individual clusters within spatial precipitation fields, which are simulated based on
the characteristics of the geometric structure. This would ctinly give better repre-
sentations of the spatial and temporal description of the pregitation field. Current
spatial-temporal stochastic rainfall models like that propogskby Northrop ~ (1998)
use random values for cell counts within a storm and for theirfé span as input
parameters. An implementation of observed distributions for tese parameters may
be beneficial for the model performance.

The results on the geometrical structure may be used for a vegétion of high reso-
lution numerical model. The COSMO-DE with its 2.8 km resolutn explicitly sim-
ulates mid-level and deep convection while shallow conveanti is still parametrised.
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Figure 8.1: Mean area time series for all three track types.

The model performance regarding post-frontal shower predigiion can be tested
by means of the cluster size distribution and the cell number disbution, for ex-
ample. This is currently done within the scope of a DFG projecat the Institute
of Meteorology and Climatology of the Leibniz University of &hnover(D. Etling
pers. comm.).

Another possible application is given by the di erent developrant rates with respect
to track type and life span (see for example the area developnten Figure 8.1).
If the initial development of a cluster is known, it is possibled estimate the life
span and relating further development based on the analyticdlinctions. This is
an interesting feature for nowcasting purposes, but may also be ployed in other
fields of research. One actual example shall be mentioned hetbe new data as-
similation scheme developed within the SPP 1167 DAQUA projecitied Combined
Data Assimilation with Radar and Satellite Retrievals and Bsemble Modelling for
the Improvement of Short Range Quantitative Precipitation érecasts(H. Elbern
pers. comm.). This scheme consists of an ensemble method calle@FS(Sequen-
tial Importance Resampling Filter) in combination with a 4D-Var data assimilation.
Within the ensemble runs, cells are simulated with di erent inensities and at dif-
ferent locations. Those ensemble members that are not in linetiwihe observations
are deleted, while the well-performing members are multipld. The statistics on
the life span and on the development of individual clusters magontribute to the
scheme by providing hints on the probable future developmeititased on observed
initial development of the clusters. This way, the ensemble ragmay be extended by
a few hours and the statistics can be used as an additional perfuance indicator.
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Appendix A

Track Examples

For each track type, three examples with di erent life spans @ given revealing the
range of possible developments. Displayed are (a) the time sergdsprecipitation

area (red line) and AIRR (black line) and (b) the total sum per fked pixel (=

footprint).
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A.1 Single-cell-tracks
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A.2 Single-cluster-tracks
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Figure A.4: Example of a single-cluster-track with life spanl = 35 min.
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Figure A.5: Example of a single-cluster-track with life spanl = 60 min.
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Figure A.6: Example of a single-cluster-track with life spanl = 100 min.
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A.3 Multi-cluster-tracks
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Figure A.7: Example of a multi-cluster-track with life span | = 70 min.
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Figure A.8: Example of a multi-cluster-track with life span | = 115
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Figure A.9: Example of a multi-cluster-track with life span | = 265 min.
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Appendix B

Movement of the precipitation
eld

Tracks with a life span of 50 - 100 min are presented in comparisavith daily
precipitation sums and the 925 hPa wind field (NCEP reanalysisada). The tracks
basically move with the mean wind, observed deviations are nmdy to the right of
the wind flow, e.g. on 21 March 2004. The di erent colors of & tracks represent
di erent start times. The wind fields on the other hand display he situation at a
specific time (12 UTC). Thus, a large part of the deviations is assed by the time
di erences. The comparison can only bee seen as a qualitativaeahpt to relate the
tracks' movement to the wind field.

(a) Tracks, 040225 (b) Rain sum, 040225 (c) Wind, 040225

1000

600~

200

0 200 400 500 800 1000
start time [UTC] rain sum [mm/km?]
T : ‘ ‘ . . : : T

L L L L L L
0 4 8 12 16 20 24 0.1 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Figure B.1: Comparison of tracks (for | = 50 - 100 min), daily rain sums and 925 hPawind field
(12 UTC) for 25 February 2004.
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Appendix B: Movement of the precipitation eld

(a) Tracks, 040321 (b) Rain sum, 040321 (c) Wind, 040321
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(g) Tracks, 040612 (h) Rain sum, 040612 () wind, 040612
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Figure B.2: Comparison of tracks (for | = 50 - 100 min), daily rain sums and 925 hPawind field
(12 UTC) for 21 March, 23 May and 12 June 2004.
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Appendix B: Movement of the precipitation eld

(b) Rain sum, 040710

(a) Tracks, 040710
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(h) Rain sum, 040813

600 1000

start time [UTC]

rain sum [mm/km?]

L L L L L
0 4 8 12 16 20 24 0.1 1.0 2.0 3.0 4.0 5.0

Figure B.3: Comparison of tracks (for | = 50 - 100 min), daily rain sums and 925 hPawind field

(12 UTC) for 10 and 12 July and 13 August 2004.
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Appendix B: Movement of the precipitation eld

(a) Tracks, 040826 (b) Rain sum, 040826 (c) Wind, 040826
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(g) Tracks, 040924 (h) Rain sum, 040924 (i) Wind, 040924
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Figure B.4: Comparison of tracks (for | = 50 - 100 min), daily rain sums and 925 hPawind field
(12 UTC) for 26 and 31 August and 24 September 2004.
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Appendix B: Movement of the precipitation eld

(b) Rain sum, 060121

(a) Tracks, 060121
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Figure B.5: Comparison of tracks (for | = 50 - 100 min), daily rain sums and 925 hPawind field

(12 UTC) for 21 January and 1 and 2 March 2006.
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Appendix B: Movement of the precipitation eld

(a) Tracks, 060305 (b) Rain sum, 060305 (c) Wind, 060305
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(g) Tracks, 060307 (h) Rain sum, 060307 (i) wind, 060307
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Figure B.6: Comparison of tracks (for | = 50 - 100 min), daily rain sums and 925 hPawind field
(12 UTC) for 5, 6 and 7 March 2006.
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Appendix B: Movement of the precipitation eld

(a) Tracks, 061109 (b) Rain sum, 061109 (c) Wind, 061109
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Figure B.7: Comparison of tracks (for | = 50 - 100 min), daily rain sums and 925 hPawind field
(12 UTC) for 9 November 2006.
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Appendix C

Statistical measures

In the following, basic statistical measures employed in the pent work are intro-
duced.

Least squares

The fits for the various functions were derived by the least sgmes method, i.e.
the parameters of the fitting function were adjusted in such a &y that the sum of
squared residuals is a minimum. A residual is defined as the drence between the
values of the dependent variablg, and the modely(x,).

X
MIN (Yo Y(Xn))? (C.1)

n=1

Mean and standard deviation

The standard deviation  is a statistical measure for the dispersion of a variable
around its mean value y. The mean value and the standard deviation are based on
the assumption that the sample is normally distributed.

M X
y = t i i )2 (C.2)
i=1
X0
=2y c3)
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Appendix C: Statistical measures

Coe icient of variation

The coe icient of variation ¢, is a normalized measure of dispersion of a probability
distribution. It is defined as the ratio of the standard deviaion , to the mean

c, = 2 (C.4)
y

Coe icient of determination

The coe icient of determination R? is a statistic measure for the proportion of
variability in a data set. In the case of a linear regression, it idefined as the square
of the sample correlation coe icientR.

Kor(x:y) = COMXY) (C.5)
X y
g O 0 G Y) <6
Y OIS - Pl (IR
= TIxy (C.7)
- R (C.8)
R? = rf, (C.9)

with

x Standard deviation ofx
y standard deviation ofy
Cov(X;Y ) covariance between random variableX and Y

Kor (X;Y ) correlation coe icient between random variablesX and Y
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Appendix D

Parameters of the tting functions
for di erent life spans

The mean time series of the area integrated rain rate (AIRR) anthe area were
fitted both to a parabola and a sinus function (Section 6.1.2) The respective pa-
rameters of the non-normalised functions (see Section 6.1&8) well as the standard
deviations and the coe icients of determination are listedn the following tables.
The parameters of the sinus were thereby determined assumingetlexponentdy

being dependent on the life span to evaluate the correctnesstioé assumption of a
constant exponent, which was made in Section 6.1.3.
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Appendix D: Parameters of the tting functions for di erent life spans
AIRR, single-cell-tracks (  k=1)
parabola sinus
l N(l) Amax Ok hk R 2 C« dk R 2
3 28775 1.01|1.125 2999 0.007 1.0001.195 1.240 0.007 1.000
4 11285 1.31|1.393 4.002 0.053 0.9921.310 0.504 0.013 1.000
5 5447 1.50|1.610 4.994 0.095 0.9791.502 0.503 0.045 0.995
6 2916 1.79|11.863 5.981 0.092 0.9851.781 0.633 0.061 0.993
7 1742 2212228 6.947 0.139 0.9752.137 0.664 0.118 0.979
8 1051 2482581 7.951 0.168 0.9712.464 0.643 0.131 0.980
9 651 2.86|2.855 8.994 0.219 0.9572.697 0.586 0.146 0.977
10 418 3.07 | 3.114 9.938 0.214 0.9672.971 0.643 0.161 0.976
11 284 3.55|3.583 10.984 0.470 0.8663.248 0.423 0.297 0.933
12 194 3.77 | 3.419 11.849 0.498 0.8393.115 0.468 0.393 0.875
13 138 3.41|3.540 12.984 0.341 0.9283.304 0.544 0.221 0.960
14 122 3.81|3.922 13.875 0.542 0.8513.556 0.442 0.370 0.905
15 76 4.84|4.824 14.886 0.575 0.8874.459 0.518 0.419 0.920
Table D.1: Parameters of the parabola and of the sinus fitted to AIRR time series datafor the

various life spans, single-cell-tracks.

AIRR, single-cluster-tracks (  k=2)
parabola sinus
l N(I) Amax Ok hk R 2 Ck daa R 2
3 2498 2612753 2986 0.114 0.9922.797 0936 0.117 0.991
4 1926 2.15|2.288 4.007 0.086 0.9922.150 0.497 0.006 1.000
5 1466 255|2.662 4994 0.059 0.9972.603 0.726 0.037 0.999
6 109 2.64|2695 6.019 0.084 0.9942.614 0.686 0.037 0.999
7 794 3.03|3.089 6.951 0.078 0.9963.084 0.847 0.087 0.994
8 615 3.67|3.666 7.912 0.152 0.9893.623 0.810 0.161 0.985
9 478 4451|4332 8.959 0.210 0.9834.262 0.775 0.193 0.984
10 385 4.66|4.654 9914 0.232 0.9824.560 0.767 0.222 0.981
11 307 4.15|4.223 10936 0.179 0.9874.154 0.779 0.166 0.987
12 224 4933|4868 11.893 0.236 0.9824.831 0.827 0.242 0.979
13 195 4.69|4.995 12.837 0.338 0.9664.834 0.723 0.324 0.962
14 165 4.88|4.900 13.736 0.408 0.9474.756 0.752 0.421 0.934
15 129 5.29|5.437 15.161 0.397 0.95%5.215 0.635 0.297 0.970
Table D.2: Parameters of the parabola and of the sinus fitted to AIRR time series datafor the

various life spans, single-cluster-tracks.

98



Appendix D: Parameters of the tting functions for di erent life spans
AIRR, multi-cluster-tracks ( k=3)
parabola sinus

l N(I) Amax Ok hk R 2 Ck dk R 2

3 969 4.83|5.213 2991 0.138 0.9974.868 0.348 0.141 0.996
4 1409 4.31|4536 3.986 0.190 0.9904.310 0.564 0.136 0.995
5 1420 3.06|3.130 4.985 0.038 0.9993.150 0.874 0.039 0.999
6 1342 3.41|3.343 5.959 0.074 0.9973.380 0.907 0.077 0.996
7 1186 4.19|4.170 6.943 0.200 0.9854.069 0.742 0.188 0.985
8 1022 4.82|4.864 7977 0.261 0.9814.666 0.656 0.174 0.990
9 869 5.19|5.196 8.942 0.175 0.9925.154 0.817 0.172 0.991
10 868 8.73|9.435 10.121 1.080 0.8963.511 0.379 0.351 0.986
11 672 5.36|5.519 10.877 0.282 0.983%.376 0.748 0.270 0.979
12 613 7.03|7.067 12.005 0.261 0.9906.897 0.730 0.156 0.996
13 563 8.22|7.771 12956 0.489 0.9687.575 0.733 0.426 0.972
14 547 7.72|7.772 13.926 0.209 0.9947.778 0.858 0.214 0.993
15 448 9.44|9.713 14.870 1.040 0.913.009 0.534 0.732 0.938

Table D.3: Parameters of the parabola and of the sinus fitted to AIRR time series datafor the
various life spans, multi-cluster-tracks.

area, single-cell-tracks ( k=1)

parabola sinus

l N(I) Amax Ok hk R? Ck dk R ?

3 28775 6.94| 7.680 2996 0.079 0.9998.786 1.756 0.081 0.999
4 11285 8.59| 9.166 4.005 0.360 0.9918.590 0.483 0.054 1.000
5 5447 9.18| 10.102 5.023 0.585 0.9799.365 0.462 0.052 1.000
6 2916 11.00 11.694 6.036 0.676 0.97710.945 0.520 0.075 1.000
7 1742 11.47 12505 7.056 0.949 0.95911.546 0.469 0.169 0.999
8 1051 12.76 13.772 8.087 0.989 0.96112.824 0.501 0.137 0.999
9 651 13.00 14.049 9.127 1.061 0.95513.066 0.494 0.075 1.000
10 418 13.53 14.269 10.177 1.236 0.93813.168 0.459 0.157 0.999
11 284 14.29 15.661 11.270 1.559 0.91414.347 0.420 0.352 0.995
12 194 14.24 15.326 12.352 1.356 0.9294.199 0.459 0.400 0.993
13 138 14.53 15.672 13.411 1.603 0.90414.350 0.410 0.244 0.997
14 122 14.76 16.108 14.483 1.687 0.89714.741 0.404 0.280 0.996
15 76 16.25 17.111 15.687 2.000 0.86315.738 0.408 1.129 0.950

Table D.4: Parameters of the parabola and of the sinus fitted to area time series dataof the
various life spans, single-cell-tracks.
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Appendix D: Parameters of the tting functions for di erent life spans
area, single-cluster-tracks ( k=2)
parabola sinus
l N(I) Amax Ok hk R 2 Ck dk R 2
3 2498 17.4718.842 2991 0.506 0.99620.718 1.484 0.520 0.996
4 1926 17.47 18.073 3.993 0.466 0.99617.471 0.651 0.298 0.998
5 1466 19.88 22.115 5.088 1.210 0.99220.468 0.727 0.205 0.999
6 109 21.0021.651 6.018 0.715 0.9930.885 0.661 0.141 1.000
7 794 22.71 23.635 7.021 0.586 0.99623.073 0.720 0.119 1.000
8 615 24.71 25.471 8.047 0.874 0.99124.709 0.687 0.299 0.999
9 478 26.47) 20.190 8.864 5.539 0.98226.379 0.622 0.298 0.999
10 385 26.06 27.789 10.181 1.468 0.97726.665 0.606 0.245 0.999
11 307 25.24 26.140 10.985 1.705 0.97&5.472 0.601 0.423 0.998
12 224 27.59 28.445 12.233 1.555 0.97427.168 0.600 0.554 0.996
13 195 26.71 29.113 13.343 2.248 0.9437.386 0.526 1.026 0.987
14 165 29.82 34.522 14.094 2.044 0.96729.944 0.601 0.843 0.993
15 129 29.18 29.067 15.214 3.144 0.93£28.994 0.502 1.441 0.976
Table D.5: Parameters of the parabola and of the sinus fitted to area time series dataof the

various life spans, single-cluster-tracks.

area, multi-cluster-tracks ( k=3)
parabola sinus

l N(I) Amax Ok hk R? Ck dk R 2

3 969 23.24 22.925 2970 2.004 0.96421.115 0.266 2.059 0.961
4 1409 22.71423.165 3.979 0.806 0.9932.706 0.732 0.800 0.993
5 1420 21.06 21.800 5.017 0.399 0.9981.878 0.844 0.327 0.999
6 1342 23.24 23.075 5.965 0.468 0.99723.275 0.892 0.506 0.997
7 1186 26.94 27.045 6.955 0.717 0.99626.824 0.814 0.743 0.995
8 1022 32.1232.294 8.015 0.879 0.99531.615 0.738 0.407 0.999
9 869 34.35 33.092 8.734 2.461 0.98834.389 0.787 0.408 0.999
10 868 48.71 45.859 9.742 6.091 0.96848.248 0.562 1.063 0.996
11 672 37.53 35.567 10.841 2.979 0.99(@B7.719 0.720 1.197 0.992
12 613 47.82 48.362 12.143 1.923 0.98747.207 0.691 0.769 0.998
13 563 50.94 51.136 12.947 2.677 0.98349.634 0.716 2.079 0.984
14 547 52.88 52.337 13.956 1.074 0.99/51.988 0.818 0.903 0.997
15 448 59.29 61.714 15.020 4.436 0.96158.504 0.604 2.457 0.983

Table D.6: Parameters of the parabola and of the sinus fitted to area time series dataof the

various life spans, multi-cluster-tracks.
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Appendix E

Coe cients of variation for mean
time series

The mean time series were determined in two steps as describedection 6.1.1. In
a first instance, the mean time series for each track typeand each life span were
calculated on each dayn. In a second step, those mean time series for track tyfe
and life spanl of each day were averaged over all days. The frequency distriimm

of the respective coe icients of variation for the di erent track types and the two
steps of averaging are displayed in Figure E.1 for the area amdkigure E.2 for the
AIRR.

E.1 Coe icients of variation for area

— 0.207T ,
+ single—cell [ + single—cell

+ single—cluster ] + single—cluster
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|
frequency
o
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0.05F

0.00 Kw, ‘ 7,:

vark vark

Figure E.1: Frequency distribution of the coe icients of variation for the area mean time series
of (a) individual days (averaging step 1) and (b) for all days (averaging step2) for all three track

types.
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Appendix E: Coe cients of variation for mean time series

E.2 Coe icients of variation for AIRR
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Figure E.2: Frequency distribution of the coe icients of variation for the AIRR mean time series
of (a) individual days (averaging step 1) and (b) for all days (averaging step2) for all three track

types.
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