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Abstract

The subject of this study is to better understand the geometical structure of

elds of post-frontal deep convective cells. Rain elds from 39 summer days are
investigated using the national radar composite of the DWD. Using the data of

a radar network allows to analyse 2-D structures about one ordr of magnitude

larger than done in previous studies.

It is shown here, for the rst time, that the peak number distr ibution (PND;
the peak number represents the number of convection cells wiin a cluster of cells)
is not only self similar (it is a power law) over the average ofseveral days, but
also down to temporal scales of one hour. Furthermore, it isdund that the PND
does not vary over a large area despite large di erences in ography and surface
inhomogeneities. Additionally, evidence is presented thathe German North Sea
coast markedly enhances convective activity, very likely die to roughness length
changes and sea breeze e ects. The total number of rain areamnd their total size
follow typical diurnal cycles mainly in uenced by surface heating, but likely also
other e ects. The maximum of convective activity is reachedin the early afternoon.
In contrast to the well de ned diurnal cycles of the aforemertioned parameters,
the average number of deep convection cells per cluster doemt change much
during the day. This new nding is shown to be a consequence othe self similar
frequency distribution which does not change over a certairday either.

The rain area size distribution is log-normal for each peak nmber, con rming
results of earlier studies. The parameters that govern thedg-normal distributions
depend on the peak number and can be represented by power lawsdt is found
that pis a combination of two power laws in contrast to previous resarch. This
new nding is a consequence of the larger spatial scales ingggated here.

For the rst time, the distances between the centers of deep onvection cells
using radar are investigated. It is found that their frequency distribution is log-
normal and almost identical for each peak number. The frequecy distribution
independent of the peak number is also log-normal as was founfbr cloud elds
observed by satellites.

The fractal dimension of the rain areas is low for small rain aeas d = 1:19)
and increases tod = 1:67 for large rain areas. This change can be traced back to
unicellular and multicellular rain areas. The break diameter Dy, is about 20 km.

The methods developed during this work and the results presged here sup-
ported the initiation and extension of a project within the f ramework of the DFG's
priority program Quantitative Precipitation Forecast (SP P 1167 PQP). They were
also successfully used to validate the small scale precigition structures of the re-
gional climate model BALTIMOS. Additionally, the obtained statistics lay the
basis for the development of a rain cell generator.

Keywords: radar, precipitation structures, convection
Schlagworte: Radar, Niederschlagsstrukturen, Konvektio



Zusammenfassung

Ziel dieser Arbeit ist ein besseres Verst@andnis der geoméschen Struktur von
Feldern postfrontaler, hochreichender Konvektionszella. Dazu wurden unter Be-
nutzung von Radarkompositbildern des DWD Niederschlagsfler von 39 Som-
mertagen untersucht. Die Verwendung von Radarbildern eine Radarnetzwerks
erlaubt die Analyse zweidimensionaler Strukturen, die etva eine Gm® enordnung
gm er sind als die, die in bisherigen Studien untersucht wurden.

Es wird hier zum ersten Mal gezeigt, dass die Peak-Zahl-Vertéing (PND;
die Peak-Zahl ist die Anzahl von Konvektionszellen innherhalb eines Clugers von
Zellen) nicht nur im Mittel uber mehrere Tage selbs@hnli ch ist, sondern sogar
auf Zeitskalen bis hinunter zu einer Stunde. Weiterhin wurde entdeckt, dass die
PND trotz gro er Unterschiede in der Orographie und gro er O beracheninho-
mogeni@at uber gro e raumliche Skalen konstant ist. Zud em wird gezeigt, dass
die konvektive Aktiviat entlang der Deutschen Nordseekuste deutlich erheht ist,
was meglicherweise auf Rauhigkeitslngenunterschiedeind Land-Seewind-E ekte
zunackzutshren ist. Die Gesamtzahl der Regengebiete undhre Gesamtache fol-
gen einem typischen Tagesgang der hauptsachlich durch di®©berachenerwar-
mung aber auch durch andere Prozesse bestimmt wird. Das Maxium der kon-
vektiven Aktiviat wird dabei am frahen Nachmittag errei cht. Im Gegensatz zu
den Tagesgangen der zuvor genannten Parameter ist die mitere Zahl von hochre-
ichenden Konvektionszellen innerhalb eines Clusters whreden Tag fast konstant.
Es wird gezeigt, dass diese neue Erkenntnis die Folge eineicls uber den Tag
ebenfalls nicht andernden, selbs@hnlichen Hau gkeitsverteilung ist.

Die Regengebietsgm en-Verteilung ist fur jede Peak-Zahllognormal und besta-
tigt damit die Ergebnisse fraherer Studien. Die Parameter, die die Lognormalver-
teilung bestimmen, hangen von der Peak-Zahl ab und kennen drrch Potenzgesetze
beschrieben werden. Der Mittelwert ,der Lognormalverteilung ist dabei eine
Kombination von zwei Potenzgesetzen. Diese neue Erkenntsiwurde durch die
Untersuchung gm erer raumlicher Skalen meglich.

Zum ersten Mal werden hier die Abst@ande zwischen den Zentne der Kon-
vektionszellen mit Hilfe von Radardaten untersucht. Es ergbt sich, dass ihre
Hau gkeitsverteilung lognormal und far jede Peak-Zahl fa st identisch ist. Die
Hau gkeitsverteilung unabhangig von der Peak-Zahl ist ebenfalls lognormal was
auch durch Studien von mit Satelliten beobachteten Wolkeng&ldern berichtet wird.

Die fraktale Dimension der Regengebiete ist klein far klehe Regengebieted =
1:19) und steigt aufd = 1:67 far gro e Regengebiete. Dieser Unterschied kann auf
einzellige und mehrzellige Regengebiete zundickgefshriverden. Der Skalenbruch
liegt dabei bei einem EquivalentdurchmesseDy, von etwa 20 km.

Die Methoden, die far diese Untersuchung entwickelt wurden und die erziel-
ten Ergebnisse, unterststzten die Initierung und die Verlangerung eines DFG-
Projektes im Rahmen des Schwerpunktprogramm®uantitative Niederschlagsvor-
hersage (SPP 1167). Sie wurden ebenfalls erfolgreich far die Valigerung von
kleinskaligen Niederschlagsstrukturen des regionalen kKhamodells BALTIMOS
eingesetzt. Au erdem bereiten die beobachteten Statistilen die Basis far die En-
twicklung eines Regenzellengenerators.
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Chapter 1

Introduction

The subject of this thesis is the investigation of post-frontal gecipitation
pattern also known as post-frontal showers. These showers belommgythe
phenomenon of deep moist convection and are, hence, pre@pitg convec-
tion. To illustrate the basic principles of such processes a brieferview on
the initiation, evolution and characteristics of convectie clouds and precipi-
tating convection is given in this rst part of the introducti on. In the second
and third part, the structure of convection and a typical weaher situation
with post-frontal showers is presented, followed by a review die literature
relevant to this work. Based on that, demand for research is ide ed in the
fourth part. The introduction is closed by outlining the objectives of this
thesis.

1.1 Precipitating Convection

Precipitating/deep moist convection is a type of atmosphericonvection. Its
main di erence from dry convection is that the temperature 6 rising air
parcels are cooled below the parcels' dew point temperatur@hus, excess
moisture condenses and forms little water droplets or ice cryds. The total
vertical heat ux by convection is comprised of the sensible heaux by dry
convection and the latent heat ux by moist convection. On a gibal scale,
the latter is ve times larger than the former.

Generally, three main conditions have to be ful lled for thedevelopment
of deep moist convection Barthlott et al. 2006):

a su cient amount of humidity in the lower troposphere, so that the
convective condensation level can be reached and clouds cawelop,

an appropriate vertical density strati cation of the troposphere and

1
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Figure 1.1: Three stages of development of a Cb (fronEmanuel 1994).

a small-scale triggering process at the ground (described fuethbelow).

If these conditions are met, air can rise until its temperatureeaches equi-
librium with the surrounding air or reaches a capping inversiothat is strong
enough to prevent further upward motion (either within the Troposphere or
at the Tropopause, with the exception of the overshooting topsf cumulonim-
bus clouds). The vertical motion that develops becomes viséthrough the
formation of little water droplets and ice crystals. Clouds geerated by such
condensation belong to the cloud family of "clouds with a lasgvertical ex-
tent” (cumulonimbus calvus - Cb cal; cumulonimbus capillais - Cb cap)
and low level clouds (cumulus congestus, Cu con). All these clautiave in
common that they are able to form precipitation which can be etected by
means of radar. According toEmanuel (1994), three development stages
can be distinguished (Figure 1.1):

The cumulus stage (Figure 1.1 a),
the mature stage and (Figure 1.1 b)
the dissipating stage (Figure 1.1 c).

During the rst stage, the cloud behaves very much like a non-gcipita-
ting cloud, though, the central updraft is already much stroger compared
to a non-precipitating cloud. First radar echoes can be detexl that signal
the presence of precipitation particles. In course of the furédr development
the number of precipitation particles increases throughouhe cumulus stage.
The clouds in the rst stage typically extend to 1 to 6 km above tle freezing
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level (Agee 1982). The stage ends when rst rain drops reach the surface,
usually about 10 to 15 minutes after the convection cell wasigjgered.

The mature stage is marked by the presence of a strong updraft. &h
number of precipitation particles (solid and liquid) still increases as well as
their size. Due to their weight, precipitation particles fal and lead to the
development of a downdraft within the cloud. The cloud is novin its most
active phase which lasts approximately 15 to 30 minutes. Due tde large
number and large size of the precipitation particles, the clalis very promi-
nent in radar images during this stage. A typical example of rectivities
within such a mature cumulonimbus capillatus is given in Figie 1.2. At the
end of the mature stage, the updraft that developed at the begning and
sustained the cloud ceases to exist. This is caused by intensi edvdwdrafts
which nally cover the whole lower region of the cloud and pneent further
in ux of warm, moist air.

This trend continues during the dissipation stage until the lastwater
droplets have reached the ground and all downward vertical otion has
stopped (Agee 1982). The duration of the dissipation stage is of the or-
der of 30 minutes. Radar echoes become progressively weakehmpgrocess.

For a detailed, in-depth description of atmospheric convean and the de-
velopment of deep moist convection refer to e.gdgee (1982) andEmanuel
(1994).

Triggering Processes

In the Earth's atmosphere many di erent processes can lead to ¢htriggering
of deep moist convection. In the case of post-frontal conveati@over Western
and Central Europe these processes can be grouped into three onajate-
gories. These are (1) local perturbations in the boundary lage(2) local
modi cation of the atmosphere by previous convection cellsna (3) large
scale lifting (Bennett et al. 2006). While (1) and (3) include processes
that are also important for the onset of precipitating conveaon, (2) is only
relevant when deep convection is already present.

Among the processes found in category (1) are spontaneous getiena
of mesoscale variability due to upward transport in the boundarlayer and
horizontal convergence and locally enhanced uplift. Theyadirectly related
to

orography,
land/sea contrast,
land-use heterogeneity

variability in temperature/moisture due to variation in surface charac-
teristics and soil moisture.
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Figure 1.2: \Vertical cross section of radar re ectivities detected in a typical mature
cumulonimbus capillatus (after Agee 1982, modi ed).

In the case of well developed deep convection (2) gust frontsrfeed by the
out ow of cold air from the convection cells can initiate futher convection
cells in their vicinity if their e ect dominates over the perturbations caused
by the processes listed in category (1)Bennett et al. 2006).

Coastal and Orographic E ects

The di erence between land and sea has two important e ects catmospheric
ow. The rst is thermal and the second mechanical. The thermale ect

results from the di erent heat capacities of the land surfacerad the water of
the sea. The land heats up more quickly during the day and undsuitable

conditions enables the development of the well known sea-bee circulation.
The stronger heating of the land surface leads to increased aola thickness
and the formation of a local low pressure area over land. In absenof strong
synoptic scale motions, the resulting onshore ow of moist cold afrom the

sea leads to the formation of a distinct convergence zone. Thisnvergence
causes upward motion and can, hence, trigger the developmaeuit (deep)
convection. It was also shown byFovell and Dailey (2001) that the

interaction between the sea-breeze front and other boundatsyer features
like horizontal convection rolls are of great importance fahe enhancement
of convection. That also applies to the collision of di erent s-breeze fronts
originating from di erently aligned parts of a coast {/an de Berg and

Oerlemans 1985; Wakimoto and Atkins 1994; Atkins et al. 1995;
Kingsmill 1995;Wilson and Megenhardt 1997;Bennett et al. 2006).
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The mechanical e ect on the atmospheric ow of the coast stemsdm
the change in roughness length between sea and land. This rooghs length
change induces vertical velocities in the absence of thernfaitcing and, thus,
enhanced convectionAlestalo  and Savij arvi 1985;Roeloffzen et al.
1986;Andersson and Gustaffson 1994). The e ect is the greatest when
the onshore ow forms an angle with the coastline of about 2§Roeloffzen
et al. 1986). This is often the case at the German North Sea coast under
a westerly to northwesterly ow. It was also observed that precipation is
increased by up to 40% compared to locations further inlandA{estalo
and Savij arvi  1985).

Orography can also lead to the occurrence of upstream or dowresim
convergence lines through roughness length di erences amdded lifting with
the subsequent development of deep precipitating convecti¢Bmolarkie-
wicz et al. 1988;Crook et al. 1990;Crook et al. 1991;Wilson et al.
1992;Gray and Seed 2000;Hsu and Lee 2005;Davolio et al. 2006).

Another mechanism that involves orography is the latter's inuence on
convective rolls in the boundary layer. These convective telcan also get
strengthened downwind of hills so that deep moist convection isiggered
(Tian and Parker 2002;Tian et al. 2003;Pike 2003)

Temperature and Moisture Variation

The development of moist convection also depends on the stratation of
the air mass and its moisture content. Therefore, the temperate of the
underlying surface and the moisture content of the soil are of gat impor-
tance, too. This was shown e.g. byVeckwerth  (2000) who found that
small-scale variations in moisture were responsible that deepneection de-
veloped on some days but not on others. The variations can be asahas
1 K in temperature and 1 g kg?! in moisture (Crook 1996) and are typ-
ical in a convective boundary layer (WVeckwerth et al. 1996). They are
closely linked to the type of the underlying surface. Di erentsoil types have
di erent maximum soil moisture contents and di ering thermal properties.
These structures are superimposed by the spatial distribution of@vious rain
events and vegetation. Land-use heterogeneity is another portant factor
that has a strong impact on soil moisture and also temperatureBénnett
et al. 2006). The importance of these moisture and temperature vatians
for the initiation of deep convection was also shown btirling and Petch
(2004). They also report that onset of deep convection can chganby several
hours and total rainfall amounts by up to 70%.

Previous Convection Cells

When a cumulonimbus cloud has developed to its mature stagécan spawn
the occurrence of second-generation convection. The out avf cold air from
the Cb forms a density current on the ground (a so-called cold pb that
spreads outward from the Cb. It has a distinct gust front that act as a
convergence line and leads to forced lifting of warm air atdtleading edge
(Bennett et al. 2006). This process can trigger the rapid development of
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convection which can also develop into a Cb leading to the geagon of a
multi-cell storm. Such multi-cell storms have a much longerfi-time than a
single Cb and often last for hours, while the life-time of each ngection cell
of such a storm remains unchangedsith 1990;Emanuel 1994).

All the processes described above and their complex interactidatermine
where deep precipitating convection cells emerge. They ateence, of great
importance for the spatial distribution of convection cells ad for the overall
precipitation pattern that forms.

1.2 Structure of Atmospheric Convection

One of the central features of nature and the atmosphere is thievelopment
of ordered structures. In the atmosphere, these structures are adly closely
linked to convection. The question of the structure of post-fratal showers
is subject of this thesis. In this section a brief overview is giweon the
typical (regular) structures of other types of atmospheric aovection which
are also in the focus of current research. These are open and dosell
convection (see Figure 1.3a) on the one hand and roll-convexct (see Figure
1.3b) on the other. These systems develop within the convectib®undary
layer (Atkinson and Zhang 1996).

Open and closed cells are usually found over the oceaBsnanuel 1994)
where a suitable density strati cation exists in the boundary Igter due to dif-
ferences in air-sea temperatureXkinson and Zhang 1996). The vertical
extent of these convective elements is typically about 1-3 kwertically and
10-40 km horizontally, which can also clearly be seen in Figuie3a. These
structures are very similar to Rayleigh-Benard convection bserved in labo-
ratory experiments. The major di erence between both of thenis their very
di erent aspect ratio. It is 5-50 in the atmospheric case and cé® to unity
for Rayleigh-Benard convection. To explain these di erenes and even the
occurrence of convection of this type is subject of ongoingsearch.

Roll convection often occurs in polar cold air outbreaks. Th&arge dif-
ference in temperature between air and sea leads to the deystent of a
convective boundary layer. If the horizontal wind velocityis high enough,
two-dimensional convection aligned with the shear vector catdevelop and
forms so called cloud streetsEmanuel 1994; see Figure 1.3b). The sep-
aration of these rolls is usually around 2-20 km and they have anical
thickness of 2-3 km. Their aspect ratio therefore varies beter unity and
about eight (Schr eter 2003). Development and occurrence of these rolls
also is a matter of current research activities as these systems agtill not
well understood.

When the organized convective systems described above are atike
onto land, their structure usually changes drastically. Due téhe phenomena
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described in Section 1.1, convection is often enhanced and I&ha convection
develops into deep convective systems. The structure that ocsuin that
process is described in the following section.

: ek
P oo
. B I

AL Ty )
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3

Figure 1.3: (a) Open (upper half) and closed cell convection (lower half) over the Paci c
Ocean. (b) Roll convection over the Davis Straight (MODIS images). A gradual transition
of the rolls to closed cells is observed with increasing distance from the ice edgelite
swirls at the top of the image).

1.3 A Typical Example

The convective structures that are subject of this investigatin develop in cold
air masses of polar origin. Situations suitable for the analysisin therefore be



8 CHAPTER 1. INTRODUCTION

described as follows: A cold front passes over Germany/Westernigpe and
post frontal convective structures appear in the rear of the émt (cf. Figure
1.5), especially, when a trough is located over the North Sea thre Atlantic
Ocean or the British Isles. Such a trough leads to enhanced lifpstream of
its location through positive vorticity advection. The fronts in these cases
approach Germany from northwesterly to southwesterly direabins.

A typical example of such a post-frontal convective situationwer Western
Europe on 28 May 2006 at 11-12 UTC is given in Figures 1.4 and 1.6n
the back side of a frontal system connected to a low over the ceattrBaltic
Sea, cold air of polar origin moves onto the continent with aarthwesterly
ow. A large area of lifting is associated with the low and the la/'s trough.
The radiosonde sounding at WMO station 10393 Lindenberg of 12 UTC
shows that the airmass within the lifting area is characteriz&by an unstable
strati cation (Figure 1.6). Air parcels released at the groundcan reach an
altitude of approximately 6.5 km. Large convective cloudsfahat height
are indeed present in this area and can be seen in a satellite iraagrigure
1.5). The Cbs are visible as large bright white spots. Some of tighs have
already developed an anvil (upper right area of the satellitenage). Strong
precipitation is connected to the Cbs, visible in the radar reectivity map
(Figure 1.5).

The in uence of the coast on convective activity (as describeih the pre-
vious section) is clearly evident in the satellite images. Upsiaen, over the
ocean, no convective clouds are found. This changes abryp#ds soon as
the air mass ows onto the continent, because convection is ¢igered by the
e ects described in section 1.1 and convective clouds evolv8ome of them
are aligned in cloud streets, a structure that can still be identd far inland,
especially over the Northern German low lands. In other parts, espially
further south, the linear structures of the cloud streets charginto a more
irregular and random spatial distribution, possibly caused by agraphy and
other e ects as explained above. The basic structures of comre precipi-
tation which are investigated in this thesis are evident in Figre 1.5. While
some of the convection cells remain as single cells, others aembers of large
clusters of cells (the alignment of these structures will not bmvestigated).
To gain a deeper understanding of these structures and to nd sable para-
meters to describe mathematically the spatial distribution othe convection
cells is purpose of this thesis.
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Figure 1.4: Synoptic situation over Western Europe on 28 May 2006 at 12 UTC (NCEP reaalysis data). The reanalysis data show the
situation one hour after the high resolution satellite images were taken (se Figure 1.5). The long dashed lines represent the area covered
by these satellite images. The temp displayed in Figure 1.6 was recorded at thiecation of the white cross. In the left image the 850 hPa
temperature and the sea level pressure are shown. Omega and geopotential height tbaat 850 hPa) are displayed in the right image.
Additionally, the location of precipitation evident from the radar re ectivity values is indicated by the light pink area (pink line: border
of the radar composite image), it is clearly associated with the large sle lifting (negative omega) within the low pressure system and its
trough (right edge of the image).
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Figure 1.5: Left: MODIS image recorded over Western Europe on 28 May 2006 at 11 UTC (oné&our before the synoptical situation
displayed in Figure 1.4). Many typical convective structures can be identi ed like cloud streets (left half of the image) and deep moist
convection (Cbs, upper right quarter). The cloud band of the cold front is located at the bottom of the image, over the Alps. Right: the
same image with an overlay of the radar re ectivity values recorded at that time. Precipitating convection, evident by the cluster-shaped
structures, is mainly found in the upper right quarter where the Cbs are observed.
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Figure 1.6: Sounding of synoptic station 10393 Lindenberg on 28 May 2006 at 12 UTC
(1 hour after the satellite images of Figure 1.5) plotted as a Skew-T diagramshowing
temperature (solid black line) and dew point (dashed line, both given in degrees Cslus).
The atmosphere is characterized by a typical unstable strati cation which allows free con-
vection to reach an altitude of approximately 6.5 km (intersection between noist adiabate,
red line and temperature). The yellow line represents the dry adiabate and the green one
a constant saturation mixing ratio.
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1.4 Review of Previous Studies

Convection is one of the dominating processes of the lower atepbere. It is,
therefore, not surprising that a large number of investigatiosn of the struc-
ture of convection (see Section 1.2) have been undertaken iohgy the last few
decades. These are usually carried out using satellite images gfgraphic
and radiometric data) which use visual and near infrared chamts and are
able to record the whole spectrum of droplet/ice particle size They allow
the analysis of convective structures over large areas and s&sli.e. to deter-
mine their characteristic size distributions and fractal dimasions. That also
applies to radar images, though, these cover areas more linditeompared
to satellite images and re ect precipitating clouds, only, ashey are usually
limited to droplets/ice particles larger than 100 m. In the following, rst,
an overview is given on the results from structure analyses obalds before
results from radar image analyses are presented.

Satellite based studies

Cumulus cloud size distributions, in the range of approximatgl100 m to 15
km, were investigated by, eg.Wielicki and Welch (1986), Welch and
Wielicki  (1986), Welch et al. (1988), Cahalan and Joseph (1989),
Joseph and Cahalan (1990), Sengupta et al. (1990), Weger et al.
(1992), Zhu et al. (1992),Kuo et al. (1993), Benner and Curry (1998)
and Gotoh and Fujii  (1998). Usually, the size parameter considered for the
analysis is the equivalent circular diameteD of the cloud area. Most authors
report that the size distribution of the clouds can very well beeproduced
by two simple power laws N (D) = NoD ). A value of around 1.7 has
been found for clouds with a diameter smaller than a certain bak diameter
Dy,. For larger clouds O > D) s typically close to 3:4. Mostly, the
slope changes drastically foD, 1 km.

Evidence has been found that the marked slope di erence is assted
with a change from a unicellular population to a multicelluar population of
clouds. Whether a cloud is unicellular or multicellular depeds on the number
of convection cells found in each cloudTheusner and Hauf 2004). The
counting of the number of cells is performed by consideringetbumps on the
cloud tops in satellite images. The break diametddy, is found to distinguish
between the two di erent populations, as the corresponding dmeter of the
clouds grows when the multicellular character of the cloudsvolves (the area
of a multicellular cluster is usually much larger than a unicéllar cloud).
The type of frequency distribution and dependencies in uergcof unicellular
and multicellular populations is dealt with in this investigation as well.

Size distributions for large deep convective cloud clustersite range be-
tween 20 km and 500 km equivalent circular diameter) have alé®en inves-
tigated by a number of scientists Machado et al. 1992; Machado and
Rossow 1993;Mapes and Houze 1993;Carvalho and Silva Dias 1998).
Again, power laws were found to very well represent the size digtutions.
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Though, in one case, a log-normal distribution of the cloud siges reported
(Mapes and Houze 1993).

Besides size distributions, nearest neighbor spacings betweee ttlouds
were analyzed as well. All authors report that a log-normal faction describes
the spacings between the clouds best (egli 1998;Sengupta et al. 1990;
Joseph and Cahalan 1990) and that it is superior to Weibull distributions.

Another aspect relevant for the analysis of the structure of obggs is the
so-called fractal dimension. It provides information on the igglyness of the
perimeter U of an object compared to its areaA (Mandelbrodt 1982).
The perimeter to area relationshipd = cA%2 shows the connection between
the two parameters, whered is the aforementioned fractal dimension. For
simple structures as circles or squares, the fractal dimensioh= 1. For
structures with A'! 0 andU ! 1 | the fractal dimensiond! 2. Many
authors (eg. Lovejoy 1982;Rys and Waldvogel 1986;Lawford 1996;
Feral and Sauvageot 2002), relying on satellite and radar imagery, found
that the fractal dimension of clouds and rain areas id = 1:35. That there
is a single value for the fractal dimension for the whole populan implies
that these objects areself similar throughout the whole size range.

Other researchers detected that for small cloud®(< 1 km), the fractal
dimension of the clouds is signi cantly smaller than for largeclouds © of
up to 20 km). In the rst case, fractal dimensions of 08 < d < 1:29 were
found, indicating that small clouds have a rounder perimetdhan their larger
counterparts which exhibit fractal dimensions of 27< d < 1.73 (Benner
and Curry 1998). These dierences are attributed to the in uence of the
unicellular and multicellular structures of the clouds Cahalan and Joseph
1989;Sengupta et al. 1990;Kuo et al. 1993;Benner and Curry 1998).
This is reinforced by the value of the break diameter observddr the cloud
size distributions, which is the same for the fractal dimension. dw fractal
dimensions have also been analyzed for supercell storms, likegchuse they
are unicellular (Feral and Sauvageot 2002). The fractal dimension and a
possible break diameter are also subject of the work presented m4 thesis.

Radar based studies

Rain elds cannot be observed with satellite imagery, as theyra contained
within the cloud continuum. In contrast, the convective stru¢ures of homo-
geneous or continuous cloud elds can be observed by radar ynDespite
this and although radar is widely used in atmospheric researctie investiga-
tion of the structure of convective clouds by means of radar Banot received
close attention in the past (reviews byCrane 1996;Sauvageot et al. 1999;
Mesnard and Sauvageot 2003).

First radar based investigations of convection already took ate in the
late 1940s, shortly after the invention of radar systemsMather (1949)
obtained information on the size of precipitation echoes arfdund a roughly
linear relationship between cell diameter and heightDennis and Fernald
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(1963) noted a exponential decrease with size of the number obalers in a
certain area. Their area of investigation covered a radius @b nautical miles
(approximately 140 km) at several locations in the USA, Englandnd over
the Paci c Ocean. Similar results were found byiller et al. (1975), who
also noted that no seasonal variation of the statistics was eviden

An exponential representation of the rain area size distributio was also
reported by Drufuca (1977) andKonrad (1978). Goldhirsh and Mu-
siani (1986) also acquired that the size distribution of rain cells wh an
equivalent diameter between 1 km and 5 km can very well be ttk by an
exponential function. The value of the slope and other parartexs was found
to be invariant with respect to the rain rate threshold for a large range of
rain rates (3 mm/hr to 88 mm/hr). Another set of studies prefers b use a
log-normal distribution to describe the height of rain areasrad precipitation
duration (Lopez 1977;Houze and Cheng 1977;Lopez et al. 1984), as
well as the rain rate Kedem et al. 1990;Sauvageot 1994). It is hypoth-
esized that the law of proportional e ects Lopez 1977) could explain the
frequent observation of log-normal frequency distributions Earth systems.
The types of distributions suitable to describe the rain areasibe discussed
below.

In a recent study by Mesnard and Sauvageot (2003) rain area size
distributions were investigated with respect to the number of@nvection cells
the rain areas consist of. The number of convection cells wasddeed by
counting the maxima of radar re ectivity (the so-called peaknumber) within
a contiguous area of re ectivity, respectively rain rate. A pocedure which is
used in this thesis as well. The study was performed using radartdarom
four single radars. It was found that the rain area size distribubon for each
peak number is log-normal, as was found by other studies forhar properties
of the rain areas (see above). Consequently, the rain area sizstrbution
is the integral of all the log-normal distributions. Furthermore, the authors
report, that the frequency distribution of the peak numberss a power law.
The slope of which depends on the cut-o . All these results are fowed up
here as well and extended to larger scales than those coveredsingle radars
through the use of radar composite images.

Self organizing criticality

Recently, the theory on self-organizing criticality (SOC) sgtems has suc-
cessfully been used to explain the evolution of ordered structs in chaotic
systems. This theory was published in 1987 in two ground breakinmpers
by Bak et al. (1987) andBak et al. (1988) and has successfully been ap-
plied to numerous natural systems. The authors report that cealin extended
dissipative dynamical systems naturally develop into a critidastate, with no
characteristic time or length scales. The temporal nger printof these sys-
tems is the presence of so-called=flL noise, while the spatial signature is
the evolution of scale-invariant, self-similar (fractal) prperties (evident as a
power law shaped frequency distribution). The presence of suateduency
distributions is investigated in this work, too.
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1.5 Motivation and Current Demand for Re-
search

During the last ten years, a range of precipitation events, the gerity of which
surprised authorities as well as scientists, proved that the undstanding
of processes leading to such events and the ability to forecasteth is still
limited. Among these events are the ood at the Oder/Odra riveiin 1997, the
Elbe/Labe and Rhone valley in 2002 Kundzewicz et al. 2005), oods in
Wales in 2001 Bennett et al. 2006) and in Boscastle (UK) in 2004Burt
2005). In many of these cases convective precipitation was atved and the
spatial structure of the precipitation elds played an important role. In the
aftermath of the Elbe ood, the Deutsche Forschungsgemeinsch@&German
Research Foundation, DFG) recognized the de cits in the undstanding of
precipitation processes and initiated a large scale researchogram named
Quantitative Precipitation Forecast (SPP 1167 PQP). Itis staed by the DFG
that "the correct and timely forecast of precipitation is of geat public interest
and, because of the damaging potential of heavy rain, oodingail and gales,
has signi cant societal importance. During recent years cordgrable progress
has been made in the general eld of numerical weather forestawhereas in
the sub-area of quantitative precipitation forecast this wasiot the case to
the same extent".

Quantitative analyses of precipitation have shown (e.g-Hdauf et al. 2001)
that the amount of rainfall generally, among other factors, dpends on the
spatial structure of the precipitation elds. Based on these ndngs and the
statements of the DFG, this thesis aims to analyze the spatial antemporal
structure of post frontal convective precipitation (by meanf radar images)
to provide a basis for further investigations on how the obsersgestructures
in uence the amount of observed precipitation. It extends wdk carried out
by Mesnard and Sauvageot (2003) andTheusner and Hauf (2004).
The results presented in this thesis led to the funding and extsion of a
research project in the framework of the SPP 1167 QPF. That pject aims
at the development of a hybrid probabilistic forecast model fopost-frontal
convective precipitation and is currently conducted at thdnstitute of Mete-
orology and Climatology of the Leibniz University of Hannover.

Another area where the investigation of precipitation structves proved to
be very useful is the validation of atmospheric models. Technigs developed
during the work for this thesis were used to compare statistics abserved
and modeled precipitation structures Theusner and Hauf 2006), namely
those of the BALTRAD radar network (Koistinen and Michelson 2002)
and the regional climate model BALTIMOS (akob and et. al. 2006).

According to Houze (1993), Georgakakos and Krajewski  (1996)
and Cheng and Arakawa (1997) knowledge on the spatial structures of
precipitation, in the form of the rain area size distribution,is also relevant
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to circulation models used for the parametrization of the watr and energy
cycle. Support could also be provided for hydrology and rainuno models
as well as weather models as stated lyauvageot (1994) andMesnard
and Sauvageot (2003).

The literature review regarding investigations on precipétion structures
using radar showed that research in this area is still very limitg despite
the wide spread use of radar systems todayesnard and Sauvageot
2003). The parameters that are analyzed usually include thain area size
distribution. It was also found that various approaches have den used in
the investigation of cloud and rain area size distributions (segection 1.4),
with the result that a number of di erent size distributions are reported to
represent the observed data. Also, it is suspected that there areariges
of the parameters of the population during the transition of nicellular to
multicellular structures, without the ability to conclusively prove that as-
sumption (cf. section 1.4). Furthermore, investigations thatconsider the
number of convection cells within a convective structure arabsent, to the
authors knowledge, with only one exceptionMesnard and Sauvageot
2003). In the latter case, no distinction between convectivend stratiform
rain is made, even though these two types of rain originate fmo markedly
di erent processes.

Furthermore, the temporal variation of the statistics is merly analyzed on
seasonal scales (see section 1.4), while a possible diurnal vasiabf the size
distributions is not discussed. Investigations of spatial variality are usually
limited to comparisons of land/ocean di erences, relying on aingle or a set
of single radar stations. They do not consider possible spatial vations e.g.
over land itself due to orographic forcing. This is very likgl resulting from
the lack in the past of appropriate radar composite images wiiaccombine
data from a number of radar stations to cover much larger aredlsan a single
radar station can.

The recent developments in the area of SOC systems explainedywder-
tain types of frequency distributions are frequently foundn Earth systems.
One of the most prominent examples of a SOC system is Rayleigle+iard
convection Getling 1998). Even though, typical Rayleigh-Benard convec-
tion is not found in the Earth's atmosphere, certain convecte systems on
Earth show very similar structures (see Section 1.2). Thus, the gation
arises whether or not evidence for a SOC system is found for posirial
convection, too.

1.6 Aims and Objectives

The previous section shows that the demand for research in theearof radar
based analysis of (convective) precipitation structures is ¢gin and that only
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limited work has been performed so far. Results from studies oregipitation
structures could, furthermore, provide input for a number ofpplications.

The main aims and objectives of this thesis are, therefore:

To provide a contribution for a better understanding of spati&pattern
of post-frontal convective rain elds.

An application of the same analysis strategies presented in sectith.4
to the composite images of a radar network. This enables to dke
the validity of previous results for radar observed structures/hich are
almost two orders of magnitude larger than the ones investigad so far.
The radar network of the German Weather Service (DWD) provids a
sound basis for this undertaking.

To limit the investigation to one type of precipitation (convective).

To distinguish the convective precipitation structures in depndence of
the number of convection cells contained within them.

To test which frequency distributions describe the analyzed owective
rain areas. Especially, to check whether or not the equationsrécasted
by the theories of the law of proportional e ects and self-om@nizing
criticality can be used to represent well the size distributiongand other
analyzed parameters).

An analysis of spatial and temporal dependencies of the frequgndis-
tributions.

To investigate the fractal dimension of the precipitation stretures and
nd a possible break diameter.

To analyze the diurnal cycle of the convective structures (maber and
size).

To serve the demands and to achieve the aims presented aboves amin
data set will be used. It is an extensive set of radar composite imesypro-
vided by the German Weather Service, covering the months Magp August
1997 and June to August 1998. The period of investigation is thefore lim-
ited to the summer months, respectively, to ensure comparablenabspheric
conditions. Additionally to the radar data, many other data ses were used
including photometric and radiometric satellite images, syrgiic observations
and analyses. While radar images provide the basic data for therporal
and spatial structure analyses, satellite and synoptic data enabto recognize
regions over Germany with the required post-frontal conditins.

The following basic hypotheses and expectations resulting frothe lit-
erature review suit as guidelines that lead through the invegtation of the
data set:
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The rain area size distribution (RASD) and its parameters are auhc-
tion of the peak numberp and can be tted by simple functions.

{ The RASD is log-normal for rain areas containing the same num-
ber of peaksp.

{ The frequency distribution of the distances of convection deten-
ters to their nearest neighbor are also log-normal.

{ The area size distribution can be described by the combinatiorf o
the RASD for rain areas containing the same number of peaks
The peak number distribution (PND) is expected to be a power law
{ Power laws are found for all investigated temporal and spatial
scales.

{ The PND varies markedly from day to day, but is nearly constant
on a certain day.

{ The PND is the same for the whole investigated domain.

The numbers of rain areas and deep convection cells as wellthsir
total size show a marked diurnal cycle

{ Enhanced surface heating and other factors lead to a diurnajde
of the numbers of rain areas and deep convection cells with a
maximum in the early afternoon.

{ Orography also enhances convective activity.

The fractal dimension of the rain areas is expected to rangeom 1.2
to 1.8.

{ A break diameter D, separates unicellular and multicellular pop-
ulations, the latter exhibiting a markedly larger fractal dmension
than the unicellular rain areas.

The thesis is structured as follows: First, the data set used and the

methodology will be described, also detailing the basic paratees that were
used in this work. After that, the results are presented and discusséollowed
by the conclusions. At the end a brief the limitations of this stdies are
outlined and a summary and outlook are given.



Chapter 2

Methodology

2.1 Data

2.1.1 Radar Data

The German Weather Service's (Deutscher Wetterdienst, DWD) ational

radar composite product (the so-called PC-product) containthe spatial dis-
tribution of the near-surface radar re ectivity as a logarithmic, six-step color
scale (dBZ values) with a lower cut-o of 7 dBZ during the summer rnths
(DWD 1998). From 15 local radars, the lowest elevation PPI (plane pibion

indicator) which is not obscured by the surrounding terrain iscontributed

in this product. Hence, the lowest elevation angles vary betea 0.5 and

1.8 . The radar composite covers most of Germany and also parts of giei

boring countries. It extends over an area of approximately @2km x 920
km. The spatial resolution of the product is 2 km x 2 km (in this cae a
pixel is a square picture element). The radar composites areaglable every
15 minutes. Data in this study were clutter ltered by the routinely applied
Iters of the DWD. For a complete description of the data set onenay refer
to DWD (1998). Radar data used for this investigation were providedyb
the DWD for the periods from 1 May 1997 to 6 September 1997 andJline
1998 to 31 August 1998. This period includes the meteorolodicmmer
months of both years.

Problems result from local radar images missing for certain tiensteps.
They interrupt the time series of the spatial radar re ectivity distribution.
For some times the whole radar composite image was unavailable

2.1.2 Synoptic Data, Satellite Data and Data Selection

Several datasets were used to obtain an overview of the synopsituation
over Central Europe and to nd suitable convective situations.The typical

19
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cloud patterns can easily be identi ed in satellite images assible in Figure
1.5. These cloud patterns are usually visible as cellular anduster-shaped
structures (as described in Section 1). Images of polar orlnig NOAA-
satellites obtained from the Dundee Satellite Receiving Stan were analyzed
to nd such patterns (NOAA AVHRR channel 2; near infra-red, 0.7251.10

m) by eye. The radar images were then used to detect precipitah inside
the convective structures. Additionally, charts of the 500 hPayjeopotential
height (Berliner Wetterkarte, Europaischer Wetterbericht) were checked to
nd out whether the area with the convective structures was loated on the
upstream side of a trough or not. Also, advection of deep, cold aimasses at
upper levels from Polar Regions can be recognized from thesaps. The sig-
ni cant weather observed at the meteorological stations praded additional
knowledge on the distribution of convective showers.

A detailed description of the climatic conditions in the monhs of the in-
vestigated period can be found iTheusner and Hauf (2004). In summary,
it can be said that most of these months represent typical German isumer
months with average conditions deviating only slightly fromthe long term
mean. Only July 1997 (precipitation of up to 300% of the 1961990 aver-
age) and August 1997 (temperature +3 to +5 K above 1961-1990 aage)
are an exception due to some unusual circulation patterns. Thetgation in
August 1997 with high pressure over central Europe led to the absan of
post-frontal convective situations between 2 and 28 August 1997

These criteria led to the choice of 39 days all together, twentof them
are from 1997 and nineteen from 1998. The chosen dates are dsie Table
2.1. For these 39 days a total number of 3717 radar images wekaikable.
This corresponds to an overall completeness of 99.3%. Finalhy these 3717
radar images 3258 were used for the investigation as only thosentained
convective precipitation pattern. A list of the utilised rada images is given
in Appendix A.

Table 2.1: Days selected for the analyses.

month days
May 1997 7,9, 10, 21, 28, 30, 31
June 1997 9, 14, 22, 23, 24
July 1997 1, 4,5, 19, 27, 29
August 1997 1, 29
June 1998 10, 11, 15, 16, 17, 18, 28
July 1998 1,5,6,7, 14, 15, 31

August 1998 5, 22, 23, 27, 29
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2.2 Basic Data Processing

2.2.1 Removal of Overlayed Map

The radar data described in Chapter 2.1.1 were provided as iges in Gra-
phics-Interchange-Format (GIF). Besides the actual radar da other data
sets had been overlayed on the images for orientation and infwation pur-
poses (Figure 2.1):

Rivers,

borders,

coastlines,

locations of radars and

text.

These additional data sets partly obscured in the images the gmal radar
data. Therefore, it was necessary to remove these unwanted datets from
the images before a quantitative analysis based on the imagesild be per-
formed. This was done in three steps.

First, radar images which showed no re ectivity data were selésd. These
were then used to assemble a template (Figure 2.2) that contashenly those
pixels which belonged to the additional data listed above. Ia second step,
all pixels marked in the template were removed from all radamages. Step
three was to restore the radar data formerly obscured by the uranted data.
The missing pixels were generated from the maximum re ectiwt of the
surrounding pixels using an eight-neighbor-search algorithm

2.2.2 Decoding Re ectivity Values

Another factor which needed attention resulted from the natur of GIF-
images. The Graphics-Interchange-Format uses indexed colabtes to dis-
play the colors of an image. That means that each color (whidk assembled
from three channels - red, green and blue) is given a uniquelaoindex (0-
255). Unfortunately, the index for a certain color varied beteen the radar
images. This complicated the identi cation of the di erent re ectivity values
in the images as each color corresponds to a re ectivity valuerhis prob-
lem could be resolved by using the color bar in the lower left auer of the
radar images (Figure 2.1) to synchronize the color indices @ihe re ectivity
values.

Finally, the corrected radar images (Figure 2.3) were storefibr further
analyses.
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Figure 2.1: Radar image from 29 August 1998, 10 UTC.

Figure 2.2: Template containing the river, border, coastline, radar location and text
data.
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Figure 2.3: Corrected radar image from 29 August 1998, 10 UTC.

2.2.3 Segmentation

The segmentation of the precipitation eld into convective ad stratiform pre-

cipitation was performed using a subjective approach. A spetiiadesigned
graphical user interface (GUI) enabled to review consecutivadar images
as a Im and to draw manually a boundary around the area with covective

precipitation. Despite the routinely applied clutter lter s (cf. Section 2.1.1;
DWD (1998)), spurious echoes were still present in the analyzed datets.
Whenever possible, these were eliminated during the segmenbatiprocess
to prevent biasing of the data set. Though, it is likely that cluter could

not be entirely removed. All pixels inside the boundary line we kept for

analyses while all others were deleted from the data set. Theamaining data
were then stored in a nal, corrected and segmented, radar imag The whole
process is depicted in Figure 2.4.

2.3 Data Analysis - Basic Parameters

One of the main objectives pursued in this thesis is the mathertieal descrip-
tion of a rain eld. Mesnard and Sauvageot (2003) describe in detail the
related problems. Many di erent approaches have been propabka the past
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Figure 2.4: Schematic representation of the segmentation process. The process begins

(upper left) with a corrected radar image (see section 2.2). The corrected radamiages is

then segmented using all the supplementary data described in section 2.1.2 (upper righ

All unwanted data are deleted afterwards (lower right) and, if desired, a threshod value
(Z =19 dBZ) applied to the remaining data (lower left).

resulting in large di erences in terminology. The terminolgy followed here
is the one proposed byesnard and Sauvageot (2003),Goldhirsh and
Musiani (1986) andDrufuca (1977). They de ne a contiguous rain area
as the area inside which the re ectivityZ (or rain rate R) , Where is
an arbitrary threshold value.

Due to the six-step re ectivity nature of the radar images, the boice for
the threshold values is limited to the thresholds used by the DWDThese are
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7,19, 28, 37, 46 and 55 dBZ and were used as cut-o s for the radarages,
ie. to determine the statistics of the rain eld for di erent values of (it
is reported by Mesnard and Sauvageot (2003) and other authors that
the statistics of the rain elds depends on the threshold value)To nd out
which of the thresholds could be used, it was investigated how ma pixels
existed in the segmented radar images with a re ectivity valu& higher than
a given threshold . If one considers the number of pixels witz 7 dBZ
as a reference, 50.5% of these pixels have a re ectivity highttan Z = 19
dBZ. The numbers for the other values of are given in Table 2.2. It can be
seen that the number of pixels withZ quickly decreases with increasing

For 46 dBZ so few pixels are found that an analysis is no longer
statistically sensible.

Table 2.2: Relative number of pixels with a re ectivity value higher than . The number
of pixels with a re ectivity higher than 7 dBZ is used as a reference.

fraction (%)
7 100.00
19 50.48
28 19.53
37 4.80
46 0.74
55 0.04

Before choosing certain thresholds for the analyses, it is alsoportant
to know which threshold corresponds to which feature of a deeprwective
cloud. Using the DWD's standardZ-R relation

Z = 256RY*2 (2.1)

yields rain rates of approximately 0.06, 0.4, 1.9, 8.1, 34&nhd 150.4 mm
h 1, respectively. According toMesnard and Sauvageot (2003) these
rain rates correspond to the following features of the conviae cells: The
lowest rain rate (R = 0:06 mm h 1) represents the outermost regions of the
precipitation eld which envelopes the cores of convectiverecipitation (e.g.
like the anvil of a Cb, see Figure 1.2). It also corresponds to a&feconvective
cloud at the beginning of its life cycle or in the decaying pts. The 2nd
and the 3rd rain rate are the transition between the aforemeiuned features
and the areas of heavy precipitation in the centers of the deeconvective
cells. The latter can be resolved using rain rates higher than 5rmh !
as a threshold and is suitable to separate the dynamical part ohé cloud
from the advective part (e.g. anvil). The e ect that the use ofthese di erent
thresholds has is schematically shown in Figure 2.5. Athreshadl =7 dBZ
results in many large rain areas consisting of the convectionliseenveloped by
the peripheral regions of low rain rates. Using = 19 dBZ already removes
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Figure 2.5: Application of di erent thresholds to the radar images. When a threshold
of =19 dBZ is applied to the original radar image (upper left), the envelope of lav
re ectivity values is removed and the rain areas are broken up into smaller units Using
thresholds > 19 dBZ further breaks up the rain areas until only the centers of the
strongest convection cells remain. The number of rain areas is greatly reduced irhis
process.

much of the low rain rate envelope and breaks up the large raameas in many

small ones. For even higher threshold values, the remaining raameas are
further broken up into smaller units until only the centers ofthe strongest

convection cells remain. In this process, the number of raineas is greatly

reduced for > 19 dBZ (analogous to the small number of pixels with high
re ectivity values reported above).

For the reason given above, only 7, 19, 28 and 37 dBZ were nallsed
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Figure 2.6: lllustration of the labeling process. The left image shows an unlabeled
radar image. To the right the contiguous rain areas (white) are shown. The piels of each
rain area are labeled with the unique region index next to or above the rain area

to calculate the basic parameters described below as they pige informa-
tion on di erent aspects of the convective rain elds combindg with a solid
statistical basis.

To identify the contiguous rain areas in the radar images apixels with
re ectivity (rain rate) lower than a given threshold were deleted. Then, a
four-neighbor-search algorithm was used which labels eachrrarea with a
unique region index. This means that each pixel belonging ® certain rain
area is labeled with the same index. This enables to distinguish separate
rain areas and to calculate parameters for a each rain area.hd labeling
process is illustrated in Figure 2.6. The region indek is of type unsigned
integer with 0 <i Na, whereN, is the number of rain areas present at a
certain given time (in one radar image) or at a certain givenitne of day (in
all the radar images recorded at the same time of day).

2.3.1 De nitions
Rain Area Specic Parameters

The areaA; of a rain area with region indexi can be obtained by simply
counting the number of pixelsn; with the same region index and multiplying
the result with the pixel sizeAp, = 4 km?:

A =n ApX: (22)
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Figure 2.7: lllustration of the process to determine the perimeter of a rain area. Each
pixel of a radar image has four sides. Only those sides (red) of the pixels of a raiarea
(white area) are counted that border pixels with R < (gray area). In this case the rain
area has a perimeter of 14.

As only pixels with non-zero re ectivity values are labeled vth a region
index, pixels with R < enclosed by pixels withR do not contribute to
the areaA; of a rain area.

The equivalent circular diameter (equicircle diameterp; of a rain areai
follows from a simple transformation ofA;:

r
D = ﬁ (23)

It is the diameter of a circular rain area with an area ofA;. The parameter
D; is frequently used in the literature instead of\; (see section 1.4). To allow
for comparability it is used in this thesis as well.

The perimeter U; of each rain area was calculated by counting all those
sidess; of the pixels of a rain area which bordered pixels witlR <  (cf.
Figure 2.7). This also applies to areas witlR < inside the rain area.
Therefore: p___

U = s ApX: (24)

The determination of the numberp; of re ectivity peaks of a rain area
i was not as straight forward as described byMesnard and Sauvageot
2003). This is caused by the six-step nature of the radar images.léads to
a permanent underestimation ofy.. In contrast to a rain area that exhibits
several peaks in the case of a continuous distribution of re geity, the same
rain area could only show one peak when the six-step scale is useis(t
is schematically shown in Figure 2.8). However, a close inspeatiof the
radar images revealed that most of the peaks could still be iderd with
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Figure 2.8: Schematic representation of a radar image with continuous re ectivity scale
(left) and the same image using discrete re ectivity values (right). The black dots mark
the locations of relative maxima of re ectivity (peaks) which cannot be found in the case
of discrete re ectivity values.

an algorithm that uses a two-dimensional Gauss- Iter that smooténs the
radar images (equivalent to proceeding from right to left irfFigure 2.8). All
pixels are considered to be peaks which have a greater re ety value than
their 8 neighbors. How many peaks are found then depends on tharstard
deviations , and  used for the lter (the larger , or y, the stronger the
smoothing). If the standard deviations are too large, the smobing is too
strong and less peaks are found. The same is the case when the sningth
is too soft.

To nd the optimum choice for , = , a test data set of radar images
with a spatial resolution of 1 km and 0.5 dB steps was retrieveddm the
DWD. From these high resolution images, two di erent sets of imags were
computed. The rst set (S1) consisted of images that were simply ded
down to a resolution of 2 km. For the second set (S2), the images reee
also scaled down to a resolution of 2 km, but, additionally, theerectivity
values were adjusted to the six discrete values of the DWD's PC gquiuct
(see Section 2.1.1). These two sets were then used to compare thmioer
of re ectivity peaks found in images with 0.5 dB re ectivity steps (S1) and
the six-step dBZ images (S2). A Iter with , = | = 1 Pixel proved to be
the optimum choice to recover the re ectivity peaks in S2. Tk numberp of
re ectivity peaks found in S2 by the algorithm deviated by a naximum of
10% from the ones present in the high resolution images S1.

The distancee; between a peak and its nearest neighbor (unde ned for
pi = 1) within the same rain area also was of interest. The distancesene
computed using Delaunay triangulation Burt and Schachter 1980). A
Delaunay triangulation decomposes a planar set of points intaangles (Fig-
ure 2.9). Each triangle has the property that its circumcirte does not contain
any points within. This makes it the ideal tool to determine he distances
between the nearest points only. As there ang peaks in the rain area, a set
Ei of p; distances can be composed for each of the rain areas:
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Ei=[e1 5 ep] (2.5)
with

q
€ = min X )2+ (Y )2 (2.6)

wherex; andy; (j =1;::;p) are the x- and y-coordinates of thg " peak
of the i rain area. Xj andYj are sets of x- and y-coordinates of the peaks
connected through the Delaunay triangulation to thg " peak of rain areai
(see Figure 2.9).

A set of distanceskE can then be used to calculate the nearest neighbor
distribution (NND) for each peak number separately.E includes all nearest
neighbor distances of rain areas with a given peak numbpg (at a certain
time or period of time):

E=[Eq; 5 BN 1 (2.7)

where N4, is the number of rain areas withp = po. A NND independent
of p can also be derived. In that casé denotes the time index of a certain
radar image and not the region index of a rain area.

Parameters Related to the Area and Peak Number of Rain Areas
From the rain area speci c values, sums of these values can be carngal at
a certain given time.

The total rain area Ay at a given time was determined by:

Xa
Atwtal = Ai; (2.8)

i=1
whereN, is the number of rain areas found for the selected time (see aledv

The total number of peaksn,, or total number of convection cells, is
calculated as follows: o
A

Np = . Pi; (2.9)

wherep; is the peak number of the™ rain area.

From the three parametersAw, Ny and N another three parameters
can be derived:
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Figure 2.9: Delaunay triangulation of a set of six points (black dots). The set is decom-
posed into ve triangles (solid lines). Their circumcircles (dashed lines) do not cotain
any of the set's points.

The average area per rain ared, is given by
Ar = Agotai =Na: (2.10)

The average area per peal . IS

Amax = Atotal =Np! (2.11)

The average number of peaks per rain arag is given by

Ny = Np=Na: (2.12)

Frequency Distributions

In the main parts of this thesis power laws and log-normal futions are
frequently used to describe functional dependencies of vargoparameters.

A power law is a function of the form:

F(x)=a x" (2.13)
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The parametersa and b of this function can simply be determined by linear
regression if the equation is transformed to

F(x)=a+b x; (2.14)

whereF (x) =log F(x), a =logaandx =log x.

One of the functions that was found to frequently represent & frequency
distributions of various hydrological parametersX) is the log-normal func-
tion. It is represented by:

(nx )2

S (2.15)

P(x) = —1p:exp
X 2

where and are the mean and standard deviation of Im (Crow and
Shimizu, 1988), given by

1 2
=inx in 1+% (2.16)

and S
2

= In 1+% : 2.17)

where x and s are the mean and standard deviation ok (Mesnard and
Sauvageot , 2003). Reciprocally,

x=exp + =72 (2.18)

NI =

and

s= P exp(2 + 2)(exp 2 1) (2.19)

Fourier transformation was used to t the diurnal cycles of somef the
variables. Fourier transformation assumes that any periodic fiction f (t)
can be represented by a sum of cosines:

X]f
f(t) = %(1+ (2a,=a cosqilt + ) (2.20)

n=1

whereay and a, are scaling parameters and,, is an o -set parameter. In
this thesis, parameters for 1 n 4 were found to be su cient to represent
the analyzed data sets very well.
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Results

In the Methodology section, it was described that the di erentre ectivity
values correspond to di erent features of the convective nai eld. Low val-
ues of emphasize the outermost regions of the convection cells (ofant
or decaying convection cells), while the higher re ectivityalues correspond
to the heavy precipitation regions at the core of the conveidn cells. In the
following main sections of this thesis, each presented parametgas ana-
lyzed taking into account the four selected threshold values.ifst, the main
features of each parameter are described followed by a desioip of the
di erences resulting from the threshold values. The main focus laid on

= 19 dBZ as this threshold value includes features of both theoces and
the outer regions of the convection cells but already distingshes between
the dynamical and advective part of the cloud. Another reasorsithat the
statistical basis for this threshold is much better than for higkr threshold
values (cf. section 2.3). For some investigations which contexte on short
time scales (1 hour, 1 day) or small regions the lowest threshold= 7 dBZ,
is used as only then enough rain areas are available for anadysi

The following sections are structured as follows: First (sectio8.1), the
diurnal variation of the numbers of rain areas and re ectivy peaks are de-
scribed. This is followed by an analysis of the peak number digtution and
its diurnal and spatial variation (section 3.1.2). Afterwards(section 3.2), the
rain areas' sizes and related entities and their diurnal varieon are presented,
before the rain area size distribution is described. In the thirlarge section
(section 3.3), the distances between the peaks are investigaiacluding the
nearest and all neighbor distributions. The chapter concludesith section
3.4 where the fractal dimension of the rain areas is deduced.

33
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3.1 Rain Area Number and Peak Number

3.1.1 Diurnal Variation of the Numbers of Rain Areas
and Re ectivity Peaks

The average diurnal variation of the number of rain areadl, is displayed
in Figure 3.1. It shows a typical cycle of convective activitywith a mini-
mum at night and a maximum about one hour after local noon. Theame
is evident for the diurnal variation of the total number of cawection cells
n, (Figure 3.2) which is obtained by counting all the re ectivty peaks at a
certain time (see section 2.3.1). While low numbers af, prevail at night, the
number of peaks quickly increases after sunrise. The maximumrisached
at about 12:30 UTC, the time of local noon. The number of peakshén
steadily decreases until the minimum values are reached at htg The rela-
tive change in numbers between night and day is quite dramati At noon,
the number of peaks is six to ten times higher than at night, deding on
the cut-o. These observations t nicely if solar insolation is onsidered as
the main cause, but not the only cause. If surface heating was itered,
the maximum convective activity would be expected in the aéirnoon, the
time of highest surface temperatureEmanuel 1994). A coherent diurnal
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Figure 3.1: Average diurnal variation of the number of rain areas for four dierent
cut-os. The solid lines represent the corresponding data assembled from the rst four
frequencies of the Fourier transform.
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Figure 3.2: Average diurnal variation of the number of peaks for four di erent cut-o s.
The solid lines represent the corresponding data assembled from the rst four frequencies
of the Fourier transform.

march of convective activity over land surfaces with a maxinm around local
noon (e.g.Grabowski et al. 2006) or in the afternoon (e.gGarreaud and
Wallace 1997) is frequently reported. However, it is also knowrgirling
and Petch 2004) that factors like temperature and moisture distributio at
the surface or in the boundary layer can shift the time of maximua convec-
tive activity by several hours. Other factors like orography €.g. Ohsawa
et al. 2001) also play an important role in that respect (see Sectionllfor a
detailed description).

The two aforementioned parametersN. and n,) can be combined to
determine how many convection cells are contained in one maarea on av-
erage (1p=Na) and what the diurnal variation of this parameter n, looks
like (Figure 3.3). The surprising result is that there is almost a variation
observed for most of the cut-o s. Obviously, the numbers of rainraas and
re ectivity peaks change in such a way over the day that a consta ratio is
preserved. This behavior is unexpected and has so far not be@ported in
the literature. It is further investigated in Section 3.1.2.

The curve of Ny for a cut-o of = 7dBZ is markedly di erent from
the ones of the other cut-0 s. Instead of a single peak, a plateairetches
from approximately 11 UTC to 17 UTC. The numbers of rain areas fothe
di erent cut-o s show great di erences, too. The largest numbes are found
for =19dBZ, and not for = 7dBZ, with circa 170 rain areas present in
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Figure 3.3: Average diurnal variation of the number of peaks per rain area for four
dierent cut-os. The solid lines represent the corresponding data assembled from the
rst four frequencies of the Fourier transform.

the investigated domain at noon. This is, obviously, due to the micture of
the rain elds, where a "fog" of low re ectivity values (mainly resulting from
the anvils of the fully developed Cbs, see Section 1.1), resgeely low rain
rates, envelopes the cores of the convection cells and theighn re ectivity
values. If the lowest level of re ectivity is removed, the corgof the convection
cells are exposed and a formerly large rain area is broken upoimany small
ones. This shows that it is appropriate to use a cut-o of 19 dBZ ohigher to
obtain a clear convective signal (as already described in secti2.3). It can
also bee seen that most of the rain areas with 19 dBZ contain rain areas
with 28 dBZ, too, as there are almost equal numbers of them. Rain ase
with higher re ectivity values are already much rarer. Howeer, the ratios
between the rain area numbers at night and at noon indicate #t rain areas
with high re ectivity values are more frequent, on a relative basis, during
the daytime, as is expected from the convective cycle. The tdgpresented in
Figure 3.1 can all be very well reproduced by using the rst foufrequencies
of their fast Fourier transform (FFT). The relevant parametess are all given
in Appendix B.

The diurnal cycles of the total number of peaks, are all very similar,
with respect to their shape. It is a result of the overlying conwive di-
urnal cycle, as explained above. The absolute amplitude, hever, is very
di erent for the four cut-o s. It decreases with increasing cuto. This is a
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consequence of the removal of a certain number of pixels withah increase
in cut-o. It can also be noted that there are almost as many peak for

=19dBZ as for = 7dBZ. It shows that about 95% of the convection cells
found for the lowest cut-o include higher re ectivity values as well. This
reinforces that a cut-o of = 19dBZ is su cient to detect the convection
cells.

The average number of convection cells per rain area,{ behaves like
Na. The diurnal cycle ofn, for = 7dBZ is an exception. It is clearly due
to the characteristics of the diurnal cycle oN, with a plateau around noon.
Therefore, the found feature is clearly linked to the convége signal, but not
to the low re ectivity envelope. From the average value ofi, it is evident
that the average rain area consists of one to two convection ksglimplying
that only few rain areas with a high peak number exist. For = 37 dBZ, the
ratio between unicellular rain areas and those witp > 1 is higher than 10:1,
hence, about 90% of the rain areas are single cells. Only for 7dBZ, n, is
markedly higher, a consequence of the structure of the rain as(convection
cell cores / low re ectivity envelope) as described above and section 2.3.

3.1.2 Peak Number Distribution

In the above section, the diurnal variation of the number of rim areas and
re ectivity peaks was analyzed. Evidence was found that mogtin areas
consist of a small number of convection cells, only. It was also éeted that
the number of convection cells per rain area remains constaower the day,
despite a strong diurnal cycles in the absolute numbers of rairresas and
convection cells.

For a more thorough investigation, the numbers of rain areasith the
same number of peaksp) have to be counted. The resulting PND,P(p),
shown in Figure 3.4, was computed considering the rain areas af the
selected days (see section 2.1.2) combined, independent otirAdditionally,
the data were normalized with the total number of rain areasound for each
cut-o. As expected, most of the rain areas are unicellular. Té double-
log representation of the data (Figure 3.4) indicates that a @wer law (cf.
Equation 2.13)

P(p)=co p® (3.1)

is appropriate for a t. A least square t of the double-log data con rms
that a power law reproduces the data very well with a correl&n coe cient
of r > 0:999. The regression lines have been tted to data points for agive
frequencies oP (p) > 5 10 “. Below about that threshold, the numbers of
rain areas are biased through the limited database of 39 days. i§Heads to
a cut-o of the distribution for high peak numbers (the data pants with the
lowest relative frequency are represented only once for thespective peak
number). The slope of the regression lines varies betwedyn= 1:.93 and
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Table 3.1: Coe cients of Equation 3.1 for the various thresholds. The curves have been

tted to data points with P(p) > 5 10 . The value p,, represents the corresponding
maximum peak number used for the t.

[dBZ] pm Q@ do 1
7 40 0.61 -1.93 1.00
19 18 0.64 -2.46 1.00
28 11 072 -2.94 1.00
37 6 0.89 -3.96 1.00

do = 3:96. The parametercy, represents the fraction of unicellular cells.
It varies between 61% for = 7dBZ and 89% for = 37dBZ. All relevant
parameters are presented in Table 3.1. It is apparent how qulg the number
of rain areas decreases with increasimpg Betweenp =1 and p = 10 a decline
by a factor of 100 ( = 7dBZ) to 10,000 ( = 37dB2Z) is observed (Figure
3.4) as can also be seen from the computed exponents (Table 3.1)

So far only Mesnard and Sauvageot (2003) investigated the peak
number distribution for four selected radar stations. Two of with are located
in France and another two in the African Tropics. The analyzedadar images
covered a much smaller area than the radar composite used herel atlowed
to compute the PND down to a peak number of about 30-40. For Boedux,
they report ¢ = 0:60 anddy = 2:48 for a cut-o of =23 dBZ. For =39
dBZ they obtain ¢ = 0:83 anddy = 3:53. Even though these authors
used di erent cut-0 s, their parameters are very close to the oas observed
here for a much larger area. The other stations, however, exitildi erent
parameters for the power law. These are the African stations antbulouse.
All these have in common that they are from di erent climate regnes then
Bordeaux and Germany. Therefore, results obtained for a carh region can
probably not be transferred to other areas.

Physical causes for the development of the fractal frequencysttibu-
tion could be found in the theory on self-organizing criticaly. This theory
predicts that extended dissipative dynamical systems (like Régigh-Benard
convection,Getling 1998) have a power law as their spatial sighaturé&ék
et al. 1987;Bak et al. 1988). However, the temporal signature of an SOC-
system could not be found so far in this investigation.

PNDs of single days and single hours

The above presented PNDs were computed from the radar data of dhys
combined. Therefore, they represent the average conditionbserved on the
39 selected days. The question arises whether these PNDs are preduby
coincidence or if similar behavior can be established on singlayd as well. In
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Figure 3.4: Peak number distribution for four di erent cut-o s. The data of each cut-o
are normalized with the total number of rain areas found for that cut-o. The solid lines
represent the corresponding regression lines.

the following, data of single days and also single hours are assess&ghin,
the frequency distribution of each investigated period is naralized with the
total number of rain areas present during that period.

The observed data sets show a large day-to-day variability in mes of
the maximum peak number observed. On one of the days (1997/0&¥),
very large multicellular rain areas p > 130) were detected, on two other
days (1997/05/28; 1998/06/18) the maximum wa$ = 11 (cf. Appendix C).
This makes clear that the day-to-day variability stretches wer an order of
magnitude. Figure 3.5 portraits PNDs of four single days. It islaovious that
they can all be tted very well by power laws. This also appliesd all other
daily data sets. Due to the low number of rain areas availablerfthe analysis
on single days (compared to that of the 39 days combined), raareas with
large p are often found only once or twice, giving rise to a long tail afata to
the right side of the distribution (cf. 1997/05/21, 12:00-1245 UTC in Figure
3.5). Therefore, only data points with a frequency oP(p) > 5 10 3 were
considered for the t to prevent biasing. This procedure was wertaken for
all of the investigated days. The bandwidth of exponents found dy = 3:37
to dp = 2:27. The distribution is displayed in Figure 3.6. Its maximum
is located atdy = 2:5, which was also found for the whole dataset. The
distribution shows that values of most exponents range betwee.65 and
-2.25 (31 of 39 cases). A larger number of days would have to beabuzed
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to better describe this distribution, however. A detailed listof the PND
parameters for each day is given in Appendix C.

The same analysis was also conducted for time-periods shorteatha day.
This brought with it di culties calculating reliable PNDs, as the number
of available rain areas is greatly reduced. Nevertheless, twgaenples are
shown in Figure 3.5. Distributions for one hour periods on 198¥5/21 and
1997/06/24 were analyzed between 12:00 and 12:45 UTC (foudea images).
Even for such short time frames the PND can be tted very well by paer
laws. Their exponents are close tdy = 2:1.

In summary it can be stated that power law distributions of the PN
are found on all investigated time scales. The exponents of thewer laws
are di erent between the analyzed periods. Such analyses aretmeported
in the literature to the author's knowledge. As presented in ®tion 1.1, it is
known that triggering of convection is subject to many factas like orography,
density strati cation of the atmosphere, moisture and temperaire variations
of the surface and many more. To nd the same combination of e ¢gon one
day and on another one is highly unlikely. Therefore, it candhypothesized
that these parameters contribute to which frequency distribtion emerges on
a certain day (also currently investigated within the scope of diploma thesis
at the IMuK). This is further investigated in the following Section.

3.1.3 Diurnal Variation of the PND

It was also studied if the average PND presented in section 3.1.2 sl®a
diurnal cycle. If hourly data are considered, the average nuer of available
data points for each frequency distribution is greatly redusd to approxi-
mately 1/24™ . Each of the 24 distributions was normalized with the total
number of rain areas detected within that hour to obtain the elative fre-
guencies. This procedure also eliminates the diurnal cycleroduced by the
variation of the number of rain areas (cf. section 3.1.1). Thexponents
of the power laws determined from the hourly PNDs, again, rangeetween
do= 2:38anddy = 2:70. Figure 3.7 displays the diurnal variation of the
relative frequencies of the six lowest peak numbers. It can be sdbat the
relative occurrence op = 1 to 4 remains constant over the day. Additionally,
the variability increases towards largep, which is certainly due to the lower
number of rain areas available for the analyses. On averageetRND seems
to be constant over the day. Variations of the computed exponés of the
PNDs are obviously due to random uctuations in the number of ren areas
resulting from a limited data base. The result of a constant relate frequency
distribution also implies that the convective diurnal cycle yhich is respon-
sible for the changing numbers of rain areas, see section 3.1.Brety has a
multiplicative e ect on the distribution. Even though there are much more
rain areas present around noon, the ratios between rain areagth certain
peak numbers remain constant in the 39-days-average.
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Figure 3.5: PND for single days (upper four diagrams) and hourly periods (lower two
diagrams). A cut-o of =19dBZ was used.
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Figure 3.6: Frequency distribution of exponent dy (Equation 3.1). The distribution has
been calculated for a bin size of 0.1.

To nd out whether the results presented above are only coincahtal and
result from the combination of the 39 days, diurnal changes ohé PND on
single days were also checked. Though, this could only be domedays where
enough rain areas were present during the whole 24-hour petidt is found
that the ndings presented above are also valid for these limitedata bases.
An example of which is given in Figure 3.8. Three-hour periodsere used
to reduce the amount of noise introduced by the limited amounbf data.
Despite some strong variability for large values g, which was expected, it
can still clearly be recognized that the relative numbers ofnicellular rain
areas and those withp = 2 and p = 3 remains fairly constant over the whole
day. This indicates that, also on single days, the PND does not chge
markedly.

The nding from the previous Section that the PND varies from day to
day, combined with the fact that it does not vary on a certain dayreinforces
that a combination of parameters like the type of air mass andleer boundary
conditions (see above) have an in uence on the population okin areas
that develops. A certain type of air mass that is advected behtha cold
front usually has certain characteristics. However, these chantaristics are
di erent for di erent post-frontal situations.

The fact that the PND does not change over the day also explainshy
the average number of peaks per rain area was found to be almoshstant
as well. The total number of peaks at a certain time can be callated by
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Figure 3.7: Diurnal variation of the average relative frequency of the six lowest peak
numbers observed on the 39 selected days. The dotted lines show the corresponding mean
relative frequencies.

Equation 2.9. It can also be obtained by

%ax %ax §
np = Nap P(p)= Na  po p™: (3.2)
p=1 p=1

This can be plugged into the equation fon, (Equation 2.12):

%ax | %ax o1
nr = Na PG P°=Na = Co P (3.3)
p=1 p=1

Therefore, n, only depends onc, and dy which themselves were found to
remain almost constant on a certain day and for the average ofét39 days.
Parametern, no longer depends on the number of rain areas. This is a direct
consequence of the frequency distribution governing the pdption of rain
areas, the power law.

3.1.4 Spatial Variation of the PND

Additionally to the diurnal variation, the spatial variation of the PND was
analyzed. This was done using the following procedure: First,certain peak



44 CHAPTER 3. RESULTS

1.00Eb 77 S T T ST & G A o] ]
L o p =1 ]
L o p = 2 N
L ap=3||
o p = 4
> x p = 5
O + p =256
3 O
O
S 010 g g e P BB o
0 B .
@ L A R A Ao A A e p e i
2 i P S o g s ) G
= R R PORRERE o X
0.0TF . X Beorrerreeagreseneee S FS E
7\ P ! ! L ! ! 4 ]
0 3 o) 9 12 15 18 27
time (UTC)

Figure 3.8: Diurnal variation of the relative frequency of the six lowest peak numbers
on 21 May 1997 (3-hourly data). The dotted lines show the corresponding mean relate
frequencies.

number or range of peak numbers was selected. Then all rain ase which
did not show such a peak number, were eliminated from the radamages.
In a next step all radar images were overlaid and it was countdtbw often
a pixel was covered by a rain area with the desired peak numbdn doing

S0, it is possible to detect areas where certain types of rain asepreferably
occur. Two gures show the spatial distribution of the occurrene of rain
areas withp =1 (Figure 3.9) and 32 p < 64 (Figure 3.10) for =19dBZ,

as an example. Obviously, unicellular rain areas more frequiy occurred in

Northern Germany than they do in the south on the 39 selected day# the

north they are found at a certain location in approximately 2o of all radar
images. The same is true for rain areas with large peak numbershéy are
present at a certain location in 2% of all radar images close ttné North

Sea coast, but rarely evolve further south. Similar results arvident for the
other cut-o s.

It is also apparent (especially forp = 1, Figure 3.9) that the spatial
distribution of the frequency of occurrence of rain areas isohsmooth but
marked by some pixels with a much higher frequency of occuri@n than
surrounding pixels. The observed e ect is most likely due to clter still
present in the radar images as described in section 2.2.3.

The fact that the frequency of occurrence of deep convecti@mver the
investigated domain varies in space is most likely due to orograic ef-
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Figure 3.9: Spatial distribution of the frequency of occurrence of rain areas withp = 1
( =19dBz).

fects. Many authors report that roughness length changes beten ocean
and land (Alestalo  and Savij arvi 1985;Roeloffzen et al. 1986;An-
dersson and Gustaffson  1994), as well as e ects from sea breeze circula-
tions (van de Berg and Oerlemans 1985;Wakimoto and Atkins 1994,
Atkins et al. 1995;Kingsmill  1995; Wilson and Megenhardt 1997;
Bennett et al. 2006), can profoundly enhance convective activity. This is
clearly re ected here by the more frequent occurrence of raiareas close to
the coast.

To check now whether or not the PND di ers in di erent regions d the
investigated area, four domains were investigated. They haeenorth-south
extension of 200 km and an east-west extension of 600 km. The locatof the
domains is shown in Figure 3.11. Domain 4 covers the coastal imgwhere
the largest numbers of rain areas with high peak numbers weretdcted.
Domain 1 is located over Southern Germany where only few l&gain areas
were found. The other domains cover the transition of the Nor#rn German
low lands to the Central German highlands (Domain 3) and the ighlands
(Domain 2). For each of the domains, the PNDs and their parameate ¢y
and dy (Equation 3.1) were calculated. The resulting PNDs are displag in
Figure 3.12. It can clearly be seen that, despite the great regial di erences
in numbers evident in Figures 3.9 and 3.10, there are only srhdi erences
between the relative frequencies. This is also con rmed by thegarameters
deduced for the PNDs, which are listed in Table 3.2.

The observed likeness between the PNDs and the di erential in éhfre-
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Figure 3.10: Spatial distribution of the frequency of occurrence of rain areas with 32
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Table 3.2: Coe cients of Equation 3.1 for the PNDs of Domain 1-4. The curves were
tted to data pointsof 1 p 18.

Domain Co do r
1 0.57 -2.24 1.00
2 0.62 -2.32 1.00
3 0.60 -2.26 1.00
4 0.59 -2.23 1.00

guency of occurrence of rain areas with di erent peak numberallows the
conclusion that orography has the same e ect in the whole invagated do-
main. This is in strong contrast to the change in terrain betweae the coast
and the Alps in general, but also the soil heterogeneity in padular.
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Figure 3.13: Diurnal variation of the average total rain area Ay for four dierent
cut-os. The solid lines represent the corresponding data assembled from the rst four
frequencies of their Fourier transform. A detailed list of the relevant parametersis given
in Appendix B.

3.2 Size of the Rain Areas

Not only the numbers of rain areas and re ectivity peaks, respéeely con-
vection cells, are of interest, but also their spatial extensiorin the following
various parameters related to the size of the rain areas wilkebevaluated.

3.2.1 Diurnal Variations of the Total Rain Area and
Related Entities

The diurnal variation of the average total rain areaAa (See section 2.3.1)
is given in Figure 3.13. Similar to the total number of re ecivity peaks and
rain areas (cf. section 3.1.1), the total rain area also foll@a typical cycle
of convective activity with a maximum shortly after local nom. All four
data sets presented in Figure 3.13 show identical behavior. Thiéscrepancy
between Ay at night and at noon is quite large. Typically, there is a
vefold increase of Ay between those two points of time. In the evening,
the convective area quickly decreases towards the minimumoamd midnight.

The observed diurnal behavior is a clear consequence of therdal cycle
of convective activity (see Section 3.1 for a detailed explation). As rela-
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tively few rain areas are present in the morning, their combed size is small
as well. This changes rapidly towards noon when more rain a® develop
and the area covered by them increases, too. This is followed bymore
gradual decrease in the evening, typical for convective adty ( Garreaud
and Wallace 1997).

The main di erence between the four cut-os is that the total area is
the smaller the higher the cut-o. This is a consequence of théhteshold-
ing process. For = 7dBZ the average maximum extent is approximately
85000 knt while it is only about 5000knt for = 37dBZ. Close inspection
of the area values close to midnight reveals that there is a diepancy (about
10000knt for = 7dBZ) between the end and the beginning of the time
series. This results from the fact that single days and not consdme ones
were analyzed. Therefore, the time series are not necessarigripdic.

3.2.2 Diurnal Variation of the Average Rain Area Size

Data of the total area (Awta , S€€ above) and the numberNa, see section
3.1.1) of the rain areas can be combined to gain insight into ¢haverage size
of each rain areaA, (cf. section 2.3.1) and its development during the day.
Figure 3.14 shows that the average size of the rain areas rengaimost con-
stant during the day for 19 dBZ. However, there is a noticeable exception
in the evening, when the average size of the rain areas is somatMarger
than during the rest of the day. These slightly larger sizes coiiute with the
most active decay phase (see e.g. Figures 3.13, 3.1 and 3.2). Tifieecycle of
the Cbs provides an explanation for this observation. The h@ontal extent
of the area with precipitation particles within the deep comecting cloud is
smaller for a mature Cb than for one in the dissipating stage (seedtire 1.1
and Section 1.1). This is due to transport of precipitation péicles within
the cloud and, especially, the weakening updrafts which caonprevent pre-
cipitation from falling towards the surface within the wholecloud. Hence,
the radar records a larger rain area during the dissipating staghan during
the stages before. As the fraction of dissipating Cbs is the laigein the
evening, the average size of the rain areas is slightly incredse

Only for = 7dBZ, a much strong variation is noticed. This is a conse-
guence of the characteristics of the diurnal cycle of the nurab of rain areas
for that threshold (Figure 3.1), for reasons already stated alve. The aver-
age size of a rain area with = 19dBZ is 230kn?, 100kn¥ for = 28dBZ
and 50kn? for = 37dBZ. This translates to average diameters of their
equicircle areas of 17 km, 11 km and 8 km, respectively.



50 CHAPTER 3. RESULTS

1400

1200

1000

800

A [km?]

600

400

200 1EHEE S S e

UTC hours

Figure 3.14: Diurnal variation of the average area per rain areaA; for four di erent
cut-os. The solid lines represent the corresponding data assembled from the rst four
frequencies of their Fourier transform. A detailed list of the relevant parametersis given
in Appendix B.

3.2.3 Diurnal Variation of the Average Area Per Peak

The same analysis can be accomplished for the average area okcéivity
per peak Amax). This is equivalent to the average size of the convection
cells inside the rain areas. The result is almost identical to thaobtained
for the average rain area size (Figure 3.15). A slight variatinis observed.
The convection cells are slightly smaller at night and in the nmaing than
later in the day for the reason given in the previous section. ®ir average
size is approximately 260krh ( = 7dBZ), 135km? ( = 19dBZ), 85km?

( =28dBZ) and 48kn? ( = 37dBZ). Converted to equicircle diameters,
their size is 18 km, 13km, 10km and 8 km, respectively. This is iven line
with the values of the average size of a rain are&() and the mean number
of peaks per rain arearf;). As A, n,=n, = Ana, the average area per
re ectivity peak can also be calculated from the other two pameters. E.g.,
if the average rain area has a size of 230 krand there are 1.7 peaks per rain
area, the mean area per peak must consequently be 23FKi7=135km?,
approximately.
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Figure 3.15: Diurnal variation of the average area per peakAnax for four dierent
cut-os. The solid lines represent the corresponding data assembled from the rst four
frequencies of their Fourier transform. A detailed list of the relevant parametersis given
in Appendix B.

3.2.4 Rain Area Size Distribution

In the preceding section, the average size of the rain areas, ttenvection cells
and their diurnal behavior was investigated. All that was dondor the bulk

data, not distinguishing between rain areas with the same pealumber. In

this section, the area of the rain areas will be analyzed for@apeak numberp

separately to calculate the rain area size distribution (RASD)The equicircle
diameter D; of the rain areas is used instead &;, to be able to compare the
results presented here with those from other studies (see sectiod)1 Again,

the data presented here are for a cut-o of = 19dBZ.

The size distribution Pp(D) for the equicircle diameters and various values
of p is displayed in Figure 3.16. Each of the distributions has a disict
maximum and overlaps neighboring distributions. As expectedain areas
with p = 1 have the lowest average size. The average size then increasils w
increasingp. This is also the case for the other cut-o s. Tests reveal that ehc
of the distributions can very well be tted by a log-normal furction (Equation
2.15) as reported byMesnard and Sauvageot (2003). These functions
are also shown in Figure 3.16. The quality of the t is best for smhp and
deteriorates towards large peak numbers. Again, this is a coasence of the
limited number of data available for rain areas with a large @ak number.



52 CHAPTER 3. RESULTS

S~ OO W — |

([ [ e T
\\\X\\\\\\\\\\\\\\\\\\\\\\\\\\\\

X+ oD>0OO0O A
N — —

© T VO

0.08

relative frequency

0.06

0.04

0.02

0.00

0 20 40 60 80 100
diameter [km]

Figure 3.16: Size distribution P,(D) of the equicircle diameters for six values ofp and
=19dBZ. The solid lines represent the corresponding tted log-normal functions. The
distributions were normalized for each peak number.

The parameters of the log-normal functions were computedgalescribed in
Section 2.3.1, Equation 2.16 and 3.4) up tp = 100.

The parameters , and ,for =19dBZ are plotted as functions ofp in
Figures 3.17 and 3.18 (data of the other thresholds are availa in Appendix
D). Itis found that ,can be tted by a power law:

o= C ph: (3.4)

The quality of the t is very good as the high correlation ofr > 0:96
proves (Table 3.3). This is less clear for,. The data points are not situated
on a straight line as would be expected for a simple power law. ®rfor
p > 30, a power law can be assumed. Thorough inspection of the powaw |
for p > 30 and the deviations of the observed data fqp! 1 reveals that
these deviations can very well be reproduced by another powaw, yielding
a product of two power laws for the whole data set. It is of the flmwing
form:

0= C pP@l c p®): (3.5)
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The tto the data using Equation 3.5 gives very good resultsR > 0:99) over
the whole range ofp. The calculated parameters are all given in Table 3.4.
The whole procedure can also be undertaken for the area of thear areas,
instead of the equicircle diameter. Not surprisingly, the resutobtained for
Pp(A) are basically the same, as the equicircle diameter is a simplerts-
formation of the rain areas' area itself (Equation 2.3). The devant gures,
data and parameters are all given in Appendix D.

Equations 3.4 and 3.5 can now be plugged into Equation 2.15 taally
obtain Py(D):

(InD ¢ p2(1 ¢z p%))? .
2 p '

1

PoD) = 5o iP5 O (36)

The results presented here are very well in line with those dflesnard
and Sauvageot (2003). The parameters for ,reported by these authors
deviate only slightly from the ones listed in Table 3.3 as dieznt cut-os
are used here. However, there are also marked di erencddesnard and
Sauvageot (2003) found a simple power law to represent,. Here, a com-
bination of two power laws ts the data as shown above. This disepancy
is most likely due to the fact that the aforementioned authorsould only
use peak numbers up to aboup = 20, resulting from the much smaller
area accessible by a single radar compared to a network of radaas, used
here. A close inspection of the gures presented in the paper Ibfesnard
and Sauvageot (2003) reveals, however, that a combination of power laws
would have been more appropriate to use in there case, too.

Like for the PND, physical causes for the occurrence of the logimal
frequency distributions observed here are dicult to nd. Genrerally, log-
normal functions are frequently found to describe the frequey distributions
of parameters related to precipitation. The log-normal fuation describes the
size distribution of tropospheric clouds and their nearest ndipor spacing
(Mapes and Houze 1993; Lopez 1977; Houze and Cheng 1977; Ali
1998; Joseph and Cahalan 1990; Sengupta et al. 1990) as well as the
amount of rainfall (Biondini 1976). This also applies to the area, volume
and height of thunderstorms Potts et al. 2000). Raymond (2000) and
Raymond (1997) show analytically that di erential equations for rehtive
humidity can yield solutions with log-normal distributions a well, providing
a possible explanation why this type of distribution is so oftenlwserved in
cloud and rain statistics.

Lopez (1977) also gives some examples when log-normal distributions
occur. They are observed in systems that grow by tHaw of proportional ef-
fects It applies to variates whose change at any step of a process isaadom
proportion of the previous value of the variate. Under the assuption that
the change at each step is small, one can obtain an equation thentral-limit
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Figure 3.17:  Parameter ,as a function of peak numberp for =19dBZ. The dashed
line shows the power law t for p > 30, the solid line represents the tted data of Equation
3.5.

theorem can be applied to. It says that a variate Ix that is in uenced by

many small and unrelated random e ects is in the limit normal distrib-

uted and, therefore,x is log-normally distributed (Lopez 1977). Therefore,
if one assumes that the rain areas grow by the law of proportioha ects,

a log-normal size distribution can be expected. But, only if th change in
size is small from step to step. That is just what is observed. Log-moal

behaviour was detected for each single peak number, but not fine whole
population. Because as soon as two rain areas merge, their peaknbers
change. The change in size at this step is not small as is demandsdthe

law of proportional e ects, at least not for the smaller of the tvo rain areas.
Therefore, the rain areas investigated here are consistent wisuch a growth
model.

Equation 2.18 provides a direct link between the parameters, and
of the log-normal function and the mean values of the considst variables
area and equicircle diameter of the rain areas, respectivelAs , and ,
can both be expressed by power laws, it is possible to calculate thean
diameter D, and the mean areaA, of a rain area for a given value op.
Substituting , and , in Equation 2.18 yields:

Xp=€exp & p2(1 ¢ p®)+ %pml ; (3.7)
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Table 3.3: Coe cients of Equation 3.4 for the various thresholds. Data of 2 p 7
were used for the t.

[dBZ] Cy dl r

7 0.42 -0.40 0.99
19 0.40 -0.39 1.00
28 0.39 -0.40 1.00
37 0.33 -0.36 0.96

Table 3.4: Coe cients of Equation 3.5 for the various thresholds. Due to the limited
number of data no tfor = 37dBZ was possible.

[dBZ] C C3 d2 d3 r

7 3.31 0.30 0.10 -0.93 1.00
19 3.10 0.35 0.11 -1.15 1.00
28 298 0.34 0.13 -1.20 1.00
37 S
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Figure 3.19: Mean diameter D, of the rain areas as a function ofp and for three di erent
thresholds. The lines show the corresponding computed data, using Equation 3.7.

wherex, can be eitherD, or A, with their corresponding parametersc,
andd, (n=1;2;3; cf. Tables 3.3 and 3.4 and Appendix D). The computed
mean diameter of the rain areas can, therefore, be comparea the one
obtained from the data directly. The values deduced from Equion 3.7
match the observed ones very well (Figure 3.19), proving thahe derived
power laws for the parameters, and |, are suitably chosen. The equivalent
diameter of the rain areas quickly increases from about 10 krp € 1) to more
than 200km forp > 100. The latter corresponds to an average area of each
rain area of approximately 30 000 krh (the size of the German land North
Rhine-Westphalia).

Also of interest is the average area associated with each peak. para-
meter can be obtained simply by dividing Equation 3.7 by the pgk number
p. The result using the computed data and the corresponding obsations
are presented in Figure 3.20. Two features of the observed datee imme-
diately apparent: Firstly, the average area associated with agak strongly
increases betweep = 1 and approximately p = 10. Secondly, abovep = 10,
the increase in size is almost absenf,=p changes from approximately 230
to 280 kn? betweenp = 10 and p = 100. The computed data match the
observations to a large extent, even though there are some disgancies for
peak numbers of about 20. A very similar behaviour is also obsetvfor the
other cut-o s (see Figure 3.20).
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Figure 3.20: Mean area associated with each peak as a function qf. The lines show
the corresponding computed data, using Equation 3.7.

3.2.5 Rain Area Size Distribution Without Peak Num-
ber Distinction

The parameters acquired for the PND and RASD can be used to calaté
the RASD independent of the peak number. The frequendy(p; x) of a rain
area with p peaks and area or diameter D within the whole population is
given by the RASD P,(x) weighted with the frequency distribution P (p):

P(p;x) = Pp(x) P(p); (3.8)

where x can be substituted by eitherA or D. The intended rain area size
distribution P(x) is then obtained by summing over all values gb:

Biax
P(x) = Po(x) P(p): (3.9)
p=1

Inserting Equations 3.4, 2.15, 3.5 and 3.1 nally yields sizeistributions
P(A) and P(D):
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Now, the so determined distributions can be compared with the wict
determined ones using the original data sets. Figure 3.21 visizals the re-
sults for the area of the rain areas (Equation 3.10; = 19dBZ). Both data
sets agree very well. There are only slight deviations in the mge between
100 kn? and 500 knt. These deviations can be traced back to the mismatch
of parameter , for p = 1 (cf. Figure 3.18). The t delivers a , that is
smaller than observed leading to a frequency distribution of #hsingle cells
that is narrower than the observed one. This results in a too smahum-
ber of large rain areas with one peak. As a consequence, there to few
rain areas in the size range stated above. The increasing misntatbove
approximately 4000 kn? is, once again, due to the low numbers of rain ar-
eas available in that range of sizes. The properties of the digtutions for
other cut-o s closely resemble those presented here (Figure DibAppendix
D). That also applies to the distribution of diameters (cf. Figire D.6 in
Appendix D).

Equation 3.10 can also be used to analyze which population ofetlrain
areas dominates a certain size range by summing over selectetli@a of p
only, instead of allp. The result is displayed in Figure 3.22. It is found that
most of the rain areas below about 200 kfnare single peaked. This limit is
slightly shifted for other cut-o's. Large rain areas with areasA > 10* km?
usually have a peak number larger than 32. The match between s#yved
and calculated data is very good. Though, there is some discesmy for
the transition betweenp = 1 and 2 p < 4. An explanation for this is
easily found in the mismatch between the observed, for p=1 and the one
modeled using Equation 3.4 (cf. Figure 3.18) as already exlad above.
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Figure 3.21: Rain area size distribution for =19dBZ. Crosses denote calculated data,
while the observed data are shown by squares (bin size: 32 Km
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Figure 3.22:  Distribution of the frequency of various rain area populations = 19dBZ.
The lines show the corresponding modeled data.
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3.3 Distances Between Peaks

In the previous sections parameters related to the size of thaim areas and
the number of convection cells were analyzed. Now, the distase; between
the cell centers within a rain area are investigated. They pwide valuable
information on where convection cells emerge in relation taiready present
ones and if, e.g., there are di erences between large clus@nd smaller ones.
It could be hypothesized that larger clusters can enhance theedklopment
of secondary convection more e ciently through stronger or me@ numerous
cold air out ows.

Ali (1998), Sengupta et al. (1990), Joseph and Cahalan (1990) re-
port that the nearest neighbor spacing of cumulus clouds folie a log-normal
distribution. It is therefore tested whether or not this type d distribution
governs the distances between centers of the radar observedweztion cells
as well.

To prove or disprove the hypothesis formulated above and to alyae the
frequency distribution of the spacings between the cells, thesarest neigh-
bor distribution (NND) was computed (see Section 2.3.1). It incides the
distances between the peaks and their nearest neighbor. Thestdibution
was computed for each peak number separately. Naturally, thesan only be
performed for rain areas withp 2.

3.3.1 Nearest Neighbor Distribution - Peak Number
Dependence

Each peak in a cluster withp 2 has a nearest neighbor and can be assigned
a distance to that neighbor (see Figure 3.23). All these distancesre used
to compute the NND. The whole process was undertaken for each geam-
ber separately. The resulting distributionsPyy (E) of distancese; for four
selected peak numbers are presented in Figure 3.24. Surprigmghere are
no large di erences between the NNDs fop = 2;5;10 and 50. Each distrib-
ution is marked by a steep increase towards a distinct maximumade to a
distance of 10 km. The distributions then drop o more graduall towards
larger distances. It is also apparent that nearest neighbor spags above 30
km are very rare.

These distributions can again be tted very well by log-normafunctions,
as Figure 3.24 implies. It is con rmed that the NND does not vary geatly
despite the very di erent peak numbers by calculating the paameters , and

p for each of the log-normal tting functions. The parameter , is indeed
more or less constant over the whole range of peaks (Figure 3,2plying
that the mean value of the distribution does not change with spect to p:

p = const = Cs: (3.12)
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Figure 3.23: A rain area with p = 30. The connecting lines between the cell centers
(black dots) represent the sides of the triangles resulting from the Delaunay trimgulation.
The thick black lines denote the connections between a peak and its nearest neighbor.
They constitute the NND.

p on the other hand shows a di erent behaviour as it slightly de@ases
with increasing peak number. It is found that it can quite wellbe tted by
a function of the following form (cf. Figure 3.26):

p=Cs dslogp; (3.13)

A decreasing ,, with increasing peak number has the e ect that the NND of
a cluster with a high peak number is narrower than that of clustewith low

p. That means that small nearest neighbor spacings are more freup in the
rst case than in the latter. This is consistent with the hypothess formu-
lated above. It is also con rmed that a log-normal distribution governs the
frequency distribution of E as observed by authors listed above for cumulus
clouds, even though the scales of the investigations are veryedent. That

a log-normal distribution is found here as well is likely duea the fact that
small cumulus clouds and deep convective clouds originaterin the same ba-
sic processes. However, all these authors do not give physical readon the
occurrence of the log-normal distribution. Probably, the pscesses described
in Section 3.2.4 give at least some possible explanations.

The parameters , and , for the various cut-o s are all listed in Table
3.5. The results are about the same for the other cut-o s. Againf was not
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Table 3.5: Coe cients of Equation 3.12 and 3.13 for the various thresholds. The maxi-
mum peak number (Pmax ) used for the tis given as well. Due to the limited number of
data, no tfor =37dBZ was possible.

[dBZ]  Pmax Cq ds R Cs

7 50 0.44 -0.036 0.83 2.44
19 50 0.42 -0.033 0.65 2.44
28 20 0.41 -0.025 0.46 2.41
37 - - - -

possible to compute parameters for = 37 dBZ as only data up to about
p = 15 were forthcoming.

Above, NNDs were analyzed for each peak number separately. Theol
process can also be undertaken without distinguishing betweeaim areas
with di erent peak numbers. This results in a NND for the whole ran
eld instead of a NND of a certain rain area type. This distribution is also
displayed in Figure 3.24. Not surprisingly this distribution is \ery similar to
the NNDs of certain peak numbers. This is because it basically ise¢hsum
of all the peak numbers' NNDs. The parameters, in this case is 2.409 and

p = 0:385. These values are very close to the ones found for the NNDs
described above.
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Figure 3.24:  NND for four di erent peak numbers (gray, = 19dBZ) and independent
of p (green). The lines show the corresponding tted log-normal functions.
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Figure 3.25:  Parameter , for the NND as a function of peak number ( = 19dBZ).
The line shows the average value of p.
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Figure 3.26:  Parameter , for the NND as a function of peak number ( = 19dBZ).
The line shows the corresponding tted function (Equation 3.13).
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3.3.2 Nearest Neighbor Distribution - Diurnal Varia-
tion

The NNDs were also analyzed with respect to their diurnal variabn. The
NND independent of peak number (see previous paragraph) was ska rep-
resentatively to display the results which are almost identicafor the other
peak numbers (as in the previous section). The NND was calculdtdor
hourly periods, i.e.it includes data from the radar images d@, 15, 30 and
45 minutes past each hour. The resulting 24 distributions are splayed in
Figure 3.27. It is apparent that the distribution does not chage much. The
location of the maximum is close to 10 km and the di erence in ght of the
maximum is only 0.025. For each of the distributions ,and ,were derived
and plotted in Figures 3.28 and 3.29. The variation of ;which determines
the location of the maximum of the distribution is minimal andtranslates to
a variation of 400 m compared to a spatial resolution of the radar images
of 2 km. Parameter ,diverges a bit more from the mean value , but this
deviation is still small. The average values of the parameteese , = 2:40
and ,=0:387.

That the NND does not vary over a day implies that the overall strature
of the rain eld and the rain areas does not change. Interestyly, it was
observed (Section 3.2.3) that the average area per peak isger in the after-
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Figure 3.27:  NNDs independent ofp ( = 19dBZ) for 24 hourly periods (gray) and the
NND for the combined data (black). The lines show the corresponding tted log-normal
functions.
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Figure 3.28:  Parameter , for the hourly NNDs (independent of p, = 19dBZ). The
dotted line shows the average value of .

noon. This does obviously not coincide with an increase in distee between
the convection cells and reinforces the assumption that a laeg fraction in
the afternoon of decaying convection cells is responsible.
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Figure 3.29:  Parameter | for the hourly NNDs (independent of p, =19dBZ). The
dotted line shows the average value of .
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Figure 3.30: U? plotted over area A. The symbols represent the average values for
certain size classes. The type of symbol indicates the fraction of unicellularain areas
within that size class (black circles: >80%; triangles: 50% to 80%; squares 50%). The
solid line shows the regression line for a fractal dimension ad = 1:19 and the dashed line
d=1:67.

3.4 Fractal Dimension

As already described in section 1.4, the fractal dimension prol@s informa-
tion on how contorted the perimeter of a structure is comparetb its area
(the so-called area-perimeter relation or A-P relation). Acadling to Love-
joy (1982), the fractal dimension is also useful to distinguish betwa a
"small scale" (size< ) and a "large scale" (size> ), if di erent values for
the A-P relation are observed for area 2 and area> 2. In the literature,
many di erent values of the fractal dimension of radar and satéte observed
rain and cloud elds are reported (see section 1.4). It is the ppose of this
section to determine the fractal dimension of the rain areas alyzed in this
thesis, to be able to compare it to the values reported by other isntists.
Also, the existence of di erent scales is checked for.

From the perimeter U and the areaA of the rain areas, their fractal
dimensiond can be deduced (cf. Chapter 1.4).U and A were computed
for each rain area, as described in Chapter 2.3, and plotted &¥ over A
in Figure 3.30 for a cut-o of 19 dBZ. Obviously, the data poins are not
randomly distributed, but are fairly well aligned along a lire with a slope of
1.35 in the double-log plot. This slope corresponds to the fri@t dimension
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of the rain areas (see section 1.4). Another feature is immedady evident
as well: The fractal dimension is not constant over the whole nge of sizes.
Below approximately A = 300 km? the slope is lower than for areas larger
than this threshold. Such behaviour is also observed for the athcut-o s.
To aid comparability, the average values for certain size daes of rain areas
are shown as well. It is found that the fractal dimension igl = 1:19 for
small rain areas up to a size of about 100 Kivand increases tad = 1:67 for
A > 1000knt (d = 1:75 for = 7dBZ and d = 1:55 for = 28dBZ and

= 37dBZ). The break diameter is found to be approximatelyD, = 20 km
(A =300 km?, see above).

The type of the symbols used for the representation of the avermgalues
of the size classes indicates the fraction of unicellular raimeas in that range
of sizes. It can clearly be seen that the change in fractal dimeosibetween
A =100km? and A = 1000 kn?* goes along with a decreasing fraction of rain
areas withp = 1. This can even more clearly be identi ed in Figure 3.22.

It was stated above that such a change in fractal dimension is éitly
related to the existence of "small scale" and "large scale" struates. In this
case the analysis clearly shows that the two di erent fractal dnensions found
are closely linked with unicellular and multicellular rain aeas (see above).
Therefore, the single cells can be considered to be the builgiblocks of the
"large scale" clusters. The lower fractal dimension of the singleells also
means a less contorted perimeter, which indicates that the gjle cells are
rounder than the multicellular clusters.

All these results are consistent with those obtained byenner and
Curry  (1998) who found fractal dimensions of :08 < d < 1:29 for small
clouds fractal dimensions of 27< d < 1:73 for larger clouds. These authors
as well asCahalan and Joseph (1989), Sengupta et al. (1990), Kuo
et al. (1993) andBenner and Curry (1998) attribute the di erence in
fractal dimension to unicellular (smalld) and multicellular (large d) systems.
This is con rmed here for radar observed clouds (see abovéjlesnard and
Sauvageot (2003) also nd larger fractal dimensions for multi-peaked ria
areas compared to their single-peaked counterparts. Why cldsi and rain
areas have an average fractal dimension df= 1:35 is not known so far.



Chapter 4

Conclusions, Limitations and
Outlook

4.1 Conclusions

This phenomenological study of radar observed post-frontal e convective
cloud elds was performed using radar composite images proeid by the
DWD. They enabled to investigate rain elds over scales so far h@overed
by other studies. It provides new insight into some of the phenoma studied
in the past, con rms results obtained by other researchers ands® improves
these results.

Many of the aspects observed during the investigation of the sttture
of the post frontal convective rain elds are well known phenmena and can
mainly be explained by the change of insolation during the dayThese are
e.g. the diurnal cycles of the numbers of rain areas and themwtal size, as
well as the number of rain areas, respectively deep convectioells, as was
initially hypothesized. The maxima of all these diurnal cycle were found to
occur in the early afternoon, about two hours before the ocomence of the
maximum surface heating. It is reported by other studies thathe timing of
the maximum of convective activity over land is mainly in uenced by surface
heating, but can be strongly modi ed by many other factors imprtant for
the initiation of deep convection (see Sections 1.1, 3.1.1aB8.2.1). These
factors might probably explain the observed time di erenceThe dominating
e ect of surface heating is further reinforced by the fact thathe timing of
the cold front passage has no preferred time of day. It could bgpected that
the maximum occurrence of deep convective cells and their rimum extent
is found some time after the passage of such a front (related to dléaing
trough, for example) which is clearly not the case here.

The diurnal cycle of the average area per peak/rain area shaivéhat a
not well pronounced maximum occurred in the late afternoonduring the

68
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time of day when peak numbers and rain area numbers declinestbtrongest.
The observed maximum is likely a consequence of the life cyctdshe deep
convection cells. They begin as small objects, but end as largetended
objects (see Sections 1.1 and 3.2.2).

It was discovered, for the rst time, that the average number ofdeep
convection cells is near constant over the day. This characigtic is a direct
consequence of the self similar frequency distribution of the palation of
rain areas, the power law (see Section 3.1.3).

As shown in Section 3.1.2 the maximum numbers of peaks variedhveen
only 29 and more than 400 on the 39 investigated days. It was notigpose
of this study to investigate the causes for these large di erense However,
in the introduction it was outlined that a whole range of facbrs in uence
the triggering of convection, like density strati cation, large scale lifting,
orography, temperature and moisture variations at the surfag roughness
length changes between ocean and land, as well as local dation systems.
The combination of all these factors and their complex intexdion determine
where, when and how many deep convective systems emerge. T@sgtigate
which of these factors or combination of factors has the largiee ect remains
to be analyzed by future phenomenological studies (as is cently done in the
frame of a Diploma thesis at the Institute of Meteorology and @natology
of the Leibniz University of Hannover) or through modeling.

Despite the large day-to-day di erences in total numbers ofain areas,
the population of rain areas, with respect of their peak numbep, always
shows scale-free behaviour, ie. it is self-similar. The valuektbe exponent
of these power laws are well within the range observed by othezsearchers
(eg. Mesnard and Sauvageot 2003, see Section 1.4). It does not matter
whether hourly, daily or seasonal data are considered, powena are found
to represent the frequency distribution of peak numbers (the ®D) very well
(Sections 3.1.2, 3.1.3 and 3.1.4). The physical causes forsthiehaviour are
not known. Such an investigation is beyond the scope of this this.

However, it was possible to extend the investigated range by alioone
order of magnitude compared to other studies. Also, it was shownrfthe
rst time that the PND is a power law down to temporal scales of hots.
Interestingly, it was discovered that the average PND does notawy over a
large area and is the same at the coast as well as at the Alps desite very
di erent orographical features and surface inhomogeneise(like land use,
vegetation etc.). The e ect that these features have on the fye population
seems to be homogeneous for the whole investigated domain. bsalute
numbers of rain areas are considered, there is a clear e ecttbé coast (see
Section 3.1.4). There, convective activity obviously getsxdanced as could be
expected from processes like roughness length changes and seeze e ects
(cf. Section 1.1).

To nd the physical causes for the occurrence of the scale freestiibu-
tion of the peak numbers was beyond the scope of this study. Howeeyit is
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reported that extended dissipative dynamical systems (like R&igh-Benard

convection, see Section 1.4 and 3.1.2) exhibit such behaviolithey are an

SOC system. The temporal ngerprint of such a system, =if -noise, was
looked for, but not detected, however. It is recommended taifther investi-

gate the possible presence offl-noise in future studies to nd out whether
or not post-frontal convection is an SOC system.

Besides power laws, log-normal functions also turned out to deibe very
well some aspects of the population of rain areas. That applies the area
distributions of rain areas with a certain peak number (RASD, &ction 3.2.4)
and also to the distances between the peaks (NND, Sections 3.3.1)

In the past, only one publication byMesnard and Sauvageot (2003)
describes an investigation on rain areas with peak number demence. Their
results (see Section 1.4) are partially con rmed here. Theypb, found log-
normal functions to be suitable to describe the RASD. Also, they dgcovered
that the parameter ,,which is the standard deviation of the log-normal dis-
tribution can be described by a simple power law (cf. Section4). However,
due to the much smaller size of their investigated domains theyane not able
to compute the RASD for peak numbers higher than aboup = 20. This
range is extended here by about one order of magnitude. As a sequence, a
slightly di erent function was found to be the best match for ,,. Here, it is
a combination of two power laws and not a simple power law. Agaiit was
beyond the scope of this thesis to attain physical causes for theonrrence
of the log-normal distribution. Possible reasons for its origimre given in
Section 3.2.4 (e.g. law of proportional e ects).

The RASDs and the PND were used to assemble the RASD without
peak number distinction, following the procedure describedybMesnard
and Sauvageot (2003). As the correlations for the ts to the parameters
describing the RASDs and the PND were all in the range of above 0ifis
not surprising that the nal computed result matched the observiions to a
high degree, too (see Section 3.2.5).

It was also found that the area associated with a peak is smallen flow
peak numbers than for the large ones (Section 3.2.4). A reastor that
could be the growth of the single convection cells. A newly ford cell is
naturally smaller than a cell at a more mature stage. For a growg cell it
becomes more and more likely that it gets incorporated into @uster of cells
as its area grows. Though, for rain areas witlpp > 10 the average area per
peak does not change much any longer. The likely explanatigthat within
such a cluster of convection cells cells of various age are preseéSome of
them are still growing, but, some are already decaying. It seentisat some
equilibrium state emerges where the average area per peak ams roughly
constant within a cluster of cells. Proving this assumption is dicult as it
would require to track each single deep convection cell withia cluster and
to determine its size. This question is left to future research.



4.1. CONCLUSIONS 71

The fact that the area of a peak is roughly constant also means, asuld
be expected, that the more peaks a rain area has the larger s iTherefore,
the dierent types of rain areas dominate di erent scales of ge (Section
3.2.5). Eg. 80% to 100% of the rain areas below approximate®d0 kn?

( =7 dbz) have p = 1, ie. they are single cells. These results helped to
explain the detection of clearly di erent fractal dimensiors for unicellular
and multicellular rain areas.

The fractal dimension provides a measure on the "wigglyness" ol
perimeter of the rain areas with respect of their area. It was skwn (Section
3.4) that the fractal dimension of small rain areas is lower thathat of large
rain areas. Such a change in fractal dimension is a clear indica of the
presence of two distinct populations l(ovejoy 1982). It has been shown
in the past (see Section 3.4 that these two populations are uniledar and
multicellular clouds. In this case, the lower fractal dimensits can clearly be
tracked down to the rain areas withp = 1 as they dominate just that range of
sizes where the low value dd was detected. The high values dD are found
in the size range where more than 80% of the rain areas consist dleast
two convection cells, i.e. they are multicellular. This proes that the results
found from satellite image analyses of clouds are valid for tmadar observed
rain areas as well. The values of the fractal dimensions forehdi erent rain
area sizes are well within the range reported by other scientss{cf. Section
1.4 and 3.4).

Distances between cumulus clouds were frequently analyzedthe past
(see Sections 1.4 and 3.3). Here, for the rst time, the distancdmsetween
the centers of deep convection cells observed by radar are gaeted. Like
the distances between the satellite observed clouds, the distascshow a log-
normal frequency distribution (see Section 3.3). The frequen distribution
was also calculated for each peak number separately, with anmalst iden-
tical log-normal function for all the peak numbers. This is incontrast to
the RASD, where each peak number had a log-normal distributictihat was
markedly di erent from those of other peak numbers due to thenicreasing
size of the rain areas with increasing peak number. The sum of {ogrmal
functions with di erent standard deviations and means does @t result in
another log-normal function. Therefore, the frequency disbution of the
RASD independent ofp was not log-normal (cf. Section 3.2.5). In the case
of (near) identical standard deviations and means, the sum ofdenormal
distributions yields another (near) log-normal distribution. This fact could
explain why log-normal functions were found to represent theearest neigh-
bor distributions of clouds in earlier studies, even though thenulticellular
character of cloud clusters was not considered.

The diurnal variation of the distances between the convectiocells was
also analyzed (Section 3.3.2). Interestingly, it was discowed that the NND
remains nearly constant during the day. This implies that theoverall struc-
ture of the convective rain eld does not change even thoughé average
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area per convection cell was found to be larger in the afteran. These ob-
servations reinforce the assumption that a larger fraction ofataying rain
areas is the cause of the afternoon increase in rain area size e ay-to-day
variations of the distance distribution still remains to be anlyzed, however.

Finally, it can be stated that a small number of parameters is sucient
(for a given threshold value ) to describe the basic characteristics of the post-
frontal showers. For the size distributions eight parameters amecessary (see
Equations 3.10 and 3.11) while only three su ce for the distanes between
the peaks (see Equations 3.12 and 3.12). The diurnal variatis of the total
rain area, the absolute numbers of convection cells and thehetr related
parameters can very well be reproduced by the rst four frequreies of the
FFT.

4.2 Limitations

The study performed here had some limitations. Firstly, the radacomposite
images that were available consisted of a six-step re ectivity ate. It made
the detection of re ectivity peaks more di cult compared to a "continuous”
re ectivity distribution. The errors in the numbers of deteded peaks were of
the order of 10% as layed out in Section 2.3.1. It is thereforecommended
to repeat the study using the PZ-Product of the DWD with a re ecivity
resolution of 0.5 dBZ and a spatial resolution of 1 km. Then, the sipe
of the observed structures (like ellipticity) and the amount 6 precipitation
could be taken into account as well. Partially, this is alredy done within a
DFG project conducted at IMuK.

The manual segmentation of the radar images limited the numbeof
convective situations that could be investigated. It would belesirable to
develop an automated approach like the use of neural networksee e.g.
Walther and Bennartz 2006). Then, a much larger number of radar
images could be analyzed and the statistical basis for high rarates would
get much improved.

As is the case for most phenomenological studies, it is dicult to d-
termine the exact physical causes of the observed charactewstiof the rain
elds and rain areas. Nevertheless, many of the observed charattécs are
in line with the e ects that various physical processes have (psented in the
Introduction). The complex interaction of processes involeein the initiation
of deep convection makes in necessary, however, to use modelsvestigate
these interactions further.
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4.3 Summary and Outlook

This study investigated features so far not analyzed in previsustudies, like
PNDs down to a temporal scale of one hour and nearest neighbor distes
of convection cells observed by radar. The use of radar compesitmages
obtained by a network of radars allowed to extend the resultd other studies
by about one order of magnitude. Furthermore, it con rmed ad clari ed
earlier results which were limited due to the use of single radarAdditionally,
for the rst time, the distances between the centers of deep ceective cells
observed by radar were analyzed for each rain area separatehddhe whole
eld of rain areas. These nearest neighbor distances were foura ke log-
normally distributed, as was already detected for clouds by stlies of satellite
images. All these statistics lay the basis for the development of ain cell
generator.

The results and methods of this project were used in the validahn process
of the regional climate model BALTIMOS. There, small scale prguaitation
patterns produced by the model were compared to the ones obsst by
radar (Theusner and Hauf 2004;Theusner and Hauf 2006). All these
methods can be used in the validation process of future climasad weather
models where the hydrological cycle is of crucial importaac

Even though this phenomenological study did not allow to nd he phys-
ical causes of the observed structures, it very well lays and ertis the basis
to use models to analyze the processes that lead to the developitaf these
observed structures. The results and methods presented here alsppsarted
the initiation and extension of a research project within thedrge scale re-
search program Quantitative Precipitation Forecast (SPP 116 PQP) of the
DFG. It laid the basis for future research that tries to nd conrections be-
tween the observed PNDs (which were found to be power laws) and aumt of
precipitation to ultimately enhance the quality of quantitative precipitation
forecasts.



Appendix A

Used radar images

Table A.1: List of the radar images from 1997 used for the analyses.

date period(s) number
of images
1997/05/07 0:00 - 23:45 96
1997/05/09 5:30 - 23:45 74
1997/05/10 0:00 - 23:00 93
1997/05/21 0:00 - 23:45 96
1997/05/28 7:15 - 23:30 66
1997/05/30 0:00 - 17:15 70
1997/05/31 10:00 - 22:00 49
1997/06/09 8:45 - 20:30 48
1997/06/14 6:00 - 23:45 72
1997/06/22 7:15 - 23:45 67
1997/06/23 0:00 - 23:45 96
1997/06/24 7:00 - 23:45 68
1997/07/01 4:45 - 13:00; 13:45 - 23:45 75
1997/07/04 5:15 - 23:45 75
1997/07/05 8:00 - 23:45 64
1997/07/19 5:15 - 23:45 75
1997/07/27 1:45 - 23:45 89
1997/07/29 0:00 - 23:45 96
1997/08/01 7:30 - 23:45 66
1997/08/29 0:00 - 23:45 96
1531
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Table A.2: List of the radar images from 1998 used for the analyses.

date period(s) number

of images
1998/06/10 4:45 - 5:15; 5:45 - 10:15; 10:45 - 23:45 75
1998/06/11 0:00 - 3:15; 3:45 - 5:15; 5:45 - 23:45 94
1998/06/15 0:00 - 5:30; 6:00 - 6:30; 7:00 - 23:45 94
1998/06/16 0:00 - 10:15; 10:45 - 12:15; 12:45 - 13:30; 93

14:00 - 23:45

1998/06/17 0:00 - 9:45; 10:30 - 22:15 88
1998/06/18 2:45 - 22:15 79
1998/06/28 0:00 - 23:45 96
1998/07/01 0:00 - 23:30 95
1998/07/05 4:30 - 23:45 78
1998/07/06 0:00 - 23:45 96
1998/07/07 0:00 - 23:45 96
1998/07/14 0:00 - 4:30; 6:30 - 23:45 89
1998/07/15 0:00 - 5:45; 6:45 - 11:00; 11:30 - 23:45 92
1998/07/31 0:00 - 23:45 96
1998/08/05 0:00 - 21:00 85
1998/08/22 0:00 - 6:00; 6:30 - 23:45 95
1998/08/23 0:00 - 23:45 96
1998/08/27 0:00 - 12:15; 12:45 - 23:45 95
1998/08/29 0:00 - 9:15; 9:45 - 23:45 95
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Appendix B

Fast Fourier Transform
Parameters

Table B.1: Coe cients of Equation 2.20 for various thresholds for the diurnal cycle of
the number of rain areas.

[dBZ] @p=2 o a as y 1 2 3 4

7 38.06 0.67 0.05 0.074 0.069 057 048 -093 152 1.0
19 9290 0.75 0.13 0.060 0.075 049 056 -0.32 -143 1.0
28 7512 085 0.21 0.089 0.065 043 0.61 -0.39 -1.32 1.0
37 36.42 1.02 0.34 0.104 0.049 045 075 -0.34 -1.13 1.0

Table B.2: Coe cients of Equation 2.20 for various thresholds for the diurnal cycle of
the number of peaks.

[dBZ] ap=2 2o a as Y 1 2 3 4 r

7 169.96 0.78 0.15 0.070 0.064 049 0.64 -0.27 -1.36 1.0
19 157.36 0.79 0.16 0.068 0.064 0.48 066 -0.27 -1.34 1.0
28 97.04 0.87 0.22 0.084 0.055 044 0.71 -037 -128 1.0
37 40.12 1.03 0.34 0.097 0.045 0.45 078 -029 -1.06 1.0
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Table B.3: Coe cients of Equation 2.20 for various thresholds for the diurnal cycle of
the number of peaks per rain area.

[dBZ] ag=2

ap a as s 1 2 3 4 r
7 4,16 0.138 0.051 0.038 0.016 0.12 096 0.96 -0.51 0.97
19 1.67 0.039 0.028 0.017 0.015 032 128 -1.05 -156 0.94
28 1.28 0.021 0.021 0.010 0.015 068 -1.28 151 152 0.90
37 1.09 0.020 0.013 0.005 0.009 0.06 -0.86 -0.04 105 0.84

Table B.4: Coe cients of Equation 2.20 for various thresholds for the diurnal cycle of
the total area of rain areas @y=2 and a,, in km?).

[dBZ] ap=2 a a as y 1 2 3 4 r

7 43540.37 0.82 0.15 0.055 0.052 0.62 103 0.06 -1.20 1.0
19 21980.54 0.86 0.18 0.057 0.048 057 103 -0.19 -120 1.0
28 8718.80 0.94 0.26 0.060 0.038 053 1.05 -0.33 -1.01 1.0
37 221057 1.13 041 0.062 0.035 050 099 0.11 -0.69 1.0

Table B.5: Coe cients of Equation 2.20 for various thresholds for the diurnal cycle of
the average area of a rain aready=2 and a, in km?).

[dBZ] ap=2

a a2 as 4 1 2 3 4 r
7 1078.29 0.19 0.049 0.059 0.021 069 -156 120 -0.14 0.97
19 226.03 0.14 0.058 0.027 0.034 0.95 -1.23 -0.98 153 0.98
28 110.77 0.14 0.078 0.030 0.042 105 -1.02 157 1.40 0.97
37 55.82 0.17 0.094 0.023 0.034 056 -1.10 101 122 0.97

Table B.6: Coe cients of Equation 2.20 for various thresholds for the diurnal cycle of
the average area per peakd,=2 and a, in km?).

[dBZ] ap=2

a dp az ag 1 2 3 4 r
7 258,95 0.10 0.032 0.024 0.009 151 0.00 1.38 0.26 0.98
19 135.23 0.11 0.038 0.012 0.020 1.16 -0.77 -0.90 1.48 0.98
28 86.32 0.12 0.058 0.021 0.028 1.10 -0.92 -149 1.35 0.98
37 51.03 0.15 0.082 0.022 0.027 0.61 -112 130 1.28 0.97




Appendix C

PND Parameters

Table C.1: Parameters of the peak number distributions of single days (year 1997; =

19dBZ). The parameters listed are those of Equation 3.1. Additionally, the correlation
coe cient ( r), the maximum peak number used for the calculation of the parameters )

and the maximum peak number that occured on the respective day ffmax ) are given as
well.

date Co do I Pm_ Pmax

1997/05/07 0.746 -2.900 -0.997 6 30
1997/05/09 0.645 -2.430 -0.995 7 49
1997/05/10 0.699 -2.539 -0.998 7 18
1997/05/21 0.663 -2.453 -0.997 7 109
1997/05/28 0.973 -3.366 -0.990 4 11
1997/05/30 0.781 -2.854 -0.998 5 14
1997/05/31 0.754 -3.036 -0.996 5 23
1997/06/09 0.724 -2.393 -0986 8 26
1997/06/14 0.641 -2.550 -0.990 6 138
1997/06/22 0.650 -2.389 -0.996 7 34
1997/06/23 0.619 -2.445 -0.992 7 98
1997/06/24 0.818 -3.001 -0.997 5 17
1997/07/01 0.663 -2.430 -0.997 7 36
1997/07/04 0.611 -2.319 -0991 7 35
1997/07/05 0.645 -2.370 -0.994 8 87
1997/07/19 0.583 -2.340 -0.992 8 95
1997/07/27 0.704 -2.475 -0.999 7 26
1997/07/29 0.705 -2.491 -0.997 6 36
1997/08/01 0.661 -2.471 -0.997 7 93
1997/08/29 0.690 -2.519 -0.998 6 56
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Table C.2: Parameters of the peak number distributions of single days (year 1998; =

19dBZz). The parameters listed are those of Equation 3.1. Additionally, the correlation
coe cient ( r), the maximum peak number used for the calculation of the parameters f§r, )

and the maximum peak number that occured on the respective day ffnax ) are given as
well.

date Co do I Pm  Prax

1998/06/10 0.640 -2.310 -0991 8 47
1998/06/11 0.582 -2.314 -0.993 8 79
1998/06/15 0.615 -2.356 -0.992 7 98
1998/06/16 0.653 -2.420 -0.998 8 70
1998/06/17 0.688 -2.542 -0.998 7 24
1998/06/18 0.807 -2.628 -0.999 4 11
1998/06/28 0.609 -2.267 -0.992 8 77
1998/07/01 0.704 -2.442 -0.998 7 106
1998/07/05 0.753 -2.915 -0.997 5 28
1998/07/06 0.788 -2.976 -0999 5 35
1998/07/07 0.730 -2.571 -0.999 6 70
1998/07/14 0.786 -2.797 -1.000 6 67
1998/07/15 0.647 -2.373 -0.998 8 62
1998/07/31 0.696 -2.567 -0.998 6 87
1998/08/05 0.669 -2.560 -0.996 7 19
1998/08/22 0.701 -2.506 -0.999 6 110
1998/08/23 0.671 -2.494 -0995 6 72
1998/08/27 0.725 -2.492 -0.999 7 39
1998/08/29 0.715 -2.611 -0.997 7 55




Appendix D

Rain Area Distribution

Table D.1: Coe cients of Equation 3.4 ( ) for the area distributions for the various
thresholds. Dataof 2 p 7 were used for the t.

[dBZ] C1 d]_ r
7 0.76 -0.35 1.00
19 0.77 -0.36 0.99
28 0.77 -0.39 0.99
37 0.65 -0.34 0.96

Table D.2: Coe cients of Equation 3.5 ( ) for the area distributions for the various
thresholds. Due to the limited number of data no t for = 37dBZ was possible.

[dBZ] C Cs3 d2 d3 r
7 6.41 0.30 0.10 -0.90 0.99
19 598 0.36 0.12 -1.14 0.99

28 569 035 0.13 -1.24 0.98
37 - - - -
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Acronyms and Symbols

Symbol Explanation

ag, an Function coe cients

A, A Area of a single rain area

Amax Area of re ectivity per peak

Ap Mean area of rain areas with a certain peak number

Apx Area of a pixel of the radar image

A, Average area of the rain areas at a certain time or
for a certain period of time

Asotal Total area of the rain areas at a certain time or for
a certain period of time

AVHRR Advanced Very High Resolution Radiometer

BALTIMOS Baltex Integral Model System

Co:1:2:3 Power law coe cients

Cs5 Function coe cients

Cb Cumulonimbus cloud

Cbs Plural form of Cb

d Fractal dimension

D, D Equivalent circular diameter of a (single) rain area

do:1:2:3 Power law exponents

d, Function coe cient

Dy Break diameter of the rain areas

dB Decibels, di erence between values of dBZ

dBz Decibels ofZ, Unit of radar re ectivity Z

DFG Deutsche Forschungsgemeinschaft (German Re-
search Foundation)

Dp Mean equivalent circular diameter of rain areas
with a certain peak number

DWD Deutscher Wetterdienst (German Weather Service)

E Set of nearest neighbor distances of all rain areas
with p= po

E; Set of nearest neighbor distances of one rain area
with region indexi (unde ned for p=1)

€j Distance between a peak and its nearest neighbor-
ing peak

FFT Fast Fourier Transform
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ACRONYMS AND SYMBOLS

Symbol Explanation
GIF Graphics Interchange Format
GUI Graphical user interface
[ Region index of a rain area
IMuK Institute of Meteorology and Climatology, Leibniz
University of Hannover, Germany
Scale break value
D Mean of the log-normal RASD for a certain peak
number
Na Number of rain areas at a certain time or during a
period of time
Na;p Number of rain areas at a certain time or during a
period of time
n; Number of pixels of a rain area
NND Nearest neighbor distribution
NOAA National Oceanic and Atmospheric Administration
Np Total number of peaks at a certain time or during
a certain period of time
n, Average number of re ectivity peaks per rain area
at a certain time or during a certain period of time
P, Bi Peak number of a (single) rain area
P(A) Rain Area Size Distribution of A
PC-product National radar composite image of the DWD
P(D) Rain Area Size Distribution of D
n O -set parameter
Pm Maximum peak number used for tting
Prmax Maximum peak number
PND Peak number distribution
P(p) Peak number distribution
Po(D) Rain area size distribution forD and A
P(p; x) Frequency of a rain area withp peaks and area
or diameter D within the whole population
r correlation coe cient
R Rain rate
RA Rain area
RASD Rain area size distribution
S1 Set of radar images with 2 km spatial resolution
and 0.5 dB re ectivity steps
S2 Set of radar images with 2 km spatial resolution
and 6-step re ectivity scale
Si Length of the perimeter of a rain area in pixels
SOC Self organizing criticality
P Standard deviation of the log-normal RASD for a
certain peak number
X1y Standard deviation of the Iter function used to

smooth the radar images
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Symbol Explanation
Threshold value of rain rate/radar re ectivity
U, Ui Perimeter of a (single) rain area
uTC Coordinated Universal Time
X Substitute for A and D
Xij Peak x-coordinates
Xij Set of x-coordinates of a peak
Yi Peak y-coordinates
Yij Set of y-coordinates of a peak
Z Radar re ectivity value
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