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The scientist does not study nature because it is useful; he studies
it because he delights in it, and he delights in it because it is
beautiful. If nature were not beautiful, it would not be worth
knowing, and if nature were not worth knowing, life would not be
worth living. - Jules Henri Poincaré (1 854-1912)
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ABSTRACT

During the field phase of the Mesoscale Alpine Programme (MAP) in autumn 1999 the

standby satellite Meteosat-6 performed rapid scans of a region centred over the Alpine area.

The present study focuses on the investigation of heavy precipitation systems on the

southern side of the Alps (Ticino) and analyses their characteristics on the synoptic and

meso-f scale.

The rapid scan dataset is used to tackle the following items:

1. What are the key ingredients to heavy precipitation systems in terms of the synoptic and
mesoscale flow setting?

2. Is it possible to separate convective from stratiform cloud regions?

3. What is the quantitative contribution of convection to the overall precipitation event?

4. What type of life cycles do these precipitation systems undergo?

An ensemble of past and MAP-SOP cases show common characteristics with respect to the
synoptic and mesoscale flow setting leading to strong precipitation on the southern side of
the Alps. With the help of long-term radiosounding data from Milano the conceptual model
from Kappenberger and Kerkmann (1997) of a heavy precipitation event on the southern side
of the Alps can be confirmed.

The analysis of satellite imagery concentrates on investigations of non-calibrated data from
the infrared and water vapor channel and on normalized data from the visible channel. It is
assumed, that temporal and spatial characteristics of cloud top structures allow inferences
from cloudiness associated with convective or stratiformn precipitation. The temporal
information is derived from the calculation of cooling- and warming rates of each pixel over a
ten-minutes period. This information is supplemented by the calculation of the spatial
variance within 3 x 3 pixel arrays.

Since clouds observed by satellites move with respect to the earth's surface seemingly strong
cooling effects mainly at the leading edge of the clouds result from the calculation of the
temporal evolution. These signals prevent an unambiguous identification of cooling areas
attributable to convective activity. The implementation of a tracking algorithm reduces these
unwanted effects and enhances signals due to cloud development since the earth-relative
motion of the cloud is minimized. The tracking algorithin relies on the pattern recognition
technique (Schmetz and Nuret, 1987) and is regarded as a methodological prerequisite for
the extraction of signals evoked by cloud evolution. In the context of the implementation of
the tracking algorithm some sensitivity studies are carried out, illustrating the advantage of
tracking cloud features in a complex terrain like the Alps with imagery of high temporal
resolution. The results of these studies show, that the quality of the tracking is dependent on
the temporal resolution of the images, the search box, the target window size and the target
pattern persistence.

Data from satellite provide information on cloud top structure, the radar data offer insight
into dynamical properties within a precipitating cloud. For the verification of the satellite-
based results, data from the operational Mt. Lema C-band radar is exploited. The region of
interest is centred over the Lago Maggiore (Ticino). Polar data from the radar is interpolated
on the pixel grid of the Meteosat image. The interpolated radar data is then classified by a
convective-stratiform algorithm and compared to the analysed rapid scan imagery.

The satellite- and radar-based approaches do not produce matching classifications. It is
assumed, that the limited intensity and limited extent of the embedded convective activity do
not permit a recognition of temporal and spatial characteristics in satellite imagery. The lack
of such characteristics does not allow the identification of typical cloudiness associated with
stratiform precipitation. In contrast, cloud structures evoked by deep convective systems
(Mesoscale Convective Systems) are well recognizable by their distinct cloud patterns.
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Furthermore, the limited potential use of brightness temperature/count thresholds as
discriminator between convective and stratiform cloud regions is demonstrated. Convection
is not restricted to cold cloud areas, whereas cold clouds are not necessarily accompanied by
convection. A fixed brightness temperature or count threshold is not a sufficient criterion for

the separation of convective from nen-convective cloud areas.

An automated classification scheme based on empirical thresholds is proposed for a
quantitative use of the satellite-derived information. The classes of the classification scheme
represent different magnitudes of cloud development as seen by satellite and allow the
localization of areas with strong cloud development. The results demonstrate, that the
preferred area of cloud development is localized over the northern Po Valley ahead of the
Alpine barrier in a precipitation-free atmosphere. Investigations from radar data provide
evidence, that in most cases the generation of precipitation and the convective activity is
concentrated in the areas along the southern foothills of the Alps. It is remarkable that the
occurrence of convection is strongly tied to orography.

It is one of the major findings of this study, that in several cases being classified as stratiform
by radar, strong cloud development is observed in satellite imagery. In some cases, the strong
cloud development is underlined by radiosounding data from Milano, showing an unstably
stratified atmosphere. The classical scheme of stratiform cloudiness with a smooth cloud top
and weak evolution is only partly encountered. The analyses of satellite data do not confirm
the classical schemes of cloudiness associated with convective and stratiform precipitation
as derived from radar and do not allow a systematic separation between the two. The fact
that strong cloud development occurs together with stratiform precipitation accentuates the
complementary character of the information derived from satellite and radar data. It must be
assumed that significant vertical motion within the atmosphere occurs also in an
atmosphere characterized as “stratiform” by radar. Since the areas of strong cloud
development occur mainly in a precipitation-free atmosphere it remains open, to what extent
the development is related to convection.

Rapid scan data supplement information from existing meteorological datasets and are well-
suited to observe the different stages in the life cycle of strong convective phenomena. This
implies an immediate availability of rapid scan data for an operational exploitation.
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ZUSAMMENFASSUNG

Wiahrend der Feldphase des meteorologischen Grossprojekts Mesoscale Alpine Programme
(MAP) im Herbst 1999, lieferte der standby Satellit Meteosat-6 zeitlich hochaufgeléste Bilder
(rapid scans) des Alpenraums. Die vorliegende Studie befasst sich mit Starkniederschligen
auf der Alpensiidseite (Tessin) und analysiert deren Charakteristika auf der synoptischen

und meso-f Skala mit Hilfe der rapid scan Daten.
Folgende zentrale Fragestellungen werden behandelt.

1. Welches sind die mesoskaligen und synoptischen Rahmenbedingungen fiir das Auftreten
von Starkniederschlagsereignissen auf der Alpenstidseite?

2. Ist es mdglich, konvektive und stratiforme Wolkenregionen zu unterscheiden?
3. Kann der konvektive Beitrag eines Niederschlagsereignisses quantifiziert werden?
4. Welche Art von Lebenszyklus durchlaufen diese Starkniederschlagsereignisse?

Die Auswertung von Fallstudien vor und wéhrend der Feldphase von MAP zeigen, dass die
synoptischen und mesoskaligen Rahmenbedingungen fiir das Auftreten von
Starkniederschlagsereignissen auf der Alpenstiidseite sehr dhnlich sind. Anhand von
Auswertungen langer Zeitreihen von Radiosondierungsdaten von Mailand kann das
konzeptionelle Modell eines Starkniederschlagsereignisses auf der Alpensiidseite von
Kappenberger und Kerkmann (1997) bestétigt werden.

Die Satellitenbildanalyse konzentriert sich auf die Auswertungen der nicht-kalibrierten
Daten von Infrarot und Wasserdampf und auf normalisierte Daten des sichtbaren Kanals. Es
wird angenommen, dass zeitliche und rdumliche Charakteristika von Wolkenoberflichen
Ruckschliisse tiber konvektive und stratiforme Niederschlagsregionen erlauben.
Informationen tiiber die zeitliche Entwicklung einzelner Pixel liefert die Berechnung der
Abkiihlungs- oder Erwarmungsraten tliber eine zehnminiitige Periode. Informationen tiber
die rdumliche Struktur liefert die Berechnung der Pixelvariabilitit innerhalb von 3 x 3
grossen Pixelfeldern.

Da die Eigenbewegung der Wolkensysteme insbesondere an den Wolkenrindern hohe
scheinbare Abkiihlungsraten hervorruft, kénnen konvektiv aktive Zonen nicht eindeutig
identifiziert werden. Diese scheinbaren Abkiihlungssignale stéren die eindeutige
Identifikation von potentiell konvektiven Regionen. Mit der Einfiihrung eines Tracking
Algorithmus werden die unerwtinschten Entwicklungssignale der Wolkenregionen reduziert
und die Erkennung von potentiell konvektiven Regionen erleichtert. Der Tracking
Algorithmus basiert auf dem Mustererkennungsverfahren (Schmetz and Nuret, 1987) und
gilt als methodische Voraussetzung fiir die Erfassung der Intensitit der Wolkenentwicklung.
Im Zusammenhang mit der Einfithrung des Tracking Algorithmus werden einige
Sensitivititsstudien durchgefithrt welche zeigen, dass die hohe zeitliche Auflésung der rapid
scans vorteilhaft fiir das Verfolgen von Wolkenmustern in einem komplexen Terrain wie den
Alpen ist. Die Resultate der Sensitivititsstudien zeigen die Abhangigkeit der Qualitdt des
Trackings von der zeitlichen Aufldsung der Bilder, der Grésse der Suchregion, der Grésse des
zu suchenden Wolkenmusters sowie der Persistenz der Wolkentextur.

Die Daten von Meteosat-6 liefern Strukturinformationen von den Wolkenoberflichen, jedoch
keine Informationen {iber dynamische Prozesse innerhalb der Wolken wie ein Radar. Deshalb
werden Radardaten vom operationellen C-Band Doppler-Radar der MeteoSchweiz vom Monte
Lema zur Verifikation der satellitengestiitzten Resultate beigezogen. In einem Gebiet zentriert
uber dem Lago Maggiore (Tessin) werden die polaren Radardaten rdumlich auf die
Maschenweite von Meteosat Gitterzellen interpoliert. Die interpolierten Radardaten werden
anschliessend mit einem konvektiv-stratiform Algorithmus klassifiziert und direkt mit den

Resultaten der analysierten rapid scan Bilder verglichen.



Die Anwendung der satelliten- und radargestiitzten Methoden zeigen keine tiber-
einstimmenden Klassifikationsresultate. Es wird angenommen, dass die schwache Aus-
prédgung der eingelagerten konvektiven Aktivitdt keine charakteristischen riaumlichen und
zeitlichen Merkmale in Satellitenbildern hervorruft. Das Fehlen solcher Erkennungs-
merkmale erlaubt auch keine Identifikation typischer Bewdlkung, welche zusammen mit
stratiformem Niederschlag auftritt. Im Gegensatz dazu sind die Wolkenstrukturen mit
hochreichender Konvektion (Mesoscale Convective Systems) anhand der auffalligen
Wolkenformen einfach zu identifizieren.

Die vorliegende Studie demonstriert weiter die beschrankte Anwendbarkeit von Temperatur/
count-Schwellenwerten als Kriterium fir die Unterscheidung von konvektiven und
stratiformen Wolkenregionen. Es zeigt sich, dass Konvektion auch in warmen Wolken-
regionen auftritt und dass kalte Wolkenoberflichen nicht zwingend mit konvektiver Aktivitat
auftreten. Ein fixer Temperatur- oder count-Schwellenwert ist nicht ein hinreichendes
Kriterium fiar die Unterscheidung zwischen konvektiven und nicht-konvektiven

Wolkenregionen.

Ein automatisches Klassifikationsschema basierend auf empirischen Schwellenwerten wird
verwendet, um die Informationen aus den Satellitenbildern zu quantifizieren. Die Klassen
des Klassifikationsschemas reprdsentieren unterschiedliche Intensititen der Wolkenent-
wicklung und erlauben die Lokalisierung von Regionen mit starker Wolkenentwicklung
abgeleitet aus Satellitenbildern. Die Resultate zeigen, dass sich die Gebiete starker
Entwicklung auf die nérdliche Poebene konzentrieren, vor der alpinen Orographie in einer
niederschlagsfreien Atmosphére. Die Auswertungen von Radardaten zeigen, dass sich in den
meisten Fillen die Niederschlagsbildung und die konvektive Aktivitit auf die siidlichen
Voralpengebiete konzentrieren. Insbesondere ist das Auftreten von Konvektion stark an die
alpine Orographie gebunden. :

Eine wichtige Erkenntnis der vorliegende Studie ist die Tatsache, dass bei mehreren
Niederschlagsereignissen, welche mit Hilfe von Radardaten als stratiform charakterisiert
werden, starke Wolkenentwicklung festgestellt werden kann. In einigen Fillen wird die starke
Wolkenentwicklung durch eine labile atmosphérische Schichtung begiinstigt, was Radio-
sondierungsdaten von Milano bestitigen. Die klassische Bewdlkung mit stratiformem
Niederschlag, gekennzeichnet durch eine schwache Wolkenentwicklung und schwach
texturierte Wolkenoberfldche, ist nur teilweise anzutreffen. Die Satellitendaten bestitigen
nicht das klassische Gedankenmodell von typischer Bewélkung, welche mit konvektivern
und stratiformem Niederschlag auftritt und erlauben keine Trennung zwischen diesen
beiden Wolkentypen. Die Feststellung, dass in stratiformen Niederschlagsgebieten starke
Wolkenentwicklung méglich ist, verdeutlicht die Komplementaritit der aus Satelliten- und
Radardaten gewonnenen Informationen. Es ist davon auszugehen, dass starke vertikale
Umwiélzungen wéhrend den Niederschlagsereignissen mit stratiformem Niederschlag
auftreten. Da die Regionen mit starker Wolkenentwicklung hauptsichlich in
niederschlagsfreier Atmosphére auftreten, bleibt es offen, ob und in welchem Mass die
festgestellte Entwicklung durch Konvektion hervorgerufen wird.

Rapid scan Daten ergidnzen Informationen von bestehenden meteorologischen Messnetzen
und sind gut geeignet, die Lebenszyklen von stark konvektiven Ereignissen zu erfassen. Eine
solche operationelle Anwendung von rapid scans setzt eine rasche Verfiigbarkeit der Daten

voraus.




Introduction I

1 Introduction

The impacts of heavy precipitation events have always been a big threat to human life.
Flooding, violent runoff, raise of lake levels and soil movement related to heavy precipitation
events often produce tremendous damages and loss of life. In recent years, an increasing
frequency of extreme precipitation events (Bader and Kunz, 2000) resulted in devastating
floods causing enormous damages to lives and goods of the local population (e. g. Brig: 23
September 1993, Piemonte: 4-6 November 1994; southern tip of the Ticino: 14 September
1995, Gondo: 16 October 2000).

Accurate forecasts with respect to timing, location and quantity of precipitation can help to
avoid damage by taking adequate safety measures in the affected regions. Meteorological
forecasts, possibly in combination with hydrological run-off and lake-rise predictions, can
substantially extend the alert time which is a decisive factor for initiating protective
measures. For this purpose, the recognition and understanding of relevant processes related
to precipitation systems are essential. Meteorological processes like advection of moisture
and temperature or the generation of convection contribute on different time and space
scales to the severity of precipitation events and their consequences.

If we consider a possible result of a precipitation event like flooding as a picture of a puzzle
(Figure 1-1) and if we regard the pieces of this puzzle as meteorological processes
contributing to the overall precipitation event, the puzzle gets more complete the more pieces
we put together. Thus, by knowing the processes which are relevant to heavy precipitation
systems the understanding of extreme events increases. However, the relations between the
various components which lead to heavy precipitation are complex and non-linear, and not
every heavy precipitation event causes severe damage. Usually strong precipitation events
are only made public, when damages occur (Grebner, 1996). Today and in future, the
qualitative knowledge of relevant meteorological processes of a heavy precipitation event will
help to quantify their effects as contribution to the overall event.

helght of | 7
zero degree
line ; >

release of . -
latent heat

FIGURE 1-1. Waterfall near Lodrino (Ticino) - pictured as a puzzle - due to heavy precipitation as
observed on 26.09.99. Heavy precipitation results from different meteorological processes (e. g.
sensible and latent heat) and given natural conditions (e. g. season, orography). These processes and
conditions - represented by pieces of the puzzle - may interact with each other resulting in
devastating precipitation events. Up till now, not all meteorological processes of heavy precipitation

events are sufficiently understood (questionmark).

are different foci for the analysis of heavy

From a meteorological point of view, there
systems like conventional and automatic

precipitation events. Data from observing
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measuring sites, radar and satellite may be exploited or numerical model studies may be
carried out. In order to improve the understanding of processes related to heavy precipitation
events, the specific advantages and disadvantages of the different observing systems and
models must be evaluated. Meteorological field experiments like the Mesoscale Alpine
Programme (MAP) from 1999 provide high density datasets of many meteorological observing
and measuring systems. Investigations of these datasets will lead to a better understanding
of meteorological processes. The present study focuses on the use of satellite data of high
temporal resolution with the aim to retrieve additional meteorological information on heavy
precipitation events which occurred during the field phase of MAP on the southern side of the

Alps.

1.1 Precipitation in the Alps

The arc of the Alps is approximately 800 km long and 200 km wide with an average height of
2500 metres above sea level and acts as a climatic barrier producing several different climate
regions (Bader and Kunz, 2000). By blocking the trans-European airflow from various
directions, the Alps exert a profound influence on Europe's weather and elicit practically all
known orographic phenomena of the atmosphere (Houze et al., 1998).

In this study we focus on the climatic region south of the Alps which provides an ideal
natural laboratory for the investigation of orographic precipitation mechanisms.
Climatological investigations show that the southern flank of the Alps is a preferred region
for heavy precipitation events (Fliri 1984, Spinedi 1992, Spinedi et al. 1995, Kappenberger
and Kerkmann 1997, Frei and Schir 1998, Grebner and Roesch 1998).

Frei and Schar (1998) assembled an Alpine-scale daily precipitation data-base with about
6000 stations and describe the spatial and seasonal distribution of the Alpine precipitation.
The precipitation fields were analysed on a regular-longitude grid (resolution: 25 km) by
spatial averaging of the irregularly distributed precipitation observations. They found that -
apart from the preferred precipitation regions - the most prominent Alpine effects include the
enhancement of precipitation along the Alpine foothills, and the shielding of the inneralpine
valleys. In their investigations of cross sections across the Alps they found no precipitation-
height relationship on the Alpine scale. According to them, much of the topographic signal is
associated with slope and shielding rather than effects of height.

There exist geographical spots exhibiting large precipitation amounts and above-average
frequencies of storm occurrence: the area of Lago Maggiore, the Friuli-Slovenian border,
furthermore the south-east flank of the Massif Central (Cevennes) in the -Rhone Valley and
the Veneto region in Italy (Frei and Schar, 1998). It is interesting to see that these maxima
are tied to specific orographic features like the alternately concave and convex configurations
of the Alps in their south slopes. This lends support to the fact that the orographic
modification of the precipitation producing systems is a major factor determining location,
intensity and frequency of heavy rain storms.

In the Lago Maggiore region, Camedo is the location where the highest precipitation amounts
were registered in Switzerland within 24 hours (414 mm, 10.09.1983, Spinedi, 1992).
Climatological precipitation maps and precipitation maps of single events exhibit in many
cases a clearly identifiable center of precipitation maximum in the Camedo region in the
Centovalli (Spinedi 1992, Spinedi et al. 1995, Kappenberger and Kerkmann 1997, Grebner
and Roesch 1998, Frei and Schir 1998). Figure 1-2 illustrates the preferred areas of
precipitation of selected years with precipitation maxima located in the Ticino. Investigations
at MeteoSwiss of heavy precipitation on the southern side of the Alps have been documented
in Spinedi (1992, 1995, 1998) and Courvoisier (1975, 1981, 1998). Often, the precipitation
falling in the Lago Maggiore region is geographically not only restricted to the southern side
of the Alps. Considerable precipitation amounts may be registered on the northern side of the
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FIGURE 1-2. Number of precipitation events with precipitation = 100 mm/24 h in selected years,
based on the dataset of the Frei and Schéir precipitation ¢limatology (1998). The thick black lines
depict the grid points exceeding the threshold 2 100 mm/24 h over a period of one year. Note that
precipitation greater than 20 mm/24 h can be regarded as heavy since the grid point analysis
represents area mean conditions (Frei and Schér, 1998).

Alps, preferably in the region between Sedrun or Hinterrhein up to St. Gallen or even up to
the Lake of Constance {(Grebner, 1993).

Investigations of the occurrence of heavy precipitation on the south side of the Alps reveal,
that there is a clear maximum in autumn (Figure 1-3, p. 14). As shown in this figure, a
secondary frequency maximum of heavy precipitation is observed in spring. Note the sharp
decrease in frequency of heavy precipitation by mid-November. Courvoisier (1998) suggests
that the frequency maximum in autumn is due to the strong vertical temperature gradients
causing instability and due to the high temperature of the Mediterranean Sea, which serves
as moisture source. In spring, the moisture supply from the Mediterranean Sea is weaker
because of the cooler water temperatures resulting in a less pronounced secondary frequency
maximum. From a climatological point of view, the Lago Maggiore target area is - especially
in autumn - best suited to study all aspects related to heavy orographic precipitation
(Bougeault et al., 1998). Within Figure 1-3 the daily precipitation sums of the MAP cases
during the field phase (cf. section 1.2, p. 15) are colored black, concentrated mainly in the
period from mid-September to the beginning of October.

In the last years, many studies have been carried out in order to study the influence of global
climate variability and change on the European Alps (i. e. Wanner et al. 1997, 2000 and
2001). Special attention was given to the analysis of the variability of large scale synoptic
pressure distributions like the North Atlantic Oscillation (NAO). The NAO describes a large
scale meridional oscillation in atmospheric mass between the north Atlantic regions of the
subtropical anticyclone near the Azores and the subpolar low pressure system near Iceland
(Wanner et al., 2001). The state of the NAO is represented by the North Atlantic Oscillation
Index (NAOI) and uses a standardized air pressure difference between the high pressure area
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FIGURE 1-3. Number of days with maximum precipitation rate (= 100 mm/24 h))
at measurements sites in the Ticino from 1961-2001. The preferred period for the
occurrence of heavy precipitation events is autumn, a secondary maximum is
observed in spring. Events related to the MAP field phase (cf. section 1.2, p. 15)
are depicted with black color. The number of analysed measurements sites vary
in time between 25 and 30 stations (data: courtesy of F. Spinedi).

located over the Azores and the Iceland low and is an indicator for the strength of the
westerlies over the eastern north Atlantic and western Europe (Wanner et al., 2001). The
NAOQOI is positive with strong westerlies and negative with weak westerlies. Wanner et al.
(1997) found that in northern Europe the climate trends have been characterized by
dominant westerly winds, 1. e. by a positive NAOI since the late 1970s. The positive and
negative phases of the NAO are accompanied by different spatial patterns of precipitation: In
the positive phase, precipitation activity is high over Scotland and southwestern Norway, in
the negative phase, high amounts of precipitation are observed in the Mediterranean area
and the Black Sea (Wanner et al., 2001). For central Europe, Schmutz (2000) found only a
weak linkage between the Alpine precipitation and the NAO in the twentieth century and
underlined the results of Wibig (1999). An explanation of this weak linkage may be the
location of the Alps. Wanner et al. (1997) pointed out, that the Alps are positioned in a
transitional region between Mediterranean and north Atlantic climates and are not in the
center of important mean pressure systems. As a consequence of that, the linkage between
the steering pressure centers and the precipitation patterns in the Alps may be ambiguous.

From precipitation data in the Ticino Courvoisier (1998) derived a significant increase of days
with precipitation rates of 2100 and 150 mm/24 h in the Sopraceneri and Misox region
during the period 1976-1995. Precipitation measuring sites in the Sottoceneri region (i. e.
south of Locarno) show no significant climatological trend towards an increase of strong
precipitation. Frei and Schéar (2001) investigated the frequency of intense precipitation in
Switzerland using a statistical trend analysis and found increasing trends for autumn and
winter seasons.

The following Figure 1-4 shows the total annual sum of observations at 15 stations in the
Ticino with precipitation exceeding 100 mm/24 h and 150 mm/24 h from 1961-2001. The
sum of observations is subjected to a large year-to-year variability, with a minimum of events
occurring between 1969 and 1975, followed by a period of increased frequency from 1976-
1984. In 1993 a clear maximum of days with precipitation exceeding 100 mm/24 h is well
depicted, what is underlined by Figure 1-2 (upper right panel). The figure confirms the
tendency towards a frequency increase of observations of days with heavy precipitation

starting in 1976.
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FIGURE 1-4. Sum of observations of heavy precipitation in the Ticino at 15
stations from 1961-2001. During this period the total number of observations
exceeding the precipitation threshold 100 mm/24 h is 748, those exceeding
the threshold 150 mm/24 h is 264 (data: courtesy of F. Spinedi).

In summary, especially in autumn the southern side of the Alps provides excellent conditions,
for a meteorological research experiment like the Mesoscale Alpine Programme aiming to gain

data on processes related to heavy precipitation.

1.2 The Mesoscale Alpine Programme (MAP)

The present study is strongly embedded within the Mesoscale Alpine Programme (MAP), an
international meteorological programme devoted to the research of atmospheric and
hydrological processes over mountainous terrain. The notion mesoscale characterizes flow
systems, that possess space scales of 2 to 2000km and time scales between 2 hours and
2 days (Binder and Schar, 1996). MAP aims towards expanding the knowledge of weather
and climate over complex topography, and thereby to improve current forecasting
capabilities (www.map.ethz.ch).

An overview of the complete list of the scientific objectives for MAP is given in the MAP Design
Proposal (Binder and Schér, 1996), a complete list of detailed scientific questions can be
found in the MAP Science Plan (Bougeault et al., 1998). The present study is related to the
so-called “Wet-MAP”, which aims to investigate orographic precipitation and flooding. The so-
called “Dry-MAP” is related to dry dynamics of flow over mountains like gravity wave
breaking or Foehn. The primary objectives of the “Wet-MAP" are:

la. To improve the understanding of orographically inflilenced precipitation events and related
flooding episodes involving deep convection, frontal precipitation and runoff.

1b. To improve the numerical prediction of moist processes over and in the vicinity of complex
topography, including interactions with land-surface processes.

After a five years planning phase the MAP field phase, called Special Observing Period (SOP)
took place from 7 September to 15 November 1999 in the Alpine region. The SOP field
activities were ¢oncentrated in three target areas (Figure 1-5): The Lago Maggiore target area
(LMTA) was the main focus of the “Wet-MAP” part, while the Rhine Valley and the Brenner
target areas were the focus of the “Dry-MAP”, All target areas were equipped with additional
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instruments for the SOP .and ground-based observation campaigns were supported by
airborne: missions over the target areas (Bougeault et al., 1998). A full description of the
instrumental and operational set-up of the experiment is given in the MAP Implementation
Plan (Binder et al., 1999).

During the SOP, the field activities were coordinated by three centers, the MAP Operations
Center (MOC) at Innsbruck Airport (Austria), the MAP' Project Operations Center (POC) at
Milano-Linate airport (Italy) and the MAP Coordination and Operations Center (COC) in Bad
Ragaz, Switzerland (Bougeault et al., 2001).

The MOC was the main center of decision and defined the start and end of an Intensive
Observations. Period (IOP) and the flight missions. During the IOPs, extra measurements
(e. g. enhanced operational radiosounding) and coordinated research activity took place
(Binder et al., 1999). In the POC, radar data from the southern side of the Alps were used to
construct a real-time composite of precipitation areas and provided fore- and noweasting
support for aircraft missions and other research activities. The COC coordinated the
radiosounding activities of the Swiss Army in the Rhine Valley. The MAP Data Center (MDC)
located at Zurich (Switzerland) storeéd and makes available all data gathered during the MAP
field phase (Bougeault et al., 2001).

FIGURE 1-5. Target areas of the MAP and related operation centers: Innsbruck (MAP
Operations Center, MOC), Bad Ragaz (Coordination and Operations Center, COC} and
Milano (Project Operations Center, POC). Zurich hosted the MAP Data Center (MDC).

The SOP experienced excellent weather conditions and, in total, 17 IOPs were carried out. N
MAP was probably the largest field experiment ever conducted in Europe and the largest *
meteorological field programme over the Alps since ALPEX (1982) (Bougeault et al., 2001)
MAP is endorsed by EUMETNET and WWRP.
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1.3 Objective of the present work

For the duration of the MAP-SOP, EUMETSAT, the European organisation for the exploitation
of meteorological satellites, has agreed to provide rapid scan data of the stand-by spacecraft
Meteosat-6. In this special imaging mode the radiometer scanned a reduced latitude range,
centred over the Alps, in a 5-minute interval. Each rapid scan covered the latitude range of
approximately 40"~ 52° N in the infrared, water vapor and visible channel. These rapid scans
were very successful and smooth (Bougeault et al., 2001). In the meantime EUMETSAT is
offering an operational rapid scanning service (www.eumetsat.de). During the SOP, several
heavy precipitation events were observed by Meteosat-6 rapid scans on the southern side of
the Alps. The satellite data from these events are explored in order to characterize the
precipitation events by analysing information from cloud top structures in the LMTA.

A characterization of heavy precipitation events is of crucial interest for practical forecasting
purposes in the Alpine region. Looking at the southern side of the Alps, practitioners’
experience says that convection plays always a role in producing heavy precipitation, but
there is no quantztatwe indication of the contribution of convective activity. The scale may
reach from “pure” convective systems like Mesoscale Convective Systems (MCS) over the Po
Valley undergoing a “standard” life cycle while moving towards the Alps, through every
weighted combination of advective (large- or meso-scale ascent and/or orographic lifting) and
convective processes. While deep convection was rarely observed during the MAP-SOP most
events are characterized by a mixture of convective activity and orographic lifting embedded
in stratiform precipitation (cf. chapter 2). In the present study, satellite information shall be
exploited aiming to separate between convective and stratiform cloud areas. The separation
would allow a quantitative estimation of the relative contributions of stratiform and
convective activity to an overall precipitation event. In addition, some conceptual ideas
concerning the appearance of cloudiness associated with heavy precipitation events shall be
developed. Conceptual models attempt to condense the complexity of individual weather
systems to the essential components and processes helping to describe the different stages of
life cycles of the observed precipitation systems. The attribution of different life cycles to a
precipitation system could be used successfully for nowcasting and shortrange forecasting

purposes.

In summary, the present study contributes to the overall objectives of “Wet-MAP” by

addressing the following specific questions using rapid-scan data from Meteosat-6 in the

LMTA:

1. What are the key ingredients to those heavy precipitation events in terms of the synoptic
and mesoscale flow setting

2. Is it possible to differ between convective and stratiform cloud regions?

3. What is the quantitative contribution of convection to an overall precipitation event?

4. What type of life cycles do these precipitation systems undergo?

The first question is tackled by analysing the MAP-SOP events and an ensemble of past cases
with heavy precipitation intending to provide a limited background concerning the synoptic
and mesoscale flow setting. Literature studies are carried out trying to summarize the main
meteorological ingredients accompanied by heavy precipitation events and the broader
context they develop in.

For the investigations related to the identification of convective and stratiform cloudiness
and their life cycles satellite-based methods are developed aiming at an exploitation of
satellite data in the mesoscale. In order to verify the satellite-derived results, weather radar
data from the Morite Lema radar is analysed. The Monte Lema radar, located near Lugano in
the Ticino, is the operational weather radar from MeteoSwiss and provides volume scans
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every 5 minutes. Due to the 6-fold increase in satellite observation frequency the same
sampling cycles as the Monte Lema radar is established, therefore a comparison between
radar and satellite data with high temporal resolution (i. e. 5-minute interval) is possible.
The present study is based on satellite and radar investigations and may be regarded as a
complementary study to the variety of investigations based on the different observing
systems. The combined use of satellite- and radar-based information provides a synthesized
view of precipitation events which occurred during the MAP-SOP pinpointing the event-
specific characteristics. The study should further demonstrate the potential of rapid
scanning but also the current limitation of using geostationary satellite images as a
supplemental source of meteorological information in complex terrain like the Alps., The
results are expected to be of relevance for nowcasting and short-term forecasting purposes
using satellite data in an operational manner.

1.4 Outline

After these introductory remarks in chapter 2 some synoptic aspects of heavy precipitation
events are explained and the key ingredients for the generation of heavy precipitation events
in the LMTA will be illuminated.

Chapter 3 gives a general introduction of the characteristics of the satellite and radar data
used in the present study, including an overview on the presently available software for
identification of convection in geostationary satellite images.

In chapter 4 the established satellite-based methods are presented comprising the analysis
of pixel variability and temporal evolution of cloud structures. The chapter concludes with
the description of the first results from the application of the introduced satellite-based
methods and the consequences thereof for the study. The results revealed that the .
implementation of a cloud tracking algorithm is necessary for a quantification of cloud
development.

For the comparison between satellite and radar data, the region of interest is defined in
Chapter 5. Further, the convective-stratiform classification algorithm established for radar
data is explained.

Chapter 6 describes the pattern correlation coefficient (PCC) tracking algorithm and its
implementation within the framework of the present study. Moreover, results from sensitivity
studies are presented demonstrating the gain in information by the enhanced temporal
resolution of the rapid scans. At the end of the chapter, the major findings of the tracking
algorithm are presented and conclusions are drawn.

In chapter 7 a short summary of the investigated events is given with a description of the
specific characteristics.

The main conclusions are drawn in chapter 8 where a quantification of the satellite-based
signals is described and the characteristics of the investigated heavy precipitation events in
consideration of the main challenges of this study are pointed out. The fundamental
properties of the satellite data are explored and related to radar data for verification.

In the last chapter, chapter 9, the overall conclusions of the study are discussed concluding
with some final remarks.
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2 Synoptic aspects

Climatological studies reveal, that the southern side of the Alps, especially the region of
Ticino, is a favoured spot for the occurrence of heavy precipitation (cf. Figure 1-2). As pointed
out in the introduction, several meteorological processes interacting with the Alpine
orography are required to produce a heavy precipitation event. For climatological studies,

Courvoisier (1998) regarded a precipitation event as heavy if the rainfall amount was
> 100 mm/24 h over an area of 2 500 km? on the southern side of the Alps. In this chapter
the meteorological phenomena considered as key ingredients for heavy prec1pitation events
are elucidated, with respect to the LMTA.

According to Grebner (1997) the generation of precipitation requires humidity and lifting
processes producing two kinds of precipitation: convective and advective precipitation.
Table 2-1 shows that the intensities and the daily sums of the two kinds of precipitation are
different on the north side and on the south side of the Alps, respectively.

TABLE 2-1. Characterization of precipitation events: (N) = northalpine and (S) = southalpine (after
Grebner, 1997)

characterization of [lifting process characterization of |(extreme) intensities daily:sums ‘horizontal extension
lifting precipitation
convective vertical displace- |shower 100 mm/h 100 mm/d local (20 km)
ment
advective slanted gliding continuous ‘15 mm/h (N) 250 mm/d.(N) [large region (200 km)
40 mm/h (S) 400 mm/d (S)

The intensities and the daily sums of precipitation on the south side of the Alps are
remarkably higher than on the north side. These differences in rain intensities and daily
sums may be explained - especially in autumn - by high temperatures of the Mediterranean
sea. The Mediterranean provides latent and sensible heat which may be transported with the
large scale airflow towards the southern Alps. Therefore, the south side of the Alps possesses
a quasi-permanent source of moist, high equivalent-potential temperature air from the warm
Mediterranean Sea. Investigations on single heavy precipitation events are frequent, the
literature is consequently manifold. Examples give Spinedi (1992), Grebner (1994, 1997),
Buzzi et al. (1995), Spinedi et al. (1995), Jansa et al. (1995}, and Massacand et al. (1998).

There are many different facets of heavy precipitation events on the southern side of the
Alps. Some meteorological ingredients for the occurrence of heavy precipitation are presented

in this chapter.

2.1 Some ingredients for heavy precipitation events

Within the framework of MAP several cases of heavy precipitation on the southern side of the
Alps have been, and are, studied in detail. Many of these investigations use numerical
prediction models as principal tool to elucidate the main influencing factors leading to the
mechanisms working during such events (e. g. Binder and Rossa 1995, Benoit et al. 1996,
Benoit et al. 1997, Buzzi et al. 1998, Schneidereit and Schir 2000, Rotunno and Ferretti
2001, Smull et al. 2001, Arena et al. 2001, Buzzi and Davolio 2001, and Gheusi and

Stein 2001).

Investigations from the pre-SOP precipitation évents (Vaison-La-Romaine, Brig, Piemonte,
Ticino) show, that the héavy precipitation events were related to the occurrence of large scale
frontal systems like a deep trough with an associated cold front. About 40 % of the annual
precipitation received by central Europe is related to the passage of cold fronts (Hoinka,
1985). In the upper-level, a trough extending from the British Isles to the southwestern
Mediterranean steers the large scale advection. Figure 2-1 is based on a ten years
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climatology of heavy precipitation events as dedicated from the measuring sites in Ticino.
Figures 2-1 a) - ¢) summarize the large scale pressure distribution at different pressure levels
and the position of maximum eyclonic curvature of the trough associated with heavy
precipitation in the LMTA. The threshold for the definition as strong precipitation is
100 mm/24 h at least at one of the investigated 25 stations. Figures 2-1 a) and b) show a
pressure “dipole”, with low pressure from the central Europe to the west and high pressure
to the east over continental regions. This pressure “dipole” leads to a south/southwesterly
airflow towards the Alps. The positions of the associated trough axis in Figure 2-1 ¢) show

either a southwest-northeast or a northwest-southeast orientation.
s T £
H

FIGURE 2-1. Synoptic characteristics as €
derived from weather charts from MeteoSwiss
for heavy precipitation events on the southern
side of the Alps from 1981-1990. Only events
with a cold front passage were considered. a)
surface pressure field, b) upper level pressure
field at 500 hPa, c) positions of through axis
at 500 hPa (maximum cyclonic curvature)
with date indication (day/month/year).

For the south side of the Alps, Spinedi (1992) distinguished three types of synoptic situations

leading to important precipitation events:

1. Blocked airflow: ahead of an upper level through, continuous and abundant precipitation
occurs leading to important total precipitation amounts but only moderate precipitation
rates. The whole region of southern Switzerland is affected by this precipitation type.

2. Situations with Atlantic cold fronts crossing the Alps, with prefrontal advection of warm-
humid subtropical air and thunderstorm activity near or ahead of the front. This type
causes the greatest disasters like flooding and vielent run-off.

3. Situations with local thunderstorm activity causing high precipitation rates within short
periods (~ 30 mm/10 minutes) but with effects limited to a small region. They occur dur-
ing summer.
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The last type is restricted to the summer time, the other ones occur over the whole year.
However the effects of type one and two are strongest during spring, summer and autumn.
Cacciamani et al. (1995) investigated thunderstorm activity in the Po Valley and found, that
during thundery days the most frequent upper-level weather type is the trough situation
while during non-thundery days upper level ridges and surface high pressure fields appeared
to be predominant. They further recognized that in the presence of frontal structures
widespread thunderstorm conditions are likely.

In fact, situations with cold fronts (situation two) can be regarded as final phase of a “Stau”!)
situation since with the passage of a cold front, the winds turn to northerly directions and
end the moisture supply from the south and therefore the “Stau” effect. The positions of the
surface low pressure centers are depicted in Figure 2-1a). Often, the formation of a
stationary cut-off eyclone can be observed over the Gulf of Genoa. The position of the low
pressure center and the associated cold front determine the advection of airmasses. Jansa et
al. (1995, 1996) have compiled a climatology of the positions of low-pressure centers in the
Mediterranean Sea which clearly shows that a local maximum exists over the Gulf of Genoa.
Many of these depressions drive warm and moist air masses from the Mediterranean Sea
towards the Alps contributing to the precipitation maxima seen in the high-resolution
‘precipitation climatology.

A major aspect of the amount of precipitation within a geographical area is the propagation
velocity of the whole large-scale driven precipitation system. Slowly moving or stationary
systems - interacting with orography - lead to severe local precipitation events with the
occurrence of floods. A slow propagation of precipitation systems is favoured by the strong
and extensive high pressure area in eastern Europe which blocks the large scale motion (cf.
Figures 2-1 a) and b)).

According to Buzzi et al. (1995) a strong and moist pre-frontal low-level jet is probably the
most significant dynamical feature associated with the occurrence of heavy precipitation.
They found that in the Piemonte flood the highest precipitation rates were observed in the
pronounced confluence zone between the post-frontal southwesterly flow and the pre-frontal
southeasterly flow at 850 hPa located more to the east, where the pre-frontal jet was having
the characteristics of a warm conveyor belt.

Also numerical studies reveal that the prefrontal low-level jet is an important ingredient for
heavy precipitation events since it provides the pertinent moisture flux, determines the
nature of the atmospheric flow response and the orographic lifting leading to the triggering of
convective and/or stratiform precipitation (Schneidereit and Schir, 2000). A general
description of low-level jet structure ahead of midlatitude cold fronts is given in Browning

(1973).

2.1.1 Upper-level forcing

Numerical modelling studies show that specific upper-tropospheric structures, expressed in
terms of positive potential vorticity (PV) anomalies, over thé east Atlantic and western Europe
have a high correlation with heavy precipitation events on the southern side of the Alps
(Massacand et al., 1998). According to Morgenstern (1998}, orography, moisture advection
from the Mediterranean and a tropopause-level PV anomaly constitute the dynamical
elements essential to the formation of MCSs. In his idealized numerical experiments he
found tower-like mid-tropospheric PV anomalies occurring with severe convection. The
upper-tropospheric PV anomalies associated with the deep short-wave trough may help
trigder ascent on the forward flank of the anomalies and generate or enhance convection
produced by orographically induced upward motion (Massacand et al., 1998). There are aiso.
indications that the fine structure of these pre-cursors has an impact on the development of

1) blocked airflow
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the mesoscale circulations and determines therefore, at least to some extent, time and
location of heavy precipitation (Quadri et al., 2000).

PV generated in the boundary layer may interact with PV structures at upper-levels. Rossa
(1995) found that the diabatically induced low-level potential vorticity anomalies are coupled
with positive upper-level anomalies during frontal wave development. When positive PV is
advected over a baroclinic zone, a destablhzation of the atmosphere occurs. A synthesis of
the Piemonte flood as an example (4-6 November 1994), covering aspects of the upper-level
precursor structure derived from numerical model output, low-level mesoscale circulation
patterns and radar observations is given in Binder and Rossa (1995).

2.1.2 Conceptual model

A conceptual model describes essential features of a meteorological phenomenon and
identifies the principal processes taking place allowing a description of the phenomena's life
cycle in terms of appearance, size, intensity, and accompanying weather (Zwatz-Meise,
2000). Bader et al. (1995) define a conceptual model as a schematic representation of the
physical and dynamical components of a particular weather system. Browning (1985)
presents an overview on conceptual ideas for precipitation producing systems related to
cyclones in the mid-latitudes. The following Figure 2-2 presents the conceptual model for
heavy precipitation events on the southern side of the Alps as proposed by Kappenberger and
Kerkmann (1997). This model describes the “precipitation type two” according to Spinedi
(1992) with prefrontal advection of warm-humid air and thunderstorm activity near or ahead
of the front. Two jets ahead of the front transport humidity towards the LMTA at different
heights, the lower at 1500 m a. s. 1. from the Adriatic Sea and the upper from the Ligurian
Sea at 3000 m a. s. l. In the prefrontal area the wind veers with height from southeast to
southwest, on the backside of the front northwesterly winds predominate.

In this conceptual model, cloudiness is generated near the front north of Milano (i. e. in the
LMTA). However, the clouds causing severe precipitation in the LMTA may be generated
further south or southwest far from the LMTA. The IOP 2 shows an example, where the
clouds producing strong precipitation in the LMTA were generated over the Thyrreanian Sea
and were transported towards the Alps.

Near and over the Alps, the clouds experience a modification through oroegraphy. Orographic
effects on atmospheric flow can produce or modify precipitating clouds through orographic
lifting, triggering of convection, indirect effects of flow splitting or blocking, and mountain
induced waves (Bougeault et al.,, 1998). An overview of precipitation mechanisms in
interaction with orography is given in Houze (1993). Schaaf et al. (1988) investigated
initiation sites for convection in the Rocky Mountains for 633 mountain thunderstorms,
tracing back these thunderstorms to their initiation sites by using GOES images. They found
that the initiation sites tended to cluster into preferred topographical areas or genesis zones.
Also Banta (1990) found that thunderstorms develop in preferred areas of the topography,
depending on external factors such a ridgetop winds and moisture distribution.

Schiesser et al. (1995) compared the intensity of MCSs between Oklahoma and Switzerland
and concluded, that MCS north of the Alps are weaker due to the mountain barriers which
prevent the moisture input from the Mediterranean. In addition, the complex terrain of the
Alps and its surroundings suppress a higher degree of MCS organization. With the help of
polar orbiting satellites Collier and Lilley (1994) investigated locations of storm initiation and
their movements in Europe over a two year period. According to them, storms tend to develop
among other locations over the higher Alps in and around Switzerland. Monk (1987)
investigated the spatial and temporal distribution of topographically forced convection in
polar maritime airstreams with the help of satellite and radar imagery. He found that the
bands of cloud and precipitation repeatedly occur in similar air masses relative to the same
topographic features. Hand and Sénési (1998) investigated 67 MCS in the western
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FIGURE 2-2. A conceptual model for the generation of a heavy precipitation event. Low-level
jets (AC) at two different heights (1500 m and 3000 m) ahead of an approaching cold front
(FF) offer continuous moisture supply. The front (FF) is being retarded/deformed by the
orographic obstacle of the Alps, behind the front cold air (AF) is advected. North of Milano
(MD) clouds are being generated indicating the area of strong precipitation activity (ma). Above
the front a jet (CG) is situated, generated by upper level pressure fields (Figure from
Kappenberger and Kerkmann, 1997).

——

Mediterranean from which 64 % start over land or near the coast where orographie forcing
could be important. Further studies of heavy precipitation events related to orographic
impact are presented in Frontero et al. (1997), Rossa and Quiby (1997), and Buzzi and
Foschini (2000).

Talking about thunderstorms and their interaction with orography, we have to bear in mind
that the peculiarity of heavy precipitation on the southern side of the Alps is the fact that it is
produced from a combination of flow patterns associated with a synoptic or mesoscale low-
pressure system, convection and the orographic modification of both. Especially on the south’
side of the Alps, convective activity which is triggered or enhanced through the Alpine
orography may contribute to large precipitation amounts. To determine, whether triggering
effects of orography can be observed in cloud top structures is one challenge of this study.

In order to give a short summary of necessary ingredients for the generation of heavy
precipitation events on the southern side of the Alps, the following synoptic and mesoscale
features are important:

1. A quasi stationary synoptic situation with a low pressure system over the British Isles and
an upper level through extending from the British Isles to the southwestern Mediterranean
Sea, 2. a cold front approaching the Alps, associated with prefrontal advection of latent and
sensible heat {low level jets in the “warm conveyor belt”) ahead of it, 3. the Alps acting as
orographic barrier retarding the motion of the cold front and triggering convection, 4. upper
level PV anomaly enhancing destabilization of the lower atmosphere, 5. the Mediterranean
Sea as moisture source for the generation of precipitation. Spinedi (1992) estimated that
considering three factors (location of the center of the low pressure, wind speed and direction
over Milano and cyclonic curvature of the geopotential height over the Alps on the 500 hPa
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chart) it would be theoretically possible to identify about 80 % of the events of heavy
precipitation. Lin et al. (2001) give a similar summary of key ingredients for the production of

orographic precipitation in the Alps.

2.1.3 Radiosoundings from Milano: mesoscale flow structure

Boscacci (1999) analysed radiosoundings at Milano (Italy) for days with thunderstorms in the
Ticino and found no atmospheric layer structure typical of convective events. The
investigations revealed further that instability indices derived from the Milano
radiosoundings are useless for forecasting thunderstorm events. According to Zenone (1979)
the wind direction and the wind speed up to 3000 m are the most decisive factors
contributing to the occurrence of heavy precipitation events on the southern side of the Alps.
As depicted in the conceptual model in Figure 2-2, low level winds at different heights ahead
of the cold front seem to play a crucial role in the generation of strong precipitation.
Therefore a good reason to have a closer look at the mesoscale flow structure in the region,
where the low level jets from 1500 m a. s. 1. and 3000 m a. s. 1. converge. Figure 2-3 shows
three plots with the mean wind direction and the mean wind speed at Milano during heavy
precipitation in southern Switzerland. A veering of the wind direction with height is clearly

visible.
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Figure 2-3 a) exhibits, that the soundings of each investigated pressure level are
characterized by very similar wind properties. Analogue to the long-term radiosounding in
Figure 2-3 a) both, the pre-SOP (Figure 2-3 b)) and the SOP (Flgure 2-3 c)} cases show
similar mean wind direction and speed. All plots show remarkable wind speeds at levels 925
and 800 hPa and a veering of the wind with height.
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In summary, the results from the radiosounding investigations from Milano indicate: 1. a
veering of the wind with height in the warm conveyor belt ahead of the cold front, confirming
the conceptual model of Kappenberger and Kerkmann (1997, see Figure 2-2), 2. that the
mean wind direction and the mean wind speed below 500 hPa of the pre-SOP cases are
comparable to those of the SOP, 3) that the mean wind direction and wind speed of the
selected pre-SOP (Figure 2-3 b)) and SOP cases (Figure.2-3 ¢)) are in accordance with the
long-term radiosounding climatology (Figure 2-3 a)).

2.2 Precipitation events during the MAP-SOP

The statistical evaluation of the MAP Special Observing Period (7 September-15 November
1999) reveals that all investigated meteorological phenomena - including heavy precipitation
events - occurred more frequently than expected relative to the average of the last ten years
(Bougeault et al., 2001). A total of 25 project days were dedicated to the “Wet-MAP" topic
“precipitation” and 17 IOPs were conducted. Figure 2-4 shows a spatial analysis of
precipitation during the SOP according to the precipitation climatology of Frei and Schir

(1998).
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_ FIGURE 2-4. Number of precipitation events with precipitation =2 100 mm/24 h during the
MAP-SOP as opposed to the full years in Figure 1-2. The thick black lines depict the grid
points exceeding the threshold = 100 mm/24 h. Dataset established by Frei and Haller

(2001).

According to Figure 2-4 the preferred region for heavy precipitation during the SOP was the
LMTA with some spots of heavy precipitation in the eastern Po Plain. Therefore, during the
MAP-SOP no exception concerning the favourite geographical location for heavy precipitation
could be found (cf. Figure 1-2, p. 13).

Rotunno (2001) stated that the precipitation over the LMTA had a predominantly stratiform
character with the exception of isolated events. In fact, deep convective activity in the LMTA
‘was rare during the SOP. In the evening of the 4 October (IOP 5), a MCS formed in the
northeast of LMTA heading southwards but did not strike the Ticino. However, the LMTA
experienced heavy precipitation on several occasions with series of perturbations moving
over the Alps from east to west. Most of the perturbations were associated with active cold
fronts with the classical frontal wind pattern as described in the previous chapter.

In the LMTA several rainstorms with convective activity occurred, especially at the beginning
of the SOP. The IOPs 2, 3, and 5 were characterized by moist and potentially unstable air
being lifted at the Alpine barrier and the triggered convection resulted in short-term
precipitation with accumulations in excess of 200 mm (Steiner et al., 2000a and b). These
three IOPs can be regarded. as the most important cases where convection occurred in the
LMTA. During IOP 2b the LMTA experienced precipitation peaking up to 300 mm/24 h,
during the IOP 3 over 400 mm of precipitation was recorded over two days and on the
3 October (IOP 5) 280 mm/24 h were registered causing local flooding.
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During the IOPs 6, 7, 8, 9 10, 14 and 15 predominantly stratiform precipitation was
registered in the LMTA with lower precipitation amounts within 24 h. However, some of these
events caused flooding in other regions (e. g. IOP 9: Ligurian coast, IOP 10: region of Nice,
IOP 15: Veneto/Northern Apennines) and do not exclude convective activity. The
characterization of the observed convection in the LMTA is described by MAP scientists in
terms like “stratiform precipitation with orographical induced convection” or “convective
orographically induced precipitation” (MAP Field Catalogue, 2000).

Since MAP does not address deep convection but rather convection which is “embedded”
within the airflow approaching the Alps with a limited vertical extension, the kind of
encountered convection might be described as “embedded convection in otherwise
widespread upslope precipitation”. With “embedded” we refer to the fact, that the observed
convection was not deep, i. e. the convective activity does not affect the whole troposphere
and has a limited vertical extent. The “widespread upslope precipitation” describes the
stratiform precipitation area which is subjected to the large-scale ascent of airmasses over
the Alps. Since we investigate convection in an Alpine region, the embedded convection can
be - to an unknown extent - induced orographically. This is confirmed by Houze et al. (2001)
who established a radar-based climatology of heavy precipitation events in autumn 1998 and
1999 in the LMTA. They found bright band echoes at 2-3 km over the Po Valley and
embedded convective cells over the southern foothills of the Alps (Figure 2-5). Hence,
hereafter we regard the term “embedded convection” as a result of shallow unstable airmass
layers which may experience a modification through the underlying orography embedded

within a stratiform precipitation area.

Convective cell

South Po Valley Alps North

FIGURE 2-5. Conceptual model of convection embedded within a stratiform precipitation area as
seen by radar on the southern side of the Alps, in analogy to Houize et al., 2001. The embedded
convection is generated aloft the southern slopes of the Alpine barrier.

An overview over the IOP events and operations is given in Bougeault et al. (2001}, an
overview over the IOPs and available rapid scan imagery can be found in the Appendix A. A
description of the IOPs relevant for the present study can be found in chapter 7.
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3 Data

This chapter begins with a characterization of the rapid scan dataset? from the SOP,
proceeds to methods for the identification of convective regions by geostationary satellites
and concludes with an introduction of the radar data characteristics from Monte Lema.

3.1 Meteosat operations during the MAP-SOP

Meteosat satellites are geostationary and fly at an altitude of about 36’000 km over the
equator. On board they carry the Meteosat Visible and InfraRed Imager (MVIRI), a high
resolution radiometer with three spectral bands:" visible, infrared and water vapor
(EUMETSAT, 1999). The Meteosat spacecraft are spin-stabilised with a nominal rotation rate
of 100 revolutions per minute (rpm) around their main axis, which is aligned nearly parallel
to the Earth’s north-south axis. The Earth is scanned in the East-West direction using the
rotation of the spacecraft and in the South-North direction by stepping the radiometer
through a fixed angle every spacecraft revolution (Hanson et al., 2000). With the inclusion of
radiometer retrace and stabilisation periods it takes 30 minutes to provide a full scan of the
Earth disk. The location of the operational Meteosat is close to 0" longitude and the backup
satellite is presently located at 9° West. Imperfections in the orientation of the orbital plane
(i. e. satellite inclination) and the uneven shape of the earth cause a drift of the subsatellite
point in small oval or figure-eight patterns centred over the equator and requires periodic
station-keeping adjustments (Johnson et al., 1994). The first Meteosat satellite was launched
in 1977 and provided data for two years, successively followed by new releases. The most
recent ones are Meteosat-6 and Meteosat-7, the first one was the operational satellite from
February 1997 until June 1998 when the latter took over (EUMETSAT, 1999).

The instantaneous field of view at subsatellite point of Meteosat spacecraft is 5 x 5 km in the .
infrared and water vapor channel, and 2.5 x 2.5 km in the visible channel (EUMETSAT,
1999). In a geostationary orbit, the field of view of a satellite remains fixed and a constant
viewing angle enables the observation of the same geographical area over 24 hours. This
allows a sequential observation of meteorological phenomena at high temporal resolution
and is regarded as main advantage of this type of satellite. The main disadvantage of many
geostationary satellites is the limited spatial resolution as a consequence of the distance to
the Earth (Bader et al., 1995) since the radiometer scans away from nadir leading to a
decrease in spatial resolution due to the curvature of the earth and the increasing distance to
the satellite (Johnson et al., 1994).

Today, all Meteosat spacecraft are operated by EUMETSAT, the European organisation for
the exploitation of meteorological satellites. Meteosat-7 is the last mission of the Meteosat
Transition Programme (MTP) and will perform half-hourly full-disk scans until the
operational start of Meteosat Second Generation (MSG), a new generation of geostationary
satellite in mid 2002. For further information on the current and future satellite systems of
EUMETSAT see http://www.eumetsat.de. Additional geostationary meteorological satellites
are operated by the United States (GOES), Russia (GOMS), China (FY}, the Japan
Meteorological Agency (GMS) and the Indian Space Research Organization (INSAT).

During the MAP-SOP EUMETSAT provided rapid scan imagery from the standby spacecraft
Meteosat-6. A total of 480 hours of rapid scan imaging operations took place, all in 5-minute
interval, on request 7 days per week (Hanson et al., 2000). The longest uninterrupted rapid
scan period lasted 48 hours from 20.10. 06:00 UTC until 22.10. 06:00 UTC 1999 (Hanson et
al., 2000, see Appendix A). During the SOP, EUMETSAT Operations required an order from
the MOC:-in Innsbruck at least 12 hours prior to the requested start time.

2) copyright 1999 EUMETSAT
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In order to provide images with a high temporal resolution, Meteosat-6 was used in a
reduced scanning mode. The rapid scan image data was rectified to the same projection used
for the 0° operational mission and the geometric accuracy is comparable to that of the normal
full Earth disk image (Hanson et al., 2000). Instead of a complete scan cycle of a full Earth
disk which contains 2500 forward lines, only 228 lines were scanned covering a scan area
centred over the Alps. After rectification the usable image lines were reduced from 228 to
170 lines and cover a latitude range from approximately 38°N to 49°N before the
30 September (Figure 3-1 a)). The scanning area was moved northwards by 30 lines on the
30 September and the area covered by the rectified image is approximately 40° N to 52° N
(Figure 3-1 b)).

The number of pixels per line (i. e. 2500), the spatial resolution and the radiometer stepping
rate (once per 0.6 second spacecraft revolution) are identical to the operational scanning
mode (Hanson, 1999). The rapid scan procedure comprised hours of continuous operation
followed by a few hours of normal scanning procedure for satellite stabilization and

calibration of the sensor.

a)

FIGURE 3-1. Rapid scan area over Europe a) before and b) after 30 September 1999.

During the spacecraft eclipse season (3 September-15 October 1999) it was not possible to
scan with Meteosat-6 for a few hours around local midnight and any ongoing rapid scan
imaging was interrupted during these times. The file format for image archival was the
OpenMTP format which is regularly used for image archival at EUMETSAT's Meteorological
Archive and Retrieval Facility (MARF). All rapid scan data are freely available at the MAP
Data Center (http://www.map.ethz.ch)

As a direct response to the MAP-SOP EUMETSAT has established in 2000 a rapid scanning
service on demand. In September of 2001 EUMETSAT introduced the operational rapid
scanning service providing ten-minutes scans covering a latitude range of 15° - 65° N (Image,
2001). In Europe, MAP was the first operational requirement for Meteosat rapid scanning.
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Examples of studies using GOES rapid scan imagery can be found in Negri and Adler (1981),
Adler et al. (1983, 1985), Purdom (1996), and Vicente et al. (1999).

3.2 Data from the infrared channel

Meteosat infrared (IR} imagery is derived from electro-magnetic emissions by the Earth and
its atmosphere at a wavelength between 10.5 and 12.5 pm and provides information on the
temperature of the underlying surface or cloud. Since the infrared data is registered in the
window region of terrestrial radiation, the modification (i. e. absorption and re-emission) of
the emitted radiation through the Earth/atmosphere system is regarded as small (Bader et
al., 1995). Data from infrared radiometer allow a continuous observation of cloud evolution
over 24 hours with an instantaneous field of view at subsatellite point of 5 x 5 km. For the
display of infrared images the grey scale of the data is normally inverted. Therefore, as
temperature normally decreases with height, the infrared radiation with lowest intensity is
emitted by the highest and coldest clouds and appears white. Regions from the Earth or
ocean surface with highest intensity of terrestrial emission appear dark.

Especially in the cold channels (water vapor and infrared) the limited spatial resolution leads
to the “beamfilling problem”. Clouds smaller than the spatial resolution of channels or,
(semi-) transparent and broken cloudiness result in higher temperature than the actual
blackbody temperature of the cloud, since these pixels contain information from lower and

therefore warmer regions.

3.2.1 Non-calibrated data and radiometer anomaly

The quantitative use of satellite data requires a calibration of the raw data. A calibration
attributes to each measured raw radiance (i. €. a count value) a calculated radiance. In a
next step, the IR/WV radiance are converted into brightness temperatures using a
predefined relationship between radiance (Wm™2 sr'!) and brightness temperature (K). In the
present study relative differences of counts in space and time were used instead of absolute
htness temperature. Therefore, no calibration was necessary

differences expressed in bri%
except for the rapid scans® from 04 August 2001. For the images of the MAP-SOP

EUMETSAT did not provide any calibration coefficients.

Data from the cold channels were not corrected for the effects of the Meteosat-6 radiometer
anomaly. The Meteosat-6 anomaly manifested itself during the Meteosat-6 commissioning as
a count variation of the cold channels throughout the taking of an image (personal
communication Michael Williams). However, EUMETSAT did not detect the anomaly with
5 minutes scans of the SOP and visual inspection of the image loops did not reveal any count
instabilities. In contrast, radiometric instabilities were recognized in Meteosat-6 sequences
provided by EUMETSAT's rapid scanning service (personal communication Michael Williams)
after the MAP operations from 2001 onwards. For this reason, the cold channels of Meteosat-
6 from the most recent event investigated in the present study (04.08.2001) were calibrated.

In summary, for the present study we used non-calibrated Meteosat-6 data and discovered
no count anomaly within the analysed datasets.

3.2.2 Cloud displacement/ Parallax correction

Due to viewing-angle geometry and the projection of the satellite image onto a two
dimensional plane for display, a cloud displacement occurs (Kidder and Vonder Haar, 1995).
The parallax-induced cloud displacement is a function of the viewing angle and the height of

3) copyright 2001 EUMETSAT
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the cloud above the ground and the direction of the apparent cloud offset is directly away
from the subsatellite point (Johnsen et al., 1994). Since Meteosat-6 is located to the west,
there is a shift to the east in the apparent cloud positions as seen by Meteosat-6. This cloud
displacement can be corrected if the height of the cloud, the satellite position, and the
coordinates of the cloud are known (Kidder and Vonder Haar, 1995).

According to Johnson et al. (1994), a cloud top located at 40° north at a height of 4 km
results in an offset of approximately 4 km. At 50° north the offset is already ~ 6 km.

Estimations reveal, that the amount of cloud displacement in our study is within the error of
image rectification. Rectification includes a geometric correction process which transforms
the image pixels to a nominal image geometry by removing deformations caused by the
spacecraft's movement (www.eumetsat.de). According to EUMETSAT, the pixel displacement
due to rectification varies between 1 and 2 pixels (personal communication Chris Hanson). In
midlatitudes, the size of a pixel in the infrared and water vapor channel is ~ 5 x 8 km,
resulting in a pixel offset between 5 km (minimum) and 16 km (maximum). For the visible
channel (~ 2.5 x 4 km) the offset ranges between 2.5 and 8 km. In addition for the correction
of cloud location the height of the cloud has to be guessed, which is another source of error.

The overall aim of this study is not to find the exact localization of convective centers, since it
is known that low cloud-top temperature may not be directly located over the convection at
lower levels (Adler et al. 1983, Heymsfield and Fulton 1988, Goldenberg et al. 1990). The
final result of this study might be an estimation or a probability of the relative proportion of
the convective/stratiform areas within a certain cloud region at a certain time. Therefore no

parallax correction was done.

3.3 Data from the visible channel

Imagery from the visible (VIS) channel offers the highest spatial resolution of all three
Meteosat channels (subsatellite point: 2.5 x 2.5 km) and contains information on the solar
radiation reflected by the earth-atmosphere system. The VIS data is registered in the spectral
band between 0.45 and 1.00 um. The intensity of the pixels depends on the albedo of the
underlying surface or cloud, highest reflectivities are shown in white, lowest in black. Water
content and depth of the cloud are considered the most important factors on which the
brightness of a cloud depends (Bader et al., 1995). Especially in the morning and evening
scan VIS data exhibit distinct light/shadow effects which enhance cloud top structures.

The limitation to visible images is that they exhibit a pronounced time- and location-
dependent diurnal and seasonal variability due to the changing illumination conditions given
by the location of the pixel and the local sun position (Binder, 1989).

3.3.1 Normalization of VIS data

In order to make data from different times and geographical locations compatible with
respect to insolation, a normalization procedure was used. This normalization procedure
converts satellite visible channel data from Meteosat to a well-defined reference state (Binder,
1989) with a uniform level of illumination over the daylight sector of the picture (Bader et al.,
1995). As a consequence normalized images contain no light effects.

In this study; the normalization procedure established by Binder (1989) was used. This
procedure accounts for the solar zenith angle and produces reasonable results for solar
zenith distances up to almost 90°. For each pixel of the analysed image the latitude and
longitude as well as day and daytime were used as input parameters for the normalization.
The normalization allowed an analysis of VIS images over a period starting from 07:00 until
17:00 UTC with a decrease towards the end of the SOP.
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3.4 Identification of convective regions by satellite: Overview

For the identification and forecast of convective activity and its related severe weather
phenomena (i. e. hail, strong precipitation, wind gusts) a big effort was and is made in
scientific research of convection (e. g. COST-78, see Lagouvardos et al., 2001). Sprayd and
Scofield (1984) describe satellite and radar data characteristics of different types of heavy
convective rainfall systems. Especially for nowcasting purposes, the detection/identification
and the forecasting of convective activity are important aspects (Riosalido, 1996).

In this study we use visible and infrared data from geostationary satellites in order to
separate convective from stratiform cloud regions. Since visible and infrared radiation does
hardly penetrate the cloud, the relationship between satellite-measured visible or infrared
radiance and physical processes within the clouds are indirect. The basic assumption of
convective-stratiform detection methods is, that cloud top structures are related to physical
processes within the clouds.

Severe convection related to thunderstorm activity can be identified in the infrared data by
cold cloud tops and rapid evolution. Cloud tops quickly extend to the top of the troposphere
and rapid lateral expansion of the anvil region occurs (Kidder and Vonder Haar, 1995).

Using data from the visible channel, convection can be detected by a more detailed analysis
of the cloud top structures due to the higher spatial resolution of the visible channel (e. g.
Meteosat and GOES). While the coarser spatial resolution of the infrared channel smooths
out the smaller convective cloud top variations, distinct cumuliform cloud-tops may be
observed in the visible channel (Adler et al., 1985). Bader et al. (1995) gives an example,
where the high spatial resolution of the VIS channel data and light/shadow effects allow an
identification of strong convective updrafts within the anvil regions of cloud clusters in the
Gulf of Biscay.

In both, infrared and visible images small convective features and larger convective cloud
shields tend to have sharp edges on their upwind sides (Bader et al., 1995). These sharp
edges are often used as criteria in order to distinguish between high cirrus clouds and
convective clouds, since a pronounced cloud edge implies a thunderstorm (Adler and Negri,
1988). In Bader et al. (1995) the characteristics of convective regions in the visible and
infrared channel are described in detail. - '

A broad number of software developments exist which aim to retrieve automatically
convective cloud regions by means of satellite imagery. Some of these detection algorithms
like the Convective and Stratiform Technique (Adler and Negri, 1988) aim to derive satellite-
based precipitation estimations. However, these techniques are not universally applicable
since techniques developed for the tropics may not perforin well in the midlatitudes (Kidder
and Vonder Haar, 1995). An overview of satellite precipitation estimation research is given in
Adler and Negri (1988), Kidder and Vonder Haar (1995), and Levizzani (1998) .and (2000).
The following section gives a short overview of some of these software products which rely on
imagery input from geostationary satellites (i. e. Meteosat or GOES) elucidating the retrieval-
techniques of convective regions.

3.4.1 USA: Convective-Stratiform Technique

Adler and Negri (1988) developed with infrared data the Convective-Stratiform Technique
(CST). The technique provides an identification of convective centers and assigns
precipitation rate and precipitation area to these features using GOES cloud-top temperature
combined with a 1D cloud model.

Convective precipitation areas are separatéd from stratiform areas with the help of the
spatial variation of brightness temperature around a localized brightnéss temperature
minima. Regions with active convection are defined by a relative minima of brightness
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temperature and a large slope parameter measuring the strength of the localized minimum
value related to surrounding pixels. This slope parameter removes thin and nonprecipitating
cirrus and is calculated by subtracting the average brightness temperature of the six closest
pixels from the local brightness temperature minima. With the help of the brightness
temperature minima, the slope parameter and an empirical linear discrimination line,
convective cores are separated from thin cirrus points. According to them, a large slope
parameter (i. e. strong gradients at the cloud borders) implies thunderstorm activity, while a
weak slope parameter (i. e. weak gradients at the cloud borders) is associated with cirrus.
The empirical discrimination line was established with the help of visible channel imagery
and radar data.

Goldenberg et al. {1990) adapted the CST to an equatorial ocean area and found that the
discrimination line would be rather accomplished by an exponential form because of the
colder cloud tops in the investigated region. Reudenbach and Bendix (1999) adjusted the
CST to midlatitude conditions for a quantitative estimation of summer convective rainfall.

Adler et al. (1985) used rapid scanning data with 5-minute interval from GOES to detect
severe thunderstorms. For each individual storm, three rate of change calculations were
made: 1. the cloud top ascent rate in the upper troposphere, 2. the cloud top ascent rate
above the tropopause, 3. the maximum rate of expansion of area within temperature
brightness isotherms. According to them, the separation between the cloud top ascent rate
below and above the tropopause is necessary, due to the deceleration of overshooting

parcels.

3.4.2 France: RDT/ISIS

Since 1999, Météo-France has been developing the Rapid Developing Thunderstorm (RDT)
product of EUMETSAT's Nowcasting Satellite Application Facility (SAF). The software named
RDT intends to provide information about significant convective systems from meso-o scale
(e. g. Mesoscale Convective Complexes) down to smaller scales and possibly meso-y scale
(isolated storms) (Morel et al., 2000). Today, the software development is still proceeding.

The RDT product consists of numerical data where convective systems are described as
“objects” with a list of their most relevant characteristics like cloud area, ellipticity, average
temperature, velocity, cooling rate and area expansion.

For that purpose, Météo-France has further developed the software called ISIS (Instrument
de Suivi dans ITmagerie Satellitale)] which allows a tracking and a documentation of
convective systems from a sequence of infrared images. The ISIS output delivers a multi-
parametric description of convective systems, including information on morphological
(ellipticity, cloud area), radiative (average temperature, temperature gradients), and dynamic
(cooling and expansion rate) characteristics (Morel et al., 2000). The software consists of
three main modules:

1. Thresholding and detection of cloud systems: The analysis of pixels colder than a
brightness temperature threshold and pixel areas greater than an areal threshold are
recognized as “cells”. The temperature thresholds are adaptive in order to account for the
different development stages of the cloud systems (Morel et al., 2000).

2. Tracking of cloud systems: The tracking is performed by an overlapping technique,
calculating the fraction of overlap between tracked objects in two consecutive images (cf.
Morel et al. 1997, Morel and Sénési 1999, and Morel et al. 2000).

3. Discrimination of convective systems: The identification of convective systems is based
on infrared images and analyses of the local temperature gradient on the edges of the cloud
shield. Since young convective cells are related to strong cloud evolution, strong temperature
gradients are located at their cloud edges. Simplified, a cell is regarded as convective, if the
{peripheral) temperature gradient is larger than a predefined discrimination value. For more
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details see Morel and Sénési (1998 and 1999) and Morel et al. (2000). The discrimination
values vary monthly and have been tuned with lightning data as the ground truth for the
design of convective samples on a five-year dataset.

The quality of the discrimination of convective systems has been quantified over France and
shows a significant quality during the whole warm season (from April to September) for
convective systems with a cold anvil exceeding 10 000 km? at a brightniess temperature
threshold of - 45° C. 80 % of the detected convective systems and even more than 90 % of the
most active ones are correctly discriminated by the method, the rate of low false alarm was
around 8 % (Morel and Sénési, 1999).

3.4.3 Austria: ASII

The Austrian Meteorological Service (ZAMG) has developed a nowecasting tool named

“Automatic Satellite Image Interpretation” (ASII) within the framework of EUMETSATs

“Nowcasting and Very Short Range Forecasting” SAF. The aim of the ASI product is an

automatic satellite interpretation in terms of conceptual models, providing a classification of

typical cloud configurations and related key parameters and physical processes

(Wirth et al., 2000).

ASI identifies convective cells by the brightness minima and their compact circular or

elliptical shape. The successive steps for the detection of convective cells are (Csekits et

al., 1999):

o Smoothing of calibrated IR images in order to eliminate small and not-sigm:ﬁcant
brightness maxima.

e Extraction of the local brightness minima being colder than - 25° C.

e To avoid the detection of homogenous and fibrous structures, around each localized
brightness temperature minima four concentric circles with different prescribed radii are
constructed. For the classification as convective cell, 80 % of all pixels on at least one
concentric circle have to exhibit a minimum difference to the localized brightness
temperature maxima.

e Calculation of the development image, which is the motion-corrected difference image
between two consecutive images separated by a time lag of 30 minutes. The development
image can be interpreted as non-advective changes in the cloud field between two
consecutive images.

The latter step allows an attribution of different development phases within the life-cycle of a

convective feature. A life cycle characterization of convective cells recognizable in

development pictures are given in Csekits et al. (1999) and Zwatz-Meise (2000).

3.4.4 Italy: NEFODINA

The Italian Air Force Meteorological Service developed a nowcasting product named
NEFODINA (from the Italian: NEFQanalisi DINAmica), in order to detect and extrapolate
strong convective phenomena from Meteosat infrared images. NEFODINA is an object-
oriented product which uses statistical parameters from the objects identified as convective
cells. The recognition of convective cells is established by calculating the slope index of the
CST according to Adler and Negri (1988). Each identified cell is associated with a life cycle
stage: e. 8. a convective cell is regarded as developing, if the cloud top height is growing (i. e.
cooling) and its area is enlarging. NEFODINA was used together with the MAP rapid scan
data and it was found, that the detection of severe convective systems could be improved
using images in a 5-minute interval instead of the operational 30-minute interval (Rosci et
al., 2000). Today, NEFODINA is running operationally using 30-minute interval Meteosat
images.
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3.4.5 England: GANDOLF

In 1994 the UK Met. Office started a project which was aiming to improve the use of satellite
imagery in quantitative forecasting systems, such as numerical weather prediction and
nowcasting (Lagouvardos et al., 2001). The product of this project is a flood forecasting and
warning system, called GANDOLF (Generating Adva_nced Nowcasts for the Deployment of
Operational Land-based Flood forecasts).

GANDOLF is used to choose between advective and life cycle forecasting methods and for the
latter, GANDOLF NNCC (Neural Network Cloud Classifier) was developed. The NNCC was
produced in 1996 and used nearly 2200 samples of 17 x 17 pixel arrays of Meteosat visible
and infrared imagery, as training class for an automatic cloud classification (Lagouvardos et
al., 2001). These samples were subjectively labelled by an experienced meteorologist in four
different classes: clear land or sea, dynamic cloud (frontal cirrus, thin cirrus, altostratus,
nimbostratus and fog), shallow convective cloud (stratocumulus, cumulus and cirrus
overlying stratocumulus) and deep convective cloud (cumulonimbus, MCS) (Pankiewicz,
1996a). The overall accuracy of this robust classifier from 730 independent test samples was
84 % including the analysis of textural pixel information (Lagouvardos et al., 2001). For
further details of pattern recognition techniques see Pankiewicz (1995), for details of the
NNCC see Pankiewicz (1996a and b). In 1999, NNCC was incorporated into GANDOLF and is
regarded today as a key component for the distinction between convective and stratiform

clouds (Lagouvardos et al., 2001).

3.4.6 Summary and comments

After presenting some techniques with infrared channel data, the main input parameters for
the detection of convective cloud regions can be summarized as follows: the cloud top
temperature minima and the surrounding pixel characteristics (e. g. the slope parameter of
CST), the areal expansion of the anvil region in time, the cooling rate in time, the persistence
of an analysed cloud region in time and its shape and size (e. g. extension of anvil region).

Neural networks, such as GANDOLF NNCC, use cloud patterns as input and compare them
to templates of known cloud pattern values (e. g. size, shape, pixel brightness) as predefined
in the training classes of cloud classification. Convective regions are identified by their
spectral and textural appearance, emphasizing the analysis of cloud patterns within a region

of interest.

The CST, RDT, ASII and NEFODINA use empirical discrimination functions for the
identification of convective pixels/areas. By relating the strength of the localized minima
brightness temperature to the surrounding pixels, convective centers are separated from
cirrus clouds. One of the drawbacks of empirical discrimination functions and threshold
techniques arises due to the adjustments required when applying the techniques to regions
with different meteorological conditions, e. g. the tropics. Moreover, a fixed threshold, if set to
a low value (e. g. cold temperature), may prevent the identification of young convection.
Otherwise if a fixed threshold is set to a high value (e. g. warm temperature) the analysis may
incorporate pixels which are not related to convective activity. Thus the results and the
information gained of a threshold dependent analysis are strongly steered by the threshold

value.

According to Yuter and Houze (1998), methods using an IR temperature threshold as a proxy
for convective and stratiform precipitation overestimate convectivity below the clouds, since
deep clouds contain stratiform and convective regions. Adler et al. (1985) found, that not all
brightness temperature minima are thunderstorms (i. e. related to strong convective activity)
and that not all thunderstorms have brightness temperature minima all the time.

Morel et al. (2000) implemented an adaptive temperature threshold detection algorithm
taking into account the life-cycle dependent stage of a cloud system. They use an adaptive
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temperature threshold value which is warm in the early stage of convective systems and
colder during the development of the system.

All presented convective-stratiform methods rely on data from gdeostationary satellites.
Anagnostou and Kummerow (1997) present a method using data from the Special Sensor
Microwave/Imager (SSM/I) (see Ferraro et al., 199‘8) They defined a *“variability index”
defined as the mean absolute 85-GHz SSM/I brightnes$ temperature difference between a
pixel and the eight surrounding neighbour pixels. They found, that a low variability index is
related to high probability of stratiform coverage, while a high variability index is related to
high probability of convective coverage. Current meteorological information for the validation
of the presented satellite-based systems are and were gained from radar, raingauge and

- lightning data.

3.5 Radar data

Analogous to satellite data, weather radar provide information on precipitation areas with
high temporal and spatial resolution. Weather radar give an overall picture of precipitation
systems from the synoptic to the storm scale, providing important information for short-term
predictions (Germann, 2000). They operate within the 3 to 10 cm wavelength range and
detect precipitation-sized particles and are not - like satellites - sensitive to small cloud
particles (Bader et al., 1995). Thus radar data allow an interesting insight into physical
processes within a precipitation cloud and are therefore an excellent complementary
information for the validation of satellite-based convective-stratiform identification methods.

A precipitation radar measures the radiation power scattered back from water droplets or
snow flakes in a volume of the atmosphere (Bader et al., 1995). The scattered radiation power
is expressed in terms of reflectivity (Z), which is converted into corresponding rainfall rates
(R). In this study, the conversion is based on an empirical predefined Z-R relationship with
16 intensity classes (see Table 3-1, p. 36) which is used operationally at MeteoSwiss.

The 5 cm Doppler radar is situated on the southern side of the Alps (Ticino) on a mountain
named Monte Lema at 46.042° N/8.833° E at a height of 1625 m a. s. 1. and was installed in
1993. The antenna scans the volume around the radar at 20 different elevations every
5 minutes with a 3 dBZ beam-width of 1° (Joss et al.,1998). During the MAP-SOP, the Monte
Lema radar provided continuous operations and was used to construct a real-time radar
composite with data from all operational radar around the Alps (Bougeault et al., 2001). A
description of the operational available radar products from MeteoSwiss can be found in Joss

et al. (1998).

For this study, reflectivity data in polar coordinates was used which provide the highest
spatial resolution (i. e. 1 deg. x 1 deg. x 1 km). Since the width of a radar beam increases
with distance, the spatial resolution is high at short range and low at wide range from the
radar. The reflectivity of prec1p1tat10n particles assigned to an image pixel in polar
coordinates is representative for one cell with extension of 1 degree in azimuth and 1 km in
range laying over the surfacé scanned during the given elevations (Joss et al., 1998). The
cells reflectivity is coded in range O to 15 corresponding to a linear scale in dBZ and
logarithmic rainrate scale, respectively (see Table 3-1, p. 36).

The earth’'s curvature, ground clutter and shadowing effects of mountains reduce radar
visibility (Joss et al., 1998). Therefore, a correction is necessary to account for effects of
reduced visibility. For each scan elevation visibility maps are created which give indication
about the degree of non-occultation at locations scanned by the radar beam. The' radar data
used in this study is corrected for visibility reduction for each scan élevation. For further
information concerning the correction of the radar visibility see Held (1995). Radar data used
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in the present study was corrected with standard correction algorithms (i. e. ground clutter
suppression, visibility correction, etc.) of MeteoSwiss.

TABLE 3-1. Classes of reflectivity and rainrate inten-
sities according to Joss et al. (1998). Note the loga-
rithmic scale of the rainrate. .

Class Reflectivity [dBZ] Rainrate [mm/h}
00 <13 <0.16

o1 13- 16 0.16 - 0.25
02 16 - 19 0.25 - 0.40
03 19 -22 0.40 - 0.63
04 22-25 0.63 - 1.00
05 25 - 28 1.00 - 1.60
06 28 - 31 1.60 - 2.50
07 31-34 2.50 - 4.00
08 34-37 4.00 - 6.30
09 37-40 6.30 - 10.0
10 40 - 42 10.0 - 186.0
11 43 - 46 16.0 - 25.0
12 46 - 49 25.0 - 40.0
13 49 - 52 40.0 - 63.0
14 52 - 65 63.0 - 100.
15 >55 > 100.
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4 Methods

In this chapter the methods for the identification of convective activity based on satellite data
are presented, followed by preliminary results of the implemented satellite-based techniques
and a description of the convective-stratiform radar algorithm.

As mentioned before, the basic assumption underlying\"the presented methods is, that the
cloud top structure provides information on convective and stratiform cloud regions. For that
purpose we use spatial and temporal information from infrared and visible rapid scan data.
But first of all the requirements of the implemented satellite-based methods are defined.

4.1 Methodological requirements of this study

22.09.1992, Vaison-la-Romaine, France: several MCS generated a flash flood and produced
300 mm of rain in 24 h, with precipitation intensities reaching 220 mm in 3 hours causing
big damages and loss of life. Meteosat imagery from this case shows a remarkable feature: a
stationary V-shaped cloud structure (Benech et al.,, 1993). A V-shaped cloud is an
unambiguous. indicator for the occurrence of convection (Adler et al., 1985) and is produced
when strong upper level winds are diverted around an overshooting top.

As pointed out in section 2.2 (p. 25) the convection encountered in the LMTA during the SOP

can be deseribed as “embedded”™ rather than “deep” convection and during the SOP no V-

shaped cloud was observed in the LMTA. Since embedded convection is a part of a stratiform

cloud, convective regions may not be clearly identifiable like isolated deep convective cells.

Further, possible orographic effects triggering convection might be weak and therefore

difficult to detect. Deep convective clouds can be recognized by their compact and elliptical

shape of their cloud borders (cf. section 3.4, p. 31), in contrast embedded convective regions
occur in stratiform clouds and are expected to exhibit a rather diffuse and fuzzy appearance
within these cloud shields.

For the recognition of convective regions within satellite images, thresholding (i. e. fixed

count/temperature thresholds, empirical discrimination lines) should be avoided, because of

the loss of potential relevant meteorological information before a given threshold is exceeded.

In this study, thresholds were only used to exclude warm pixels of land surfaces and warm

clouds from the analysis as well as for classification purposes (cf. section 8.4, p. 77). The

basic methodological requirements applied in this work can be summarized as follows:

o The analysis is restricted to cloud features on synoptic to the meso-p scale in a limited
geographical area in the midlatitudes (LMTA) and shall exploit maximum benefit from the
high time resolution of satellite and radar data.

o The analysis should account for the detection of “embedded” rather than “strong” convec-
tion within cloud areas in satellite images.

» The analysis investigates cloud patterns and no isolated cloud systems (i. e. no depend-
ency on morphological characteristics of single clouds).

o Whenever possible, the use of fixed thresholds for the separation of convective and strati-
form cloud regions should be avoided.

o The applied method should be fast, robust and easy to handle.

Based on these requirements, a methodology was developed which may allow to detect

potential (embedded) convective regions using spatial and temporal information from cloud-

top structures.
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4.2 Spatial variance
In adaptation of the Convective Stratiform Technique (Adler and Negri, 1988) the satellite
image is subdivided in 3 x 3 pixel arrays and for each array the count variance is calculated,

§° = ___I_Z (x‘.—:’é)z ..s = count variance of 3 x 3 array

n-1 ; L X =mean count

The variance is a measure of the count variability of the pixels within a limited region: pixel
arrays with low variances provide a smooth cloud top, high variance values indicate a strong
textured cloud top. In accordance to the assumption, that cloud top structures give
information on the cloud type below, stratiform clouds are characterized by a smoeoth cloud
top, while convective cloud structures exhibit - due to up- and downdraft regions within the
cloud - high spatial variances. As an exception, regions of strong up- and downdraft may
occur below large anvil cloudiness, for example of a well-developed and mature convective
system (e. g. MCS) and may be falsely regarded as stratiform cloudiness due to the shielding
by a smooth cloud top. Apart from regions with strong vertical motion, high variance signals
are encountered at cloud borders. Often individual borders of clouds are delineated and the
change of size of these cloud borders in time gives hints about the intensity of cloud
development. Therefore, the lateral expansion of clouds permanently observed over a period
allows an indirect determination of their life stages (e. g. growing or dissipating stage).
The array size of 3 x 3 pixels was found to be a reasonable size, since larger arrays (e. g. 5x 5
pixels) lead to spatially coarser signals and higher variance values. An example with results
of the variance computation is provided in Figure 4-1 b).

4.3 Evolution/Tendency

In this study, the rate of change of individual pixel counts are calculated over a 10-minute
period from the inverted infrared and water vapor data. The result reveals whether a pixel is
either warming (i. e. decreasing count value) or cooling (i. e. increasing count value) and
gives an indication about the magnitude of count value change within 10 minutes. Pixels
with strong cooling may be an indicator of convective updrafts within a cloud shield. On the
other hand pixels with a warming tendency denote regions of warming and possibly regions

with cloud dissipation.

dc _ Cn« 2 -—-Cn Cn = count value at time n
| . 24t At = time between two consecutive images
cfl_f >0 => cooling
n+1l
.d_C.' <0 => warming
dt
n+tl

It is important to note, that the calculated result of pixel evolution is centred between the
images at time n and time n + 2, i. e. the image at time » + I contains the information on.
evolution rates over a ten-minutes period. The pixel evolution helps to delimit potential
regions of cloud development and interesting time sequences of the rapid scan imagery. An
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example of a rapid scan with results of the evolution computation is provided in Figure 4-
1 a). Note that negative values of pixel evolution indicate a warming pixel, a cooling pixel

reveals a positive value over the 10-minute period.

4.4 Preliminary results using described satellite methods

In this section, preliminary results from investigations with the spatial variance and
tendency methods are described. Results from the temporal evolution of pixels reveal the
magnitude of warming and cooling of a single pixel over a period of 10 minutes. The main
difficulty of the tendency method is posed by advection which leads to seemingly strong
cooling effects on the leading edge and seemingly strong warming effects on the back side of
cloud systems. The putative warming and cooling signals result from the cloud motion since
pixel count values change abruptly when cold cloud areas move over warmer areas like land
and/or sea surfaces. In Figure 4-1 a) the seemingly warming signals are well established at
the backside of the cloud shield moving from southwest to northeast. Seemingly cooling
signals are located at the front side of the clouds, in the direction of cloud motion. This
“double structure” of the calculation of pixel evolution is characterized by cooling effects at
the leading edge of the cloud borders and warming effects at the backside of the clouds is

typical of isolated cloud cells but also of entire cloud shields.
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FIGURE 4-1. Examples of a) the temporal evolution of pixels over 10 minutes and b) the spatial
variance within 3 x 3 arrays, 26.09.99, 09 UTC. Pixels exceeding the count threshold 100 were
analysed. The magnitude of cloud development (negative: warming, positive: cooling), respectively of
pixel variability is depicted with color. The clouds move from southwest to northeast exhibiting in a)
putative strong cooling signals at the leading edges of the clouds and putative warming signals at the

backside of the clouds and in b) strong pixel variances at the cloud borders.
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The spatial variance is calculated for each 1macfe independently from the consecutive. i image
and therefore there are no “artificial” signals due to cloud motion. As shown in Figure 4-1 b)
the signals of the spatial variance are strongly accentuated at cloud borders since those
arrays contain cold as well as warm pixels.

One of the basic questions at the beginning of the present study was, in which way
convective areas would appear in satellite imagery through the application of the spatial
variance and the tendency calculations. For that purpose, several isolated convective cells in
the rapid scan region were investigated. The results of these investigations are summarized
in Figure 4-2, which shows a concéptual model of signals provided by the tendency and the
spatial variance occurring with convective clouds at different stages of life cycle. The
inspection shows that the tendency and the pixel variance depend on the stage of life cycle of
the observed cloud and its related convective activity. In a cloud containing young convection
(i. e. before the generation of an anvil) the locations of the tendency and variance signals
coincide with areas of strongest cloud development and areas of l‘ngh pixel variability. After
the generation of an anvil the tendency signals are characterized by the “double structure”

meanwhile the signals of the pixel variance are situated around the border of the cloud. In
this mature stage of cloud development, convection is completely hidden by the smooth anvil
cloud top. Figure 4-2 gives an example of the characteristic appearance of isolated and deep
convective features in satellite images. However, at that point in time it was unclear whether
typical cloud top structures related to embedded convective activity could be identified, too.

In summary, first investigations of satellite data provide evidence, that the signals stemming
from the temporal evolution consist of an “advective” part and of a “development” part. The
first one is an unwanted artificial effect due to the cloud motion (advection) and must be
reduced in order to enhance the signals of the latter ene, the cloud development. The signals
due to cloud development are supposed to be related in most cases with convective activity
and are therefore of primary interest. For the reduction of the earth-relative motion of the
investigated clouds in satellite imagery a tracking algorithm was introduced and is described
in chapter 6.

5 Radar

In combination with the satellite information the radar observations indicate the point in
time, where cloud systems start to produce precipitation. In order to verify satellite-derived
information, we need to know whether the precipitation detected by the radar is convective or
stratiform. In this section the necessary steps for a comparison between radar and satellite
data are highlighted followed by a description of the radar-based recognition of convective
and stratiform precipitation and of the implemented convective/stratiform separation radar
algorithm.

5.1 Comparison radar and satellite

As outlined in previous chapters, there are many studies dealing with the detection of
convective regions, either in satellite images or in radar images. However, studies with a
direct and systematic comparison between convection found in satellite and radar images are
rare. _

Nagle and Serebreny (1962) compared radar precipitation echo and satellite cloud
observations and found that at any particular instant in time a very low percentage of clouds
precipitate in very limited areas. Negri and Alder (1981) defined individual thunderstorms by
the location of the minimum brightness temperature with 5 minutes rapid scans from GOES
and compared these locations with maximum radar reflectivity. They investigated one day
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young convection mature convection

a) spatial variance
b) evolution/tendency
shield
cloud motion
spatial variance: pixels with high spatial variance -
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FIGURE 4-2. Signals of the spatial variance and the temporal evolution as shown by a single cloud at
two different life stages: young (left side) and mature (right side) convection. In the stage of young
convection (i. e. before the generation of an anvil) the signals of variance and temporal evolution
coincide with the area of cloud development (left side of a) and b)). The generation of an anvil in the
mature stage of the cloud excites strong signals at the cloud border, wheré the pixel variability is
high (right side figure a)) and leads to seemingly cooling and warming tendencies at the front and
rear side of the cloud, respectively (right side figure b)). In the mature stage the cloud shield is
characterized by low spatial and temporal variability of the pixels.

with deep convection and found that the satellite-defined thunderstorms coincide with
individual radar echoes, especially in the early stages of thunderstorm development. Wexler
and Blackmer (1982) compared the behaviour of cloud tops inferred from GOES and radar
reflectivity observations of three tornadic thunderstorms and found that the lowest
brightness temperatures occurred with the formation of a mesocyclone when radar echo tops
reached the maximum height. Adler et al. (1983) and Heymsfield and Fulton (1988)
investigated the structure of thunderstorms using radiometric. measurements from aircraft
observations and compared those with radar data. They found, that the coldest infrared
brightness temperatures do not always coincide with convective areas identified by radar.
Vicente et al. (1998) computed a real-time precipitation estimation with a statistical analysis
using radar derived precipitation and satellite dérived IR cloud-top temperatures.

The equal temporal resolution of satellite and radar imagery allows a direct comparison at 5-
minute intervals. The comparison is necessary in order to validate the resuits derived from
methods based on satellite. First, the satellite pixels of the whole rapid scan area were
georeferenced: for each pixel, the geographical latitude and longitude was calculated,
whereas the geographical location refers to the center of the satellite pixel. For the
comparison satellite-radar, a region of interest was defined (see Figure 5-1) and the Swiss
military coordinates of the radar data were projected on a latitude/longitude Meteosat grid,
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representing the spatial resolution of either the infrared or visible channel. The regions of
interest represented by Meteosat grids in Figures 5-1 a) and b) cover almost the same
geographical area and are of comparable size. The visible grid area (~27'540 km?) is
somewhat bigger than the infrared grid area (~ 25'696 km?) extending further north and
west. The grid area extension in north-south direction is approximately 176 km (infrared.
grid), respectively 180 km (visible grid), the west-east distance is approximately 146 km
(infrared grid) and 153 km (visible grid). v

The southernmost grid cell coincides with the most distant grid cell from the Monte Lema
radar (infrared grid: ~ 139 km visible grid: ~ 141 km) and is located at the lower left corner of
the Meteosat grids in Figures 5-1 a) and b).
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FIGURE 5-1, Region of interest of the present study pictured by Meteosat grids of the a} infrared
channel and of the b) visible channel in Swiss coordinates. Panels c) and d) show the corresponding
geographical areas in pixel coordinates, with black pixels indicating the southern border of
Switzerland. In the upper panels, the location of the Monte Lema radar is represented by a triangle,
rivers and country border lines are marked by thin black lines.

The higher spatial resolution of the visible channel provides more exact country border lines
compared to the infrared grid as clearly depicted in the pixel-based images of Figures 5-1 ¢
and d).

The radar sample volumes of the atmosphere, the satellite two dimensional areas
represented by pixels. Therefore, the verification of radar and satellite is based on the
comparison between a volume (radar) and a two dimensional area (satellite pixel). However in
satellite images, warmer and cooler count values in the infrared channel and light - shadow
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effects in the visible channel provide information on the vertical structure of a cloud. The
verification of the results will show, to what extent volume characteristics derived from radar
is related to temporal and spatial cloud top structures as derived from satellite. We have to
bear in mind, that the verification is restricted to precipitating grid cells since weather radar
respond to larger precipitation-sized particles. Regions without precipitation can be identified
in satellite images as evolving (e. . cooling) but are not assigned to radar-defined
precipitation classes. Strictly speaking, we analyse precipitation areas of clouds as detected
by radar and cloud particles as seen by satellite.

5.2 Separation between convective and stratiform regions

A ground-based radar is an excellent instrument for the detection of precipitation in real-
time, even in mountainous regions (Germann, 2000). Both precipitation types, convective
and stratiform, exhibit different reflectivity patterns in radar images with distinct
characteristics. Convective and stratiform precipitation differ in the magnitude of the in-
cloud vertical air motions and the timescale of microphysical precipitation growth

mechanisms (Steiner et al., 1995).

Convection

Strong updrafts in clouds with convective activity are usually narrow and can lift large
particles upward and form well-defined vertical cores of maximum reflectivity (Houze 1993,
Steiner et al. 1995). Within these updrafts, the vertical air motions are several meters per
second and exceed the fall velocity of snow particles. In vertical cross sections of radar
convective regions can be identified by cells, as tall, thin columns of high reflectivity, since
the bulk of the precipitation mass falls out within a few kilometres of the updraft centers
(Houze, 1997). Convective precipitation areas are therefore characterized by high reflectivity
intensities and distinct horizontal echo structure with high spatial variability.

Stratiform

Houze (1993) defines stratiform precipitation in terms of the vertical velocity scales:
“Stratiform precipitation is defined as a precipitation process in which the vertical air motion is
small compared to the fall velocity of ice crystals and snow.”

The terminal fall velocity of ice crystals and snow is ~ 1-3 m s! (Houze, 1993). In radar
images, the stratiform precipitation is characterized by a horizontally orientated echo pattern
with high reflectivity, called bright band. The bright band is the region where large
snowflakes melt and is characterized by an intense echo in a horizontal layer about 0.5 km
thick located just below the 0° C level (Houze, 1993).

Houze (1993) investigated the generation of convective and stratiform precipitation regions
and their life cycles and found that stratiform clouds (nimbostratus) can become joined with
convective clouds (cumulus and cumulonimbus) to produce the cooperative mechanism of
stratiform precipitation. In one case, the convection occurs in a shallow layer embedded in the
upper portion of the nimbostratus and drops ice particles into the layers of nimbostratus
below. In the second case, the nimbostratus is located next to an area of deep convective
clouds. Ice particles grown and carried up to upper levels by the strong convective updrafts of
the deep convective clouds fall out in the neighbouring stratiform region (Houze, 1993).
Therefore, convective and stratiform precipitation regions show different reflectivity patterns
and stratiform precipitation is often accompanied by the occurrence of deep convection
(Houze et al. 1990, Houze 1997) and develops as a decaying convective area (Houze 1993,
Schiesser et al. 1995). For a description of dynamical and microphysical processes in
convective and stratiform precipitation areas see for example Houze (1993, 1997).






