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PREFACE

The Mesoscale Alpine Programme (MAP), an international research initiative Iasting from 1995 until
2004, was established to carry out scientific investigations with regard to the weather in mountains.
Several hundred scientists worldwide joined together to obtain important new findings in the filed of
mountain meteorology by utilizing synergies. During a field experiment in the Autumn of 1999, where
Austria could act as the host country, a unique data set was collected, which is serving since then as
important fundament for the relevant scientific research. Besides climatological evaluations the data
set originating of standard instrumentation as well as of sophisticated special observing platforms
allows a better insight into the mechanisms of alpine weather phenomena and last not least a
validation of high resolution prediction models. Especially with regard to extreme weather events
which repeatedly lead to severe problems in the Alpine region and which seem to become more
frequent in the course of the global change an improved understanding and prediction is of high socio-
economic importance. Besides extreme precipitation events with floodings, land slides and avalanches
wind storm events are being responsible for much of the weather related damages. The Austrian
participants of MAP devoted their work basically to the latter theme. The present volume summarises
some of the research activities which have been funded by the Austrian Science Foundation (FWF).

VO RWO RT

Das Mesoscale Alpine Programme (MAP), eine internationale Forschungsinitiative, hat in dem 10-
jährigen Zeitraum 1995 bis 2004 die wissenschaftliche Erforschung des Wettergeschehens im Gebirge
zum Ziel. Mehrere hundert Wissenschaftler weltweit haben sich zusammengefunden um durch die
Bündelung der Ressourcen wichtige neue Erkenntnisse in der Gebirgsmeteorologie zu erzielen.
Während eines Feldexperiments im Herbst 1999, bei dem Österreich die Gastgeberrolle spielen
konnte, wurde ein einzigartiger Datensatz gewonnen, der seither als wichtige Basis für die
fachbezogene Forschung dient. Neben klimatologischen Arbeiten erlauben die gesammelten Daten
aus Routine-Mess-systemen und zahlreichen modernen Spezial-Mess-Plattformen auch einen
besseren Einblick in die Mechanismen alpiner Wetterph'a'nomeneund nicht zuletzt eine Validierung
hochauflösender Prognosemodelle. Insbesondere in Hinblick auf Extremwetterlagen, die im
Alpenraum immer wieder zu großen Problemen führen und die im Zuge des globalen Wandels
häufiger werden dürften, ist eine Verbesserung des Verständnisses und der Vorhersage von großer
gesellschaftspolitischer Bedeutung. Neben den Extremniederschlägen mit ihren Folgen in Form von
Überschwemmungen, Vermurungen und Lawinen sind die Starkwindereignisse hauptverantwortlichfür
wetterbedingte Schäden. Die österreichischen Teilnehmer an MAP haben sich vor allem letzterem
Themenkreis gewidmet. Der vorliegende Band fasst einige Ergebnisse dieser Forschungsvorhaben
zusammen, die vom österreichischen Fonds zur Förderung Wissenschaftlicher Forschung (FWF)
gefördert wurden.



ROM - RHINE VALLEY OZONE STUDY WITHIN MAP

Kathrin Baumann-Stanzer, Martin Piringer, Gabriele Rau, Ulrike Pechinger

Central Institutefor Meteorology and Geodynamics (ZAMG), A-1190 Vienna, Austria

Abstract

Within the Meso-scale Alpine Programme MAP, ZAMG conducted the Rhine valley ozone study,
puttingadditional instrumentation in the area just south of Lake Constance. The vertical structure and
the temporal evolution of the planetary boundary layer (PBL) and the ozone concentrations during
Foehn episodes were observed by using a tethersonde system carrying up to three meteorological
and up to two ozone sondes simultaneously, a sonde mounted on the Pfaender cable car, a sodar as
well as an ultrasonic anemometer and one conventional ground-based meteorological station.
Additionally, cross-Alpine measurements with the french aircraft ARAT (Fokker 27) were undertaken
on selected Foehn days. Analysis of the vertical structure of the PBL from soundings, trajectory
analyses and comparisons between measured and modelled sensible heat flux reveal the physical
processes going on in the target area during Foehn cases. An overview about the objectives is given
and highlights of the results of the Rhine valley ozone study are presented. New insight in the vertical
structure of the boundary layer during Foehn events in the target area has been found and is
explained.

1 INTRODUCTION

The Rhine valley ozone study is conducted by ZAMG in a joint effortwith other Foehn investigations in
the Rhine Valley during MAP. ZAMG contributed to the MAP field experiment in autumn 1999 by
putting up vertical sounding devices (a cable car sonde, a multi-sonde tethered balloon system, and a
boundary-layer sodar) in the Rhine valley just south of Lake Constance (Fig. 1).

Both the tethersonde system and the cable car sonde measure ozone, and thus the vertical structure
and the temporal evolution of the PBL and the ozone concentrations during Foehn episodes are
investigated (Pechinger et al., 2000a,b; Piringer et al., 2000 and 2001).

On 5 Foehn days, airborne meteorological and air pollution measurements undertaken with the light
research aircraft Dimona (Metair) are available.

The measurements of ozone concentrations are used to distinguish air masses within the valley and to
assign regions of origin of the advected Foehn air. Trajectory calculations and mesoscale model
studies are used to determine the origin of the different air masses involved (Baumann et al., 2001).

Within STAAARTE 99, measurements with the French aircraft ARAT (Fokker 27) were carried out on
selected days in the same area to characterise the old air mass in the Rhine valley before the onset of
a South Foehn event and to describe the changes caused by the Foehn (Rau and Baumann,
2000a,b‚c,d).

Results of all these activities are described in the following.

2 INSTRUMENTATION

The array of instruments, mainly vertical soundings systems, operated by ZAMG during the MAP SOP
(September 7 to November 15, 1999), is depicted in Figure 1.



Fig. 1:

“ ‘ ../\‘—7'3-'.4 -.

Latitude[degrees]
II_ MAT'HIth;. '‘

1999-1049'
„„. AirQualityStations47,4_; H...l-lohenweilerS...Sulzberg@ D...Dombim_.. L...Lustenau.4 '
;.TrajectoryEndpoints„"... .-_.„_—.."o\Ä“'\_\°. '.‚_f,“,j‚ „ . „47.3—TB...TetheredBalloon«\\? —.=3“f.;.;f„»,;,.„—‘biSO..-SGDAR Wann-um_u '‚:(' „.ij :_Ü"mf—'’ "(V-'" " SCM!qu'".I"L?. 'f'...we}’ 1Off-9“'?CC...camecar « ;'. “gr-„,5L.,_.7‚u..„_‘'..'19... !wei/«'.- : 31.‘ ‘' —fF"f.'-—".«’$LI,“lg“„j‚„—„...=g‘.5\f—"ä—-Jsä„?F"_".;eI;L",i°“f."?_'klfCh }” .._ “_ 146. m.)-.v'lli.‘”mm._»‚_..4_f =__ _:“_. .. ‚ _“,

472 133315|" ‘ ? i/ , —«lÄ// ä£fi>s . “LL?c°*E=*
9 9.1 9.2 9.3 9.4 9.5 9.6 9.7 9.8

ngitudeldegmäl
Map of theAustrian/SwissRhinevalley southof Lake Constanceshowingthemeasurementsites
CC: sonde at Pfänder cable car, TB: tetheredballoon,meteorologicalstation, So: sodar and
ultrasonic anemometer(sonic). Flight track (ARAT) on October 19, endpoints of calculated
trajectoriesand locationsof ground-basedmeasurements.

are summarised in Tables 1 and 2, respectively.

Tab. 1:

Site instrument T h p dd ff gl 03

meteorological station X X X X X X
Fussach

tethered balloon X X X X X X

Pfänder cable car sonde X X X X

sodar X X
Lustenau

ultrasonic anemometer X X X X X

Tab.2:

Parameter TMT system Cable car sonde Sodar USA

Frequency 403 MHz - 2 kHz 40 kHz

Average - - 30 min. 10 min.

Vertical range 500 m 550 m „ 700 rn -

Range resolution <10 rn « 10 m 50 m -
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3 FOEHN BREAKTHROUGH ON OCTOBER 24, 1999

24 October 1999 was the final day of a 4 days Iasting Foehn period caused by a prevailing south-
westerly airflow in 500 hPa over the Alps. Most of the time, a shallow ground-based cold air pool
prevailed below the Foehn flow in the area just south of Lake Constance, in contrast to the situation
further south (Piringer et al., 2001; Baumann et al., 2001). Finally, on October 24, a Foehn
breakthrough occurred in the area around 11 UTC and Foehn storm was observed at the sites
depicted in figure 1 until 16 UTC.
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Fig.2: Timeseriesof temperature(°C), altitudesof thethreesondes (inmaboveground)andozone(ppb)
measuredwith3 tetheredballoonsondesat FussachmeasuredonOctober24, 1999between7:20
and 9 UTC.

The TMT tethered balloon system at Fussach is able to give insight into the structure of the near-
surface boundary layer before the breakthrough of the Foehn to the ground. Because the winds were
already strong and gusty before that event, the three meteorological sondes were kept at only
approximately 300, 200 and 100 m height to ensure rapid gathering of the sondes in case of
anticipated Foehn breakthrough; at the uppermost and Iowermost level, the sondes were combined
with an ozone sonde. Time series of temperature and ozone between 7:20 and 9 UTC are shown in
Fig. 2.

The meteorological and ozone sondes at 300 m are within the Foehn air during the whole period
shown in Fig. 2: air temperature ranges between 12 and 15 °C, and ozone is around 40 ppb. The
meteorological sonde at 200 m is partly within, partly outside the Foehn air. Especially during the
second half of the period shown in Fig. 2, large temperature variations occur at this level. One gets the
impression of an undulating boundary between the warm Foehn air above and the cool, moist air pool
below, extending only about 200 m above the surface during this period. The lowest sonde is within an
easterly flow during the first half of the period. Afterwards, a shift towards north occurs, and
successively temperature and ozone drops to lower values.

There are three different effects that might have contributed to the existence of this shallow cold air
pool with northerly to easterly flow: the diurnal cycle of the valley wind system, a Iake breeze from the
Lake of Constance, and possiny advection due to a regional scale pressure gradient caused by the
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Foehn flow pattern. From the course of the tethersonde measured, no rapid Foehn break-through to
the ground was expected. Instead, a slightly growing ground-based cool layer was supposed to occur,
as was experienced during previous Foehn events. The sudden Foehn break-through at about
11 UTC came therefore as a surprise to the crew maintaining the TMT - system, and the balloon got
lost. Gusts of up to 24 m s“1occurred in the afternoon.
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Fig. 3: Time-seriesof verticalsoundingsa) of temperature(°C)andb)ozone (ppb)fromPfändercablecar
at Bregenzbetween400mand1053mabovesea levelonOctober24, 1999.

The cable car sonde measurements give insight into the temporal variation of the vertical ozone and
temperature distribution between the morning and the late afternoon on 24 October 1999 (Fig. 3a and
b).

Until 11 UTC, strong vertical gradients of ozone and temperature are observed. This is typical for the
many Foehn cases when the Foehn air does not reach the ground in the area. The boundary between
the cold air pool at the ground and the ozone-rich Foehn air above shows a wavy structure. With the
breakthrough of the Foehn after 11 UTC, the inversion disappears, and ozone concentrations up to
40 ppb are observed near the surface.

The results show the ability of the tethered balloon tower system and the cable car sonde to give a
comprehensive qualitative picture of the complex structures in the PBL during south Foehn events
observed within a rather small area. Based on the profiles from the used sounding devices it is
possible to distinguish clearly the cold near-ground air pool from the overlying Foehn air, marked by
strong gradients of the meteorological parameters and the ozone concentrations.

4 SIMULATIONS OF THE PBL — FOEHN INTERACTION

As discussed by Baumann et al. (2000, 2002), time series of the sensible heat flux turn out to be good
indicators for Foehn air reaching a site. Usually, the advected air is much warmer than the ground
below. Thus, the sensible heat flux rapidly turns to negative (ground-directed) values. The absolute
values of these fluxes are much larger than those usually observed during night and thus can be
easily distinguished from the Iatter.Measurements of PBL parameters as the sensible heat flux are
available from an ultrasonic anemometer which had been operated during the field experiment at a
10 m mast at Lustenau (Fig. 1).

The course of the sensible heat flux observed on a sunny day with weak winds (3 September 1999)
and on a Foehn day (24 October 1999) is depicted in Fig. 4. These examples show how the PBL
evolution on a Foehn day can differ from the usual conditions observed on a fair-weather day.
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Compared to September 3, the breakthrough of the Foehn air on October 24 around 11 UTC causes a
reverse diurnal course of the sensible heat flux with strong negative values around noon.

Observations of the PBL parameters as the mixing height and stability are usually not available on a
routine basis. Thus, similarity theory is applied in atmospheric dispersion models to calculate
necessary dispersion parameters. Surface fluxes of momentum and heat are needed to use the
similarity approach. As these turbulent fluxes are also not available on a routine basis,
parameterisation schemes have been developed to estimate the surface fluxes from the routine
observations of wind speed, temperature, humidity and (if available) global radiation.

Two commonly used pre-processors in European dispersion models are the schemes suggested by
Berkowicz and Prahm (1982a,b) and by Holtslag and van Ulden (1982, 1983). In both schemes the
calculation of the surface sensible heat flux is based on the surface energy balance and the resistance
method. The schemes differ in the parameterisation of the net radiation, the ground heat flux and the
partitioningbetween sensible and Iatentheat flux.

Both schemes are applied to calculate the temporal evolution of the sensible heat flux at the
measurement site (Fig. 4). Hourly measurements of the 10 m wind speed from the ultrasonic
anemometer and 2 m temperature and relative humidity measured at the bottom of the mast and the
global radiation measured at the meteorological station at Lustenau are used as input to the
parameterisation schemes. Some specifications have to be defined to describe the effective
underlying surface. Surface roughness is set to 0.25 m, albedo to 15 %, and the leaf area index to 3.
The factor for the determination of the ground heat flux is set to 0.15. These values are chosen from
empirical values determined in field campaigns over grassland. The Bowen ratio is fixed to 0.35. The
results of the parameterisation calculations are depicted as symbols in Figure 4.

a) b)

11111111111111111111111
553

>|.

:;s=s=

Il“Illlllillllllllllllllllllllllllllllllllllllll

d

58538383?ill/ml10.

llllllllllllllllIIIIIIIIIIIIIIIIIIIIT”llllllllllllllllll1llllllllllllllllllllllllllll1511
00010203040505070911911111121314151517151920212223011100010203040506070809101112131415161718192021222300

SEP 3 OCT24

Fig.4: Time-seriesof thesensibleheatfluxfromultrasonicmeasurements(line)and calculatedbasedon
routinelyavailableobservationsusing the schemeafterBerkowiczand Prahm(BP, triangles)and
afterHoltslagandvan Ulden(HU,circles);a) on a sunnydaywithweakwinds(3September1999),
b)underFoehnstormconditions(24October1999).

A relativer good agreement is found between the results of the HU scheme and the ultrasonic data on
September 3 (Fig. 4a). The BP scheme tends to overestimate the sensible heat flux during daytime
and underestimates the nocturnal values. This was also found in other comparison studies (eg. Erbes
and Pechinger, 1999). The ultrasonic anemometer renders a somewhat reduced increase of the
surface flux between 8 and 12 UTC which is not found in the model calculations. Both
parameterisation schemes render too low values when cooling starts after sunset (between 18 and
20 UTC).



The complex diurnal evolution of the sensible heat flux on 24 October 1999 is quite well reproduced by
both schemes (Fig. 4b). Again, the better agreement is achieved with HU, while the results of the BP
scheme are too low most of the time. The decrease of the heat flux with the onset of the Foehn flow at
the site is simulated about two hours too late. The schemes obviously do not react fast enough to the
measured increase of the temperature at 10 UTC (not shown). The model results are in good
agreement with the observations for the time period when temperature above 19 °C are recorded
(between 12 and 15 UTC).

5 AIR MASS ANALYSES OF TWO FOEHN CASES BASED ON AIRBORNE
MEASUREMENTS AND TRAJECTORY CALCULATIONS

As shown before, the onset or breakthrough of Foehn is marked by a sudden increase of ozone.
Above the vertical range of the cable car, ozone data are available from airborne measurements
undertaken on selected Foehn days by the light research aircraft Dimona (Metair) and by the
atmospheric research aircraft ARAT (lNSU/CNES). In this section, the Foehn and PBL air masses are
analysed based on airborne ozone measurements from the Foehn period between 20 and 24 October
1999 and for the Foehn case of 5 November 1999, when the Foehn air measured by the aircraft did
not reach the ground in the area just south of Lake Constance.
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Fig. 5: a) Vertical ozone profiles (ppb)from the Dimonamorning(black)and afternoon(red)flight on
October21. Altitudesare given in metersabove sealevel. b) Mean ozone concentrations(ppb)
plottedagainst the average potentialtemperature(°C) within the lowest2,5 km from Dimona
morning(M)and afternoon(A)flightsbetweenSargansandthe Lakeof Constanceon October20,
21,22 and24, 1999.

All ozone measurements conducted with the Dimona aircraft during the period 19 to 24 October 1999
show ozone values below 10 ppb near ground and higher ozone levels above. Typical vertical profiles
from the flights on October 21 are depicted in Fig. 5a. The rising of the boundary layer top is well seen
in the difference between the morning and afternoon profile. Aloft, the observed ozone concentrations
around 45 ppb are more or less constant with height. A significant increase of the potential
temperature is often used as Foehn criterion (Duerr, 2000). It is found that the mean ozone
concentrations observed by the aircraft during the seven flights are well correlated with the respective
average potential temperatures (Fig. 5b).



Since the origin of the ozone-rich air masses is of special interest, trajectories have been calculated
backwards for 48 hours travel time based on ECMWF analyses with 0.5 degrees spatial resolution
starting at different heights above Bregenz. Two examples, the first day (20 October 1999) when the
mean ozone values within the lowest 2,5 km were still relatively low (Fig. 8) and the last day
(24 October 1999) of the long Iasting Foehn period when maximum ozone values were observed in
the Foehn flow by Dimona aircraft (Fig. 5) will be discussed in the following.

Pre—Foehnconditions 19 October 1999

The vertical ozone distribution on 19 October 1999 was observed with the French aircraft ARAT in the
frame of the STAAARTE 99 programme. The flight track is depicted in Fig. 1. From the flight data, two
vertical ozone profiles were constructed, one representative for the region west of 9.5°E, the other for
the region east of 9.65°E (Fig. 6).

The western profile shows a pronounced ozone maximum around 2000 m. The calculation of
backward trajectories arriving at the target area at 2000 and 4000 m (Fig. 7) reveals that the air with
high ozone values has spent at least two days over the highly industrialised and populated areas of
south-western Germany. The air with lower ozone concentrations at higher levels came from northern
Europe.
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Fig.6: Verticalozoneprofiles(ppb)fromtheARAT flight,fromHohenpeissenberg;tetheredballoonandair
qualitynetwork(see Fig. 1);verticalprofilesof NOxandwinddirectionfromaircraftdata.

The vertical ozone profiles derived from the aircraft data are compared with vertical balloon soundings,
data from the regional air quality network and the rawinsonde profile started at Hohenpeissenberg
observatory one day before.

The ozone profiles from the different systems depicted in Fig. 6 reveal low ozone values below a low-
base elevated inversion and a marked increase over the inversion. The ozone values above the
inversion are of the same order of magnitude as the values found by ARAT around noon.

The ozone profile from Hohenpeissenberg from 18 October is in fair good agreement with the aircraft
data. At Hohenpeissenberg, an ozone maximum around 5000 m is observed which the aircraft
observes at 4000 m a day later. This can be explained by a marked downward movement of the air at
higher altitudes shown by trajectory calculations (Fig. 7).
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Foehn case 20 October 1999

The trajectories arriving at 250 m, 500 m and 1 km above ground at Bregenz on October 20 18 UTC
are depicted in Fig. 8.
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Fig. 8: Three-dimensionalbackwardtrajectoriesarrivingat Bregenzon20 October199918UTC at250m

(triangles),500m (squares)and 1000m gnd (circles)basedon ECMWF analyses.Symbolsmark
trajectorypositionandheightevery3 hours.

On October 20, the air arriving at 1 km height at Bregenz originates from the lower PBL above the
Mediterranean Sea, while the air masses at lower levels spent the previous to days in 700 to 1500 m
above ground (upper convective boundary layer during daytime and in the residual layer at night) at
the Adriatic Sea and the Po Valley (Fig. 8 ab).

Foehn case 24 October 1999

The trajectories arriving on October 24 at 12 UTC in 100 m, 500 m, 1000 m, 1500 m and 2000 m
height at Bregenz were computed based on mesoscale model runs with MM5 and the Swiss Model.
The MM5 trajectories are close to those calculated from the ECMWF analyses (not shown).
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Foehn case 5 November 1999

On 5 November 1999, an ARAT flight at a level of 5000 m asl. was performed under Foehn conditions.

8000
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Fig. 10: Verticalsoundingsby theARAT southof theAlps (red start,blue Ianding,green flight)and

north of the Alps (Hohenpeissenberg,radiosondeat Diepoldsau).From left to right: ozone,
temperatureanddewpointtemperature,winddirectionandverticalmotion.

Horizontal cross-sections over Lake Constance and a flight leg along the Rhine valley reveal similarly
to 19 October that ozone concentrations are lowest over the eastern part of the Iake and the Rhine
valley while nitrogen concentrations (not shown) are higher than in the western part of the area.
Backward trajectories at lower levels arrive from the Mediterranean Sea, while the air at flight level has
its origin over the Northern Atlantic Ocean (not depicted herein).

Ozone profiles south of the Alps are available from the start and Ianding flight of the ARAT (Fig. 10).
Between start and Ianding at Milan, ozone has increased by almost 20 ppb between 1850 and 4500 m
asl.

Cable car soundings undertaken at Bregenz (Fig. 11) indicate the downward mixing of air with higher
ozone concentrations starting around 13 UTC.

At 1 km asl., ozone values up to 50 ppb were measured by the aircraft, similar values were found
below 2 km south of the Alps. Ozone data from the regional Air Quality network indicate too that this
Foehn event affected mainly the higher locations in the area south of Lake Constance.

Typical for most Foehn events in this area, the shallow layer of moist cool air at the ground was not
removed entirer by the Foehn. The wind observations of the sodar at Lustenau (Fig. 12) reveal the
wavy and changeable boundary between the weak southern (down—valley)flow in the morning and
evening, the northern (up—valley)flow around noon and the much stronger south-eastern winds driven
by the Foehn flow aloft.
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Fig. 11: Timeseriesof cablecar ozone soundingsat Bregenzon November5, 1999 (timegiven in hours
UTC).
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Fig. 12: Time-seriesof sodarwindsoundingsat Lustenauon 5 November1999(timegiven in hoursUTC).
Colouredcontoursshowwind speed in 1 m/s intervalsbetweenless than 1 m/s (magenta)and
morethan9 m/s(darkred).Overlyingwindvectorsshowthehorizontalwindindirectionand length.
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6 CONCLUSIONS

This paper gives an overview of the measurements, trajectory analyses and model runs undertaken in
the frame of the project ROM, the Rhine valley ozone study within MAP, up to now.

One of the repeatedly occurring features of Foehn flow in the area just south of Lake Constance is the
presence of a shallow ground-based cool and moist layer, usually preventing the Foehn flow from
hitting the ground. Evidence for this pattern is found during several days during MAP. There are three
different effects that might contribute to this northerly to easterly flow: the diurnal cycle of the valley
wind system, a Iake breeze from the Lake of Constance, and possibly advection due to a regional
scale pressure gradient caused by the Foehn flow pattern. This result confirms previous findings by
Baumann et al. (1998) achieved by MM5 model runs for a Foehn case. The special feature of the
Foehn case on 24 October is the rare occurrence of the Foehn flow touching the ground also in the
area just south of Lake Constance (section 3). Sensible heat flux can be a good indicator of Foehn air
touching the ground (section 4). Measured and modelled sensible heat flux is in fairly good agreement
under these circumstances. Trajectory analyses reveal the differences in the origins of Foehn- and
non—Foehn air masses (sections 5). Thus, the combination of airborne and ground—based
measurements gives a comprehensive picture of the often complex PBL vertical structure in the target
area of the Rhine valley ozone study during Foehn. The additional analysis of high—resolution
rawinsonde data collected during MAP will be addressed more closely in the future.
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GAP FLOW — AN OVERVIEW AND PRELIMINARY RESULTS

G.J. Mayr, I.Vergeiner, A. Gohm, J. Vergeiner, R. Mayr

Institutefor Meteorology and Geophysics, University of Innsbruck

Abstract

GAP is one of the objectives of the Mesoscale Alpine Programme (MAP). It studies the effects of
vertical and lateral topographical constrictions on atmospheric flow, i.e. flow through and over a pass.
Detailed goals of GAP are given and the extensive observational network along the Brenner cross
section for the MAP special observation period in fall of 1999 is described. It consisted of 70 surface
stations, several radiosonde stations, remote sensors, and research airplanes. Nature contributed to
the success of the measurement campaign by providing an above-average number of foehn cases.

While data processing and quality control of the huge data set are just being finished, several case
studies have already been started. Preliminary results from three of them are in this article: the
"Sandwich foehn” of October 18, 1999, foehn with high vertical velocities (October 20, 1999), and the
deep foehn October 24-25, 1999.

Surface stations were deployed in lines along the valley slopes to continuously measure the mass field
in the valley. They are compared with radiosoundings taken during intensive observation periods
(IOPS) to judge their usability as sole providers of the vertical temperature profile for the gap flow
cases outside the IOPs.

An analytical conceptual model has been developed to explain the salient flow features when foehn
from the Wipp valley enters the Innvalley, which runs approximately perpendicular to the Wipp valley.

Zusammenfassung

GAP ist eines der Unterprogramme des Mesoskaligen Alpinen Programms (MAP). Es untersucht die
Auswirkungen von seitlichen und vertikalen Verengungen auf die Luftströmungen, d.h. den Föhn über
und durch einen Paß. Der Artikel beschreibt die genauen Zielsetzungen und das ausgedehnte
Beobachtungsnetz entlang der Brennersenke während der MAP Feldphase im Herbst 1999. Das
Messnetz bestand aus 70 automatischen Wetterstationen, mehreren Radiosondenstationen,
Fernerkundungsgeräten und Forschungsflugzeugen. Mit einer überdurchschnittlich hohen Zahl von
Föhnfällen trug die Natur das Ihrezum Erfolg der Messkampagne bei.

Obwohl die Verarbeitung und Qualitätskontrolle des riesigen Datensatzes gerade abgeschlossen
wurde, sind schon mehrere Fallstudien begonnen worden. Erste Ergebnisse von drei Fällen werden in
diesem Artikel beschrieben: der "Sandwichföhn" (18. Oktober 1999), ein Föhnfall mit hohen
Vertikalgeschwindigkeiten (20. Oktober) und ein hochreichender Föhn (24.-25. Oktober).

Bodenstationen wurden linienförmig vom Talboden bis zu den Berggipfeln aufgestellt, um das
Massenfeld der Strömung im Tal kontinuierlich zu messen. Diese Messungen werden mit
Radiosondenaufstiegen während intensiver Messphasen (|OPS) verglichen, um ihre Brauchbarkeit für
die Bestimmung von vertikalen Temperaturprofilen außerhalb der IOPs zu ermitteln.

Ein analytisches konzeptuelles Modell wird vorgestellt, das die wichtigsten Strömungsmerkmale bei
der Einmündung des Föhns aus dem Wipp valley in das nahezu rechtwinklig dazu verlaufende Inntal
beschreibt.
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1 INTRODUCTION

In contrast to studies of airflow over 2-D and 3-D obstacles, the problem of airflow over mountain
passes is a larger neglected area of atmospheric research. However, it represents an important
issue, as the dynamics of gap flow controls the transport of airmasses, the generation of deep
vertically propagating gravity waves, the occurrence of hazardous wind conditions for air traffic (eg.
for the Hong Kong International airport (Lau and Shun, 2000)), and the possible generation of PV
banners. Specific to the Alps, passes control the flushing of polluted air from Alpine valleys and both
shallow and deep foehn events downstream. All the famous Alpine foehn locations (Brenner cross
section, Rhine and Reuss valleys) lie downstream of passes in valleys that run perpendicular to the
main Alpine crest, whereas (at least to our knowledge) no foehn downstream of a ridge is reported in
the literature.

A pass imposes a vertical and lateral constriction on the flow. The consequences of a vertical
constriction, a mountain, have been extensiver studied. Convenient overview papers are Smith
(1979) and Smith (1989). More recent papers on flow over and around obstacles deal with the
mechanisms that lead to wave-breaking aloft and vortex formation in the wake of an obstacle (eg.
Smolarkiewicz and Rotunno (1989, 1990); Schär and Smith (1993a and b); Schär and Durran (1997)).
The windstorms that can occur on the downstream side of a mountain have attracted numerous
researchers and a variety of attempts to explain their mechanisms (Lyra (1940, 1943);Queney (1947,
1948); Long (1953, 1955);Durran (1986); Smith (1985)).

The consequences of a lateral constriction, a gap, on the flow have received much less attention.
Among the few existing investigations of "gap flow" is the report by Scorer (1952) on an easterly low-
level jet of 100 knots through the Strait of Gibraltar when cold air fills the western Mediterranean.
Other observational and modeling studies refer primarin to "outflows" from fjords and canyons (eg.
Jackson and Steyn, 1994; Levinson and Banta, 1995).

Results from the combination of a vertical and lateral constriction, a pass, are even sparser. Colle and
Mass (1998a, b) observed the effects of gap flow and mountain wave accelerations along the western
side of the Washington Cascade mountains and simulated the flow numerically. Pan and Smith (1999)
used hydraulic theory to study the effects of gaps of various depth and width between two idealized
mountains and corroborated their conclusions from a satellite-based wind—fieldstudy of flow through a
gap on an island.

The flow beneath a strong low—levelinversion may, in a first approximation, be studied using single
layer reduced gravity hydraulics. High winds develop when the flow undergoes a hydraulic transition
from sub-critical to super-critical flow. Such a transition can be induced by a pure horizontal
contraction as in the Strait of Gibraltar or a vertical contraction with almost identical effects on the flow.
The third possibility is the combination of a horizontal contraction and a rise in the floor of the gap as in
a mountain pass. When the flowing layer is continuously stratified, as is the more characteristic case
for atmospheric flows through mountain passes, the problem is considerably more complex. It is a fluid
mechanics problem that is particularly interesting because, unlike a single layer flow, this flow has an
infinite number of characteristic wave speeds, each associated with a different vertical structure.

A series of experiments in a hydraulic channel and theoretical solutions discussed by Armi and
Williams (1993) shed light on the mechanism of the continuously stratified hydraulic flow through a
gap. Although the channel contains only a lateral contraction over level ground, the resulting flow has
a striking similarity with that over a mountain ridge as derived, for example, by Smith (1985). A Iow-
level jet of supercritical speed forms downstream of the narrowest section topped by a stagnant fluid
mass overhead. For realistic flows over mountain passes the two models must be combined.

This background led to the incorporation of a gap flow program within the Mesoscale Alpine
Programme (Binder and Schär, 1996; Bougeault et al, 2001). Its scientific questions are stated in
Bougeault et al. (1998):
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to determine the relative importance of gap width versus terrain flow through realistic
topography.

A related question is to determine the relationship between the gap flow and the flow above
mountain—toplevel; in particular, whether the gap flow is reinforced by flow aloft along the axis
of the gap or by a mean-state critical level which caps the low-level cross-mountain flow.

To study the vertical and cross-gap distribution of wind speed and thermodynamic properties.
These are controlled by inviscid stratified dynamics together with surface friction along the
valley floor and side walls. The frictional effects as well as dissipation and mixing of the low-
level high speed flow need to be included in realistic models.

The region chosen for the field measurements was the Brenner cross section, an area with a more
than one century long history of foehn research. The Brenner pass is the lowest in the Alpine crest. lt
lies in the central part of the Alps, where their meridional dimension is largest. For southerly flows,
there is a larger basin upstream and a nearly straight valley downstream of the pass (Fig. 1). Several
tributaries run perpendicular to the Wipp valley. At its exit, 30 km downstream from the Brenner pass,
the Wipp valley merges with the Inn valley via a 100-200 m deep drop at an almost right angle. There
its further way north is obstructed by the Northern Range (Nordkette), a W-E running ridge line of
2200-2600 m MSL. Air can then either flow eastwards out the Inn valley, which exits into the Bavarian
foreland, flow over the Northern Range or through an opening in it 10 km west of Innsbruck.

The Brenner poses a vertical as well as lateral constriction for the flow. The lateral constriction is
staggered in the vertical: the lower gap at approximately 1400 m with a width of few hundred meters is
topped by another gap at approximately 2100 m with a width of roughly 15 km. On both sides the main
Alpine crest continues with an average elevation of 3100 m MSL. The cross-sectional area of the
lower gap is a mere fraction of the upper one. Most of the air reaching the downstream (northern)side
of the Brenner will therefore have to come through the upper gap. The relatively minor role of the lower
pass for the gap flow was only realized in the preparations for the MAP field phase.

Weil known, on the other hand, are the consequences of the terrain drop at the merger of Wipp valley
and Inn valley. During the night radiation-driven cooling of the air in the upper Inn valley, into which
foehn does not reach, causes air to become potentially cooler than the foehn flow. Consequentially,
this cooler air lifts the foehn air off the ground at the exit of the Wipp valley. The main mechanism to
eliminate the difference in potential temperature between the two air masses is solar radiation, which
explains the noon and afternoon maximum of foehn occurrence in Innsbruck. A secondary mechanism
is the drainage of cooler air out the Inn valley due to lower pressure in the foreland caused by an
approaching low/cold front or dynamically by large-scale flow over the Alps with the typical pressure
dipole.

During south foehn an appropriater named "foehn inversion" frequently caps the flow below the main
crest. Similarly, chinook along the Colorado Front Range is often accompanied by an inversion
(Brinkman, 1971). Whether this inversion was sufficient to decouple the low—levelflow from the one
above the crest, was a main objective of GAP. Itwas hypothesized to be strong enough to be able to
apply hydraulic theory to explain the salient flow features.

2 INSTRUMENTAL SETUP

To meet the project objectives, both mass and wind field had to be known with high spatial and
temporal resolution. Crucial locations were the basin south of the Brenner for upstream conditions, the
pass itself as a potential hydraulic control, and Innsbruck at the exit of the N-S valley. Since MAP had
eight differentobjectives, competition for aircraft resources for intensive observation periods (IOP) was
high. Therefore a high-density, continuously operating measurement networkwas set up to be able to
put the few expected IOPs over the Brenner cross section in a longer-term context. Lines of automatic
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surface stations were strung along the valley floor on both sides of the pass and in the Inn valley, and
also up the sides to obtain vertical cross sections of the flow. Data were recorded every 30 seconds to
15 minutes. Four different types of surface stations were deployed.

Slope profiles up to a maximum altitude of 2800 m MSL consisted of a total of 35 temperature loggers
(Whiteman et al., 2000). 35 automatic stations with additional wind, pressure, and humidity information
were placed along the valley floor and on mountain peaks. With such a station at the bottom of a
slope-temperature profile, pressure at the temperature loggers was computed hydrostatically. This
allowed the computation of a conservative variable for the mostly non-precipitating gap flow: potential
temperature. The inaccuracy of the temperature Iogger height (i 1 m) and a possible deviation from
hydrostatic flow are negligible for the overall accuracy of the potential temperature since a pressure
deviation of 1 hPa changes potential temperature by only 0.1 K. The difference between temperature
above the valley axis and along the slope is small during gap flow episodes although it can be
substantial during weak-wind situations (of.section 4.5).

To make wind measurements less susceptible to peculiarities of the anemometer site, anemometer
heightwas chosen to be the standard 10 m whenever possible. All 10 m winds bar one were mounted
on power pylons of local electricity companies. This novel way saved cost and time.

Several automatic stations were equipped with microbarographs. Turbulent momentum flux was
measured with sonic anemometers at three locations. Having 70 stations with heterogenous
instrument components within approximately 50 km horizontal distance places high demands on their
accuracy and intercomparability. Calibration of pressure, temperature, and humidity sensors against
traceable standards and parallel measurements with several complete stations before and after SOP
were performed. Only the factory calibration was used for wind sensors.

Remote sensors measured the wind field over large parts of the Brenner section. Doppler sodars were
installed far upstream at the southern rim of the Alps near Verona, about 25 km upstream of the pass
(mainly used for north-foehn),at the pass itself, and in Innsbruck. A very recently installed UHF wind
profiler operated in Innsbruck. One of the central platforms was the NOAA ETL TEACOZ scanning
Doppler lidar, which was positioned between Brenner pass and Innsbruck. It was available from
October 1, 1999 on and provided radial velocities during selected periods. Due to the channeling of
the valley, radial velocity closer approximates true velocity.

No remote sensors for temperature were available. Temperature information above the 600 - 2800 msi
region covered by the surface stations could be measured only on a case-by-case—basis from
radiosondes and aircraft in-situ measurements. Routine radiosonde stations in Milano and Udine
(Fig. 1) provided vertical profiles upstream of the Alps. Soundings in Verona at the southern rim were
made especially for the SOP. The immediate upstream profile was gathered at the first larger basin
upstream of Brenner in Sterzing. Downstream of Brenner, radiosondes were launched from a site
collocated with the Doppler lidar and from the routine station in Innsbruck.
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Fig. 1: Topographyof theAlps withclose-upof the Brennertargetarea.Radiosoundings(STZ .. Sterzing,
GED .. Gedeir and Innsbruck)are markedwitha blue circle, Sodars (BRB .. Brennerbad,IBK ..
Innsbruck)with a pink pentagram,the lidar (GED) with a red square. Meteorologicalstations
measuringat least temperature,humidity,pressureand wind are denotedby a black plus sign,
temperaturesensorswitha tiny cyan circle. lsolines in the grayshadedpicture:600, 1300,2000,
2700and3400mMSL. Inthezoomedarea isolinesevery400mbetween600and2600mMSL.

Abb. 1: Topographieder Alpen plus herausgezoomteBrennerTarget Area. Radiosondierungen(STZ ..
Sterzing,GED .. Gedeir und Innsbruck)sind mit dem blauenKreis markiert,die Sodars (BRB ..
Brennerbad,IBK .. Innsbruck)mit einempinkenPentagramm,das Lidar (GED) mit einem roten
Quadrat.MeteorologischeStationen,die wenigstensdie ParameterTemperatur,Feuchte,Druck
undWind messen,sind mit einem schwarzenPluszeicheneingetragen,Temperatursensorenmit
einemkleinenzyanfarbigenPunkt. lsolinienim grau schattiertenBild:600, 1300,2000,2700 and
3400mNN. lmherausgezoomtenBild:lsolinienalle400mzwischen600und2600mMSL.

After the Doppler lidar was in place, aircraft measurements augmented the dense surface network
during IOPs (Fig. 2). The two main aircraft operated were the NOAA P3 and the NCAR Electra. If
available, they flew joined missions. The P3 made in-situ measurements (Fig. 3) in the foehn layer
below and immediately above the foehn inversion.

The advantage of the short horizontal distance of the cross section was that unprecedentedly dense
stacks of tracks could be completed in a time during which the flow was quasi-stationary. The logistics
of flights with a relatively big aircraft in a narrow and deep valley and the frequent presence of
instrumented flight conditions upstream of the pass during south foehn posed challenges that had
seemed unsurmountable before the beginning of SOP. Close cooperation between one of the Pls, the
aircraft crew, and air traffic control in Innsbruck (the exit of the Wipp valley is the approach zone of the
airport!) overcame these problems.

The Electra flew above the inversion to probe the layer below with the SABL aerosol lidar and drop
sondes, and to make in-situ measurements. A primary goal of the Electra missions was to map the
cross-flow variability of the flow. Dropping sondes over such complex terrain posed another challenge.
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Practice was needed to get the sonde down over the desired location through a vertically strongly
sheared wind field. The aircraft also had to maintain a line of sight connection till the sonde reached
the ground.
On one day (October 30) the French Fokker Arat joined the measurements at altitudes above the
inversion to use the on-board lidar, Leandre li, which measures reflectivityand water vapor content.

Although gap flow occurs in both directions along the Brenner cross section, the instrumentation was
geared towards measuring south foehn. Downstream topography is much simpler for southerly flow
and its Iikelihood is higher during the SOP. Only three automatic stations with microbarographs and a
Doppler sodar (all south of Sterzing) were dedicated to observe north foehn.
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Fig.2: Operation Periods of the most important instrumentsduring the MAP—SOP7 September -
15November1999

EinsatzperiodenderwichtigstenInstrumentewährendderMAP—SOP7. September—15.November
1999

Abb.2:
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F| . 3: P3—verücaltracks:Verhcalcross-secüonofa P3-fl|htbetweenInnsbruckandSterzm afternoonof|
30 October,1999.

Abb. 3: Verhkaler Querschmttemes P3-Flu es zwschen Innsbruckund Sterzm am Nachmflta des|
30.Oktober1999.

3 FOEHN CLIMATOLOGY DURING THE MESOSCALE ALPINE
PROGRAMME

Seen from a climatological point of view, the autumn of 1999 was a good season to perform the MAP
field program. During the 70 days of the Special Observing Period (SOP) 15 south foehn periods
(29 days) in the Wipp valley were recorded. Innsbruck at the exit of the Wipp valley reported 16 days
with foehn, which is well above the long term average 1906 —1995 for the same period with 11 foehn
days.

3.1 Foehn periods during the MAP-SOP

The 15 foehn periods cover a wide range between short “incidents” and persistent conditions over
several days. Seven periods lasted 6 to 16 hours, the other eight periods longer than 24 hours; the
longest one between 19 and 23 October lasted more than four days.

As can be seen from figure 4, most of the foehn periods are also connected to an IOP. This is quite
natural since the study of foehn and gap flow in the Alps was one of the main goals of the MAP
project. Not covered by an IOP were merely the shallow foehn on 22 September and the south flow on
27 September, which lasted only a few hours. The south—northorientation of the Wipp valley with the
only 1370m high Brenner pass at the southern edge favors a high foehn frequency (compare chapter
3.2). Hence most foehn periods begin with a compensation flow caused by an already slightly higher
pressure south of the Alpine crest before the actual gap flow is established.
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3.2 Foehn and south wind frequencies and wind maxima during the MAP-
SOP at three stations

The threestationslistedbelowwerechosenfromtheentirenetworkduetotheirhighqualitysensors
andthegood expositiontosouthwind.

The mountainstationSattelberg(2120m MSL)measurestheoncomingflowatthemainAlpinecrest.
Mostof the air duringdeep foehn conditionsflowsover the broadsaddle betweenthe very high
mountainrangesStubaierand ZillertalerAlps. Sattelbergis situatedon this saddleand therefore
experiencesslightlychanneledflow with quite high wind speeds comparedto other mountain
locafions.
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Fig.4: MAPIntensiveObservingPeriods(IOPs),foehnperiodsinthelowerWippvalley,andwindspeed
anddirectionduringsouthwindconditionsat thestationEllbögenbetween7 Septemberand
15November1999

Abb.4: MAP IntensiveBeobachtungsperioden(IOPs),Föhnperiodenim unterenWipp valleyund
Windgeschwindigkeitsowie—richtungwährendSüdwindlagenan der StationEllbögenvom
7.Septemberbis15.November1999

Ellbögenat 1071m MSL is situatedin the lowerthirdof theWippvalleyand is wellexposedto the
south.

AtthestationInnsbruckUniversityat580m MSL theWippvalleyandInnvalleymerge.Herethefoehn
meetstheInnvalleyfloworhastodealwitha coldairpoolintheboundarylayer.

At Sattelberg876hourswithsouthwindwererecorded.This correspondsto 52.14 % of thewhole
MAP-SOP.

Ellbögenhadeven924 hoursofsouthwindor55%.At firstsightitmaybesurprising,thata stationin
thevalleyrecordsmorehourswithsoutherlywindsthena mountainstation.Butthisis causedbya
veryregularthermallydrivenvalleywindsystemintheWippvalleyduringhighpressuresituations.At
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Ellbögenabout50 % of allthehourswithsouthwindareduetonocturnaloutflow.A goodexampleis
theperiod7 through13October(Fig. 4).

The stationInnsbruckUniversityaccumulated112hours(6.7%)offoehn.This relativelysmallnumber
is mainlydue to the fact, thatthe potentiallycolderair mass in the Innvalleycan noteasily be
removedbythe foehnflow.This air needsto be suckedoutto theAlpineforelandor bewarmedby
diurnalsensibleheatingbeforeitcangivewaytothesoutherlyflow.Consequentlytheonsetof foehn
is usuallya fewhourslaterthanintheWippvalleyandduringshortfoehnperiodsthesoutherlywind
maynotreachthegroundoftheInnvalleyatall.

The highestwindspeedaveragedover 1 minuteat Sattelbergwas recordedon 20 Septemberwith
35.4m/sor 127km/h.The strongestgust-onthesameday-reached43.2 m/sor 156 km/h.

At Ellbögenthehighest1minutemeanvaluewasmeasuredon24 Octoberwith22 m/s(79 km/h),the
strongestgustreached29.5 m/sor 106km/h.

At InnsbruckUniversityonly10minutemeanvalueswererecorded,thehighestvaluebeing10m/sor
36 km/h.The highestgustwas24.9 m/s(90km/h)measuredon23October.

4 CASE STUDIES

4.1 Lee Waves experienced by a Sounding Balloon on 20 September 1999

Duringthe MAP fieldphase a radiosoundingstationbased in a hangarof the local gliderclub in
Sterzingjust13kmsouthof theBrennerpasswasoperatedbytheUniversityof Innsbruck.The goal
wastomeasuretheupstreamconditionsoffoehnflowsduringIOPs.

20 Septemberwasthe lastdayof a threedayfoehnperiod.The coldfrontmovedfasternorthof the
AlpswhereitwasnotheldbackbyhigherorographyandreachedInnsbruckatthetimeofthelaunch.
The deepsoutherlyflowovertheAlpswasstillstrongwithapproximately15 m/satcrestheight,well
confirmedby the stationSattelbergat 2120 mMSL. InSterzingrainhad startedin themorningand
wasgettingso heavyintheeveningthattheglidershadto beevacuatedduetofloodingofthehangar
by a nearbysmallriver.But,quitetypically,theflowbelow840 hPa (1400 m MSL),the heightof a
weakinversion,wasnearlyblockedalldayanddidnotexceed3 m/s.

Leewavesseemedto havebeenpresentat leastsince09UTC. Threelaunchespriorto 18 UTC had
beenlostdue to receivingproblemsbecausetheballoonsdescendednorthofthemainAlpinecrest,
whichinterruptedthelineofsighttothebase.
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Fig.6: Flighttrackofthe18UTCsoundingon20 September1999andwindspeedalongthepath

Abb.6: Flugrouteder18UTCSondierungam20.September1999sowieWindgeschwindigkeitentlangder
Strecke

4.2 The MAP—IOP 7 “Sandwich” Foehn on 18 October 1999

A shallowsouthfoehneventis definedbya pressure-drivensouthflowdecoupledfroma westerlyor
even northwesterlyflowon top. Quiteoftena stablecold air surfacepool remainsunderneaththe
southerlyflow.Thisthreelayerstructureis herereferredtoas “Sandwich”foehn.

DuringMAP-IOP7 on 18 Octobersuchan eventwas recordedintheWippvalleytargetarea,withthe
additionalfeaturethatthelowestlayerwas notstagnantbutactuallyflowingsouthwardintotheWipp
valley!There is a pressurelowovernortheasternEurope.lt causes northwesterlyflowin theAlpine
regionabove crest heightand belowcrest heightit advectscold air intothe Alpineforelandand
around the Alps into Slovenia and NorthernItaly(witheasterlyflow in the Udine and Milano
soundings),thusproducinghigherpressurebothnorthandsouthoftheMAP targetareaWippvalley.
The pressuregradientfromtheBavarianforelandtowardsInnsbruckdrivesthesurfaceflowintothe
InnvalleyandfurthertowardsBrenner,whereasthehigherpressuresouthof themainAlpinecrestis
responsibleforthesouthfoehnflowinthemiddlelayer.
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SOUNDING GEDEIR, 18-10—9914UTC |
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Fig.7: RadiosoundingfromGedeir(middleoftheWippvalley)duringtheSandwichfoehnon18October
1999,14UTC

Abb.7: RadiosondenaufstiegGedeir(immittlerenWippvalley)während“Sandwich”föhnam18.Oktober
1999,14UTC

This can clearlybe seen in Fig.7 presentingtheGedeirsoundinginthemiddleof theWippvalleyat
14UTC: A northerlysurfaceflowgp theWippvalleywitha verticalextentof approximately300m is
present!The southfoehnin a 1300 m thicklayeraboveit is toppedby a transitionzonewithwinds
turningfromsouthoverwestto northaccompaniedby strongdrying.A pronouncedinversionmarks
thebeginningoftheverydryandstrongNNWflowabove3600 mMSL.

The NOAA—lidarplacedat Gedeiralso revealsa wavystructureof the foehnflow(wave-lengthof
approximately10km) withdescendingair in the lee of the gap whichis thenascendingover the
thickeningcoldair(notshown).TheBrennerpass itselfhadalwayssoutherlyflowinthisperiod.

The comparisonofupstreamanddownstreamsoundingsin Fig.8 exhibitsa coldairpoolinSterzing,
equallycoldairalso in the shallownortherlyflowin theWippvalleyandpronouncedwarmingin the
foehn layer.Between870 hPa (topof cold air)and 680 hPa (theinversionheight)the horizontal
differencein the potentialtemperaturebetweenthe exit regionof theWippvalleyand Sterzingis
approximately3K indicatinga descentoftheairintheleeofthemainAlpinecrestby700-800 m.

The overalldurationof this oppositeflow structureis short.Prior to its onset therewas weak
(southerly)outflowat the valleybottombeforethe cold northerlyflowpenetratedthe Wipp valley
around8 UTC. At thattimethefoehnflowwas alreadyestablishedat higheraltitudes.As shownin
Fig.9 thefoehnmanagedto removethecoldairpoolbitby bitduringthedaystartinginthesouthof
theWippvalley(Zagl)withfoehnbreak—througharound10:30 UTC. Itfinallyreachedtheexitregion
(Zenzenhof)atabout17UTC.
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Fig.8: PotentialtemperatureprofileofSterzingandGedeirsounding,18October1999,12UTC

Abb.8: Profilder potentiellenTemperaturder RadiosondenSterzingundGedeir,18.Oktober1999,
12UTC
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Fig.9: Time—seriesofwinddirectionatthreedifferentstationsintheWippvalleyon18October1999

Abb.9: ZeitreihederWindrichtungandreiStationenimWippvalleyam18.Oktober1999
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4.3 Case Study of the 24 through 25 October 1999
Deep Foehn Event in the Wipp valley

4.3.1 Introduction

Between24 and 25 October1999 a deep foehneventoccurredin theWippvalley.Datafromfive
weatherstationslocated in the valley and on mountainpeaks, from twoatmosphericsounding
systemsnorthand southof the BrennerPass, andfroma Dopplerlidarlocatedin themiddleof the
Wippvalleywereanalysedto investigatethetemporalevolutionand spatialvariabilityof thisfoehn
case(Fig.10).

Section4.3.2 describesthe synoptic-scaleweatherconditionresponsiblefor the occurrenceof this
phenomenon.Insection4.3.3 datafromsurfaceweatherstationsare presented.Section4.3.4 shows
atmosphericprofilesof thefoehnflowderivedfromrawinsondedata.The three-dimensionalstructure
offoehnis investigatedbyanalyzingDopplerlidardata,presentedinsection4.3.5.A summaryofthis
case studyfollowsinsection4.3.6.

47.3°N ‘

47.2°N

47.1°N

47.0 N J\ /

11.3°E 11.4°E 11.5°E 11.6°E

Fig.10: TopographicmapoftheWippvalley.Contourintervalis500rn.Dopplerlidarsiteandlocationof
balloonlaunch:Gedeir(GED,1075mMSL).Redcirclesarehorizontalrangeringsdrawnevery
2kmaroundlidarsite.Straightredlinesmarktwolidarscansectors,up-anddown—valley.

Abb.10: TopographiekartedesWippvalleys.Konturintervall:500m. DopplerLidarundRadiosonden-
standplatz:Gedeir(GED,1075mMSL).RoteKreisebezeichnendenhorizontalenAbstandvom
Lidaralle2km.GeraderoteLinienmarkieren2Lidarsektorentalein—undtalauswärts.

4.3.2 Synoptic overview

Foehnwindsbetween24 and 25 October1999 in theWipp valleyand otherAlpinevalleyswere
caused by a classical weatherconditionof a pronouncedmid-trophosphericpressure trough
approachingcentralEuropeandincreasingsouthwesterlywindsovertheAlps.On24October12UTC
thepressuretroughat500hPaspreadfromGreatBritaintothewesternshoreoftheIbericpeninsula.
The associatedsurfacecoldfrontwaslocatednearwesternFrancewithitssurfacepressurelowover
theBritishislands.
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Duringthenightform23to24Octobera pressuregradientpointingnorthwardovertheAlpinebarrier
wasestablishednearthesurface(seeFig. 11). This pressuregradientwascausedbythedescentof
the southerlyflowover the northernAlpine forelandwiththe associatedwarmingas well as the
accumulationof coolerairmassesinthePo ValleyonthesouthernsideoftheAlps.Thetypicalfoehn
featureofa “pressurenose”withhighpressureonthesouthernsideandlowpressureonthenorthern
sideof theAlpswasobserved.On 24October12UTC, thepressuredifferencewas 11hPa between
Veronaand Munichand 6 hPa betweenVeronaand Innsbruck.The windshiftfromWSW to SW
abovetheAlpsduring24Octobercharacterizesthetransitionfromaninitiallyshallowtoa deepfoehn.
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Fig.11: 12UTCSMmodelanalysisof24October1999:SealevelpressureinhPa(isolines)andwindsat
10mabovetopographylnrns (arrows).

Abb.11: SM Modellanalysevom24. Oktober1999: Auf MeeresniveaureduzierterLuftdruckin hPa
(lsolinien)und10m-Windinm3(Pfeile).

4.3.3 Analysis of weather station data

The temporalevolutionoffoehnatfiveselectedweatherstationsintheWippvalleyis showninFig. 12
and 13.The stationEllboegen,locatedapproximately9 kmsouthof Innsbruck,is a goodindicatorfor
theoccurrenceoffoehninthelowerthirdoftheWippvalley.There,windsarealreadyturningtosouth
on23October21 UTC withwindspeedsinitiallynotexceedinga fewms”. The decreaseof potential
temperatureat Ellboegenduringthatnightandtheprevailingnortherlywindsatthemountainstation
SattelbergneartheBrennerPass indicatethatthewindsarenota foehn,buta thermallydrivenvalley
flow.
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Fig.12: Potentialtemperatureatfiveweatherstationslocatedin theWippvalley.Fromnorthtosouth:
Ellboegen(green),Steinach(black),Sattelberg(red),Brenner(blue),andWolfendorn(cyan).

Abb.12: ZeitreihenderpotentiellenTemperaturanfünfWetterstationenimWippvalley.VonNordennach
Süden:Ellbögen(grün),Steinach(schwarz),Sattelberg(rot),Brenner(blau)undWolfendorn
(zyan).
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Fig.13: Averagewindspeed(top)andwinddirection(bottom)atthesameweatherstationsas inFig.12,
exceptstationWolfendorn,wherenodataareavailableduetofreezingofthewindvane.

Abb.13: MittlereWindgeschwindigkeit(oben)undWindrichtung(unten)an den in Abb. 12 genannten
WetterstationenaußerderStationWolfendorn,anderwegeneinereingefrorenenWindfahnekeine
Datenverfügbarwaren.
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The onsetof foehnintheWippvalleyis oftenobservedas a gradualtransitionfroma thermallydriven
valleyflowto a dynamicallydrivenflowoverthemountainpass causedbythebuildupof a pressure
gradientpointingnorthwardovertheAlps.Thisgradualtransitionis observedatEllboegenas a steady
increaseof the strengthof thewindsand of potentialtemperature.This is in contrastto the foehn
onsetinInnsbruck(on24 Octoberat 1045 UTC),wherethepenetrationofthesouthfoehnintotheInn
Valley rapidlychanges the westwind regimeand oftenleads to a sudden increasein potential
temperature,windspeed,and gustiness.Foehn in Ellboegenon 24 Octoberis strongestduringthe
afternoonwitha maximumofthesustainedwindspeedof22ms“1atabout16UTC andwithgustsup
to27 ms'1.On 25 OctoberwindsatEllboegenareslightlyweaker.

Duringthenightto 24 October,theair mass alongthevalleyfloorof theWippvalleyis notuniform.
Thereseemsto be a coldpoolintheupperWippvalleynearSteinach.Potentialtemperaturesatthe
weatherstationthereareabout1to 2 K lowerthanatEllboegenandabout3 to4 K lowerthanatthe
BrennerPass. Withthe onsetof foehnin the upperWippvalleyduringthemorningof 24 October
thesedifferencesalmostvanish.However,thefoehnflowin the upperWippvalleyis alwaysweaker
than near Ellboegen.Sustainedwindsat Steinachdo not exceed 11 m s"1and gusts are below
16ms".

WindsattheBrennerPass andatthemountainstationSattelbergarealmostsimultaneouslyturningto
southon 24 Octoberaround01 UTC. This timemarksthetransitionfromthe purethermallydriven
valleyflowto the dynamicallyenhancedflowoverthe mountainpass. At Sattelbergthe strongest
windsare observedin the afternoonwithup to 33 m s"1meanwindsand 37 m s“1gusts.At the
BrennerPasswindsdo notexceed13ms'1.

Duringthedayof 24 October,potentialtemperaturesatthethreevalleystationsEllboegen,Steinach,
and Brennerdifferonlymarginallyfromthe ones at Sattelberglocatedat 2102 m MSL. Potential
temperaturesat the highestweatherstationWolfendorn,locatednearthe BrennerPass at 2774 rn
MSL, areabout3 K higher.This indicatesthatthefoehnairdescendsfromneartheSattelberglevel
intotheWippvalley.However,duringthefollowingnightandmorningof 25 OctobertheupperWipp
valleyis 2 to 3 K potentiallycoolerthanEllboegen,whichstillhas thesamepotentialtemperatureas
Sattelberg.Foehnwindsat Steinachare distinctivelyweakerduringthatnightwithsustainedwinds
below5 ms'1.

The generaltrendof an increaseof potentialtemperaturebetween24 and 25 Octoberat all five
weatherstationsis caused bywarmair advectionalongthe easternedge of the synopticpressure
trough.Withtheapproachofthecoldfront,temperaturesstarttodrop.The interruptionoffoehnbythe
cold frontpassagein the eveningof 25 Octobercauses a rapiddecreasein potentialtemperatures
and a pronouncedwindshiftto north— at Ellboegenat 1740 UTC and at the BrennerPass at
2045 UTC, i.e.thefrontslowlyprogressesuptheWippvalley.

4.3.4 Analysis of rawinsonde data

4.3.4.1Sounding on 24 October 1999

InFig. 14, twosoundingsfromSterzingandGedeirshowtheatmosphericstructureup-anddownwind
of the BrennerPass in the earlyafternoonof 24 October.Sterzingis locatedabout15kmsouthof
Brennerin a basinformedbythe SarntalerAlpensouthof SterzingandthemainAlpineridgetothe
northneartheBrennerPass. Figure14showsthatthisbasinis filledwithcoolair upto about2 km
MSL,whereasatGedeir,locatedintheWippvalleyabout17kmnorthof Brenner,theairis upto 3 K
warmerdueto the penetrationof thefoehnintothevalley.A stableisothermallayerbetweenabout
3.2km and 4.2 km MSL characterizesthe upstreamsoundingat Sterzing.Severalshallowmixed
layersbelow2.4kmMSL aresomeindicationof a descentofthesoutherlyflowontheleesideofthe
SarntalerAlpen.The stratiformcloudlayerbetween2.3and35KmMSL southof Brennerdisappears

/—.“:>°"'['.‚3';“"-'!! ($"1\it
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as thefoehndescendsintotheWippvalley.As seenfromtheWippvalley,thisclouddeckappearsas
a “foehnwall”nearthe BrennerPass. A 200m thicktemperatureinversionof 1.3 K aboveGedeir
separatesan almostmixedlayerbetweenthe surfaceand 2.4 km froma less stablelayerwhich
extendsabovethetopofthemaincrest.

A comparisonof the twopotentialtemperatureprofilesin Fig. 14 indicatesthattwolayers located
upstreamof BrennerPass between1.8kmand 2.1 kmMSL and between2.9 kmand 3.3 kmMSL
descendbymorethan500m, i.e.upto650m, intotheWippvalleytowardsGedeir.This is morethan
thedropofthevalleybottomofapproximately300mbetweenBrennerandGedeir.The strengthofthe
foehnflowintheWippvalleynearGedeirincreaseswithheightwitha maximumof29 ms“1(56knots)
justbelowthetemperatureinversionat2.3kmMSL.At theinversionthewindshiftsfromSSE toSW,
indicatingthetransitionfromthe low—levelflowchanneledbythevalleyto theflowabovetheAlpine
crest.The flowbelow3 kmMSL is significantlyweakerupstreamofBrennerthanontheIeesideofthe
passanddoesnotexceed13ms'1.

4.3.4.2Sounding on 25 October 1999

Rawinsondedataofthe25 OctobershowthatthevalleyatmospheredownstreamfromBrenneriswell
mixedup to about2 kmMSL (Fig. 15).Foehnwindsin theWippvalleybelowtheAlpinecrestare
slightlyweakerthanonthepreviousdayanddo notexceed25 ms'1.However,windsoftheupstream
soundingenhanced.Duetotheapproachofthemid-troposphericpressuretrough,thewindsaremore
southerlythenthedaybefore.
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Fig.14: Atmosphericsoundingofa rawinsondelaunchatGedeir(red)intheWippvalleyandSterzing(blue)
southoftheBrennerPasson24 October1999at14UTCand15UTC,respectively.Fromleftto
right:thermodynamicdiagramwithdryairtemperature(solid)anddewpointtemperature(dashed),
windbarbsinknots,windspeedinknots,andpotentialtemperaturelnKelvin.

Abb.14: SondierungvonGedeir(rot)imWippvalleyundSterzing(blau)südlichdesBrennerpassesam
24Oktober1999um14UTCbzw,15UTC:Vonlinksnachrechts:thermodynamischesDiagramm
mitLufttemperatur(durchgezogen)undTaupunktstemperatur(strichliert),WindfahneninKnoten,
WindgeschwindigkeitinKnotenundpotentielleTemperaturinKelvin.
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Fig.15: As Fig.14butfor25October199912UTC.

Abb.151 WieAbb.14,jedochfür25.Oktober1999,12UTC.

The upstreamsoundinginthebasinat Sterzingbeginswithan isothermalshallowcoldpoolfollowed
by a weaklystable,almostmixedlayerbetweenabout1.5kmand2.5 kmMSL. Datafromprevious
soundingsbetween6 UTC and 12 UTC showa continuousincreasein the thicknessof themixed
layerabovethe coldpool,whichis supposedto be causedby thedescentof airfromtheSarntaler
AlpensouthofSterzing.

4.3.5 Analysis of Doppler lidar data

4.3.5.1 NOAA/ETL Doppler lidar TEA CO;

On 24 and 25 October 1999, the NationalOceanic and AtmosphericAdministration(NOAA) /
EnvironmentalTechnologyLaboratory(ETL) operateditsDopplerlidarTEA C02 at Gedeir (1075 rn
MSL), locatedin the middleof the Wipp valley (see Fig. 10). TEA COZ emits lightat 10.6 um
wavelengthand measures the intensityand Doppler frequencyshift of the signal, which is
backscatteredby aerosolsdistributedin theatmosphereandmovingwiththeairflow.Radial(along-
beam)velocitiesof thewindarederivedfromthefrequencyshift.The along-beamandacross-beam
resolutionof this lidaris 300m and 1 m, respectively.Dependingon theamountanddistributionof
scattersintheatmosphere,themaximumrangeofTEA C02 can be upto 30 km.Liquidwaterclouds
drasticallydecreaseits rangedueto absorptionof the emittedlightbywater.However,highCirrus
cloudsincreasethe lidarrangedue to backscatteringof the lightby ice particles.Severaldifferent
scanstrategieswereappliedtomeasurethethree-dimensionalstructureofthefoehnflowintheWipp
valley.Scans on a verticalplane,wheretheazimuthangleis keptconstantandtheelevationangle
varies,are calledRHl’s (rangeheightindicator).Scans on a conewithconstantelevationangleand
varyingazimuthangleare calledPPl’s (planprojectionindicator).A VAD (velocityazimuthdisplay)
scan is a specialPPI scan sweepinga completecirclebetween0° and 360° (see section4.3.5.1).
DatafromVAD scansareusedtoderiveverticalprofilesofthehorizontalwind(seesection4.3.5.2).A
sequenceofRHIorPPIscans,wheretheconstantangleofthescanis continuouslychangedbysmall
increments,yieldsinformationof theflowstructureof a wholeair volume(seesection4.3.5.3). The
presentcase studyfocusesontheanalysisof lidardatacollectedduring24October1999.
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Fig.16:

Abb.161

20

range(km)

range(km)

RADIALVELOCITY(rn/s)(NOAA/ETLTEA—CO2)
__". . T . . .

—30 —20 —10 0 10 20 30

Radialwindvelocityinm5“1on24October1999between0813and0816UTCmeasuredwiththe
NOAA/ETLDopplerlidarlocatedatGedeir.Shownis a conicalPPIscanata constantelevation
angleof25°withanazimuthanglevaryingfrom0°to360°.Axesandrangeringsshowthealong-
beamdistancefromthelidar.Thelidarlocationisatthecenteroftheplotat(0,0).Blueandgreen
colors(negativevelocities)indicateflowawayfromthe lidar;brownandredcolors(positive
velocities)areflowtowardsthelidar.Emptywhiteareasareregionswithnodataduetothelackof
backscattersignal(lowcontentofaerosols)orgroundclutter(hardtargetreturn).Suchscansare
usedforderivingverticalprofilesofthehorizontalwind(seeFig.17to20).

MitdemNOAA/ETLDopplerLidarinGedeiram24.Oktober1999zwischen0813und0816UTC
gemesseneRadialgeschwindigkeitinrns'1.DargestelltisteinkonischerPPI-Scanmitkonstantem
Höhenwinkelvon25°undAzimuthzwischen0°und360°.AchsenundAbstandskreisezeigendie
DistanzvomLidarentlangdesStrahlesan.DasLidaristimZentrumderAbbildung(0,0).Blaueund
grüneFarben(negativeGeschwindigkeiten)zeigenStrömungwegvomLidaran,brauneundrote
Farben(positiveGeschwindigkeiten)StrömungzumLidar.Leere,weißeGebietesindRegionen
ohneDatenwegenfehlendemRückstreusignal(geringerAerosolgehalt)oderBodenechos.Solche
Scanswerdenverwendet,umvertikaleProfiledeshorizontalenWindesabzuleiten(sieheAbb.17
bis20).
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5 kmrangering,windsarefromWSW, indicatingthattheearlystageofthisfoehneventis a shallow
foehn. In Fig. 16, a strongsignalfromhighCirrus clouds producesan outerringof data points
betweenthe15kmand20kmrangewithwindsfromWSWandupto35 ms'1.

4.3.5.3 Temporal evolution of the foehn flow

FullVAD scans suchas in Fig. 16are normallyusedto deriveverticalprofilesof thehorizontalwind
speedanddirectionabovethelidarbyapplyinga least-squarefitinterpolationtechniqueto theradial
velocitydata.This techniqueassumesthatthewindfieldis horizontallyhomogeneousat a certain
levelabovegroundand thattheverticalcomponentof thewindis smallcomparedto the horizontal
component.The firstassumptionis hardlyfulfilledinthecomplexterrainoftheWippvalley,wherethe
upstreamwind speed and directiondiffersform the downstreamone. To take into accountthis
asymmetryof the foehn flowwithinthe valley,a full 360° VAD scan was splitup in a northern
(upstream)andsouthern(downstream)180°-sectorandthentwoseparatewindprofileswerederived
fromdataof thesetwosectorsrepresentingthe flowup-and downstreamof the lidar.To eliminate
small—scalefeaturesoccurringina singlescan,thetwoprofilesofa VAD scanat20°and250elevation
anglewereaveragedusinga Cressmaninterpolationtechnique.

Figures17and 18showthetemporalevolutionof thewindprofilefromtheearlymorningto the late
afternoonof24October1999 upstreamanddownstreamofthelidarsite,respectively.InbothFigures
thefirst(left)profileshortlyafter8 UTC wasderivedfromdataofFig.16.
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Fig.17: Verticalprofilesof thehorizontalwindat Gedeiron 24 October1999,derivedfromaveraged
Dopplerlidardataoftwonorth-sectorscansatseveraltimesbetween8 UTCand18UTC.Thetwo
scanswereperformedona halfconebetweenanazimuthangleof270°and90°ata constant
elevationangleof20°and25°,respectively.TheabscissaistimeinUTCandtheordinateisheight
inmeterabovegroundlevel.A half-barbis2.5ms1,a fullbarbis5m31‚andatriangle|s25ms1

Abb.17: VertikalprofiledeshorizontalenWindesinGedeiram24.Oktober1999,abgeleitetausgemittelten
NordsektorscansmitdemDopplerLidarzwischen8 UTCund18UTC.DieScansumfasseneinen
Halbkreisvon90°bis270°mitkonstantemHöhenwinkelvon20°bzw.25°.DieAbszissegibtdie
ZeitinUTCan,dieOrdinateistHöheüberGrundinMeternKurzerStrich.2 5ms1‚langerStrich:
5ms'1‚Dreieck:25rn31.
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Fig.19:
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Figure19 and 20 are enlargementsof the lowertroposphericflowof Fig. 17 and 18, respectively.
Duringthe firsthalfof the day the downstreamwindprofile(Fig. 19)showsthe strongestflowwith
20m3“1atabout2.3kmMSL. Upstreamofthelidarsitethismaximumisweakerbutis locatedabout
600m higher(Fig.20). This is an evidencefor thedescentand accelerationof thesoutherlyfoehn
flowas itpenetratesintotheWippvalley.Incomparisontothedescentoftheflow,theaverageheight
of thevalleybottomhardlychangesoverthe horizontaldistancebetweenthisup-and downstream
windmaximum.Intheafternoontheflowgenerallyincreaseinstrengthwithwindsupto25 m s'1.The
windsare moreuniformin the vertical,especiallyin the downstreamprofile,since the foehnflow
becomesdeeper.
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Fig.20: AsFig.18butwithcontourlinesofthehorizontalwindspeed(intervalis2.5ms'1).

Abb.20: WieAbb.18,abermitKonturlinienderhorizontalenWindgeschwindigkeit(Intervall:2.5m31).

4.3.5.4 Spatial variability the foehn flow

Inorderto investigatethespatialcharacteristicsof foehn,severalvolumescans—sequencesof PPI
scanswithchangingelevationangle—wereperformed,wherethe lidarscannedwithintwonarrow
32°-sectorsup- and down-valleyof the lidarsite (see Fig. 10). Data of these scans wherethen
interpolatedwitha Cressmanmethodfromsphericallidarcoordinatesto an up-and a down—valley
Cartesiangrid(seeFig.21).

InFig.22 varioushorizontalandverticalcross-sectionsof radialwindvelocitiesfromthedown-valley
gridare presented.The datawerecollectedon 24 Octoberbetween1325 UTC and 1330 UTC. The
horizontalcross-sectionsshow winds up to 35 m 31. Strongestwinds near the surface occur
approximately7 to 8 kmdownstreamofthelidar,i.e.2-3 kmsouthofweatherstationEllboegen(see
Fig. 10).The foehnflowdoesnotfollowthealong-valleyaxis,butgravitatestowardstheeastern(right)
slopeof thevalleyas itmovesdownstream.Thus,foehnwindsbetweenEllboegenandthe northern
exitoftheWippvalleyaresignificantlystrongerbyalmost50% intheeasternhalfofthevalley.
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Fig.21: TopographiemapoftheWippvalley.Contourintervalis200m.HeightsareinmMSL.lndicated
arelocationofhorizontal(blue)andvertical(red)cross-sectionsshowninFig.22.

Abb.21: TopographiekartedesWippvalleyes.Konturintervall:200rn.HöheninmNN.Engezeichnetsind
diePositionenderhorizontalen(blau)undvertikalen(rot)QuerschnittevonAbb.22.

Accordingly,the strongestwindsare foundin the easternmostverticalcross—sectionshown,i.e. at
x=1.6 km.Further,thereis evidenceforstrongdescentofthefoehnflowintothevalley,sincethecore
of the flowwithhighestvelocitiesdescends by more then 1 km over a horizontaldistanceof
approximately6 km.The heightofthevalleybottomchangeslessthen100mwithinthisdistance.The
wavyvelocitystructureatthetopofthiscorewithstronghorizontalgradientsinwindspeed,especially
inthecross-sectionsofx=-0.4,0, and0.4 km,maybe someindicationfortheexistenceof turbulent
structuresandhydraulicjumps.

The flowcharacteristicsintheupperWippvalleynorthof Gedeirare shownin Fig.23.Windmaxima
withabout30ms'1aregenerallylowerthaninthedownstreamgridofFig.22.Theflowdoesnotshow
anypronouncedasymmetryacrossthevalleyaxis.Downvalley,however,itcontinuouslyincreasesin
strength,especiallynearthesurface.The verticalcross-sectionsnearthecenterofthevalley(x»0km)
showagaina generaldescentof thefoehnflowintothevalleyas wellas localascentsanddescents
associatedwithwavestructures.The stronghorizontalgradientsinwindspeedin thecross—sections
x=-0.4kmand—0.8kmbetween6 kmand8 kmupstreamofGedeirandatabout1kmabovethelidar
site are relatedto strongdescentof the foehn flowover the Ieesideof the easternflankof the
mountainBlaserwestofSteinach(seeFig.21).

4.3.6 Summary

A combinationof several in-situmeasuringdevicesand a remotesoundingsystemwere used to
investigatethe complexflowstructureof foehn evolvingin a valley— the Wipp valley.Weather
stations,balloonsoundings,andDopplerlidar,all indicatea significantaccelerationof thefoehnflow
as itflowsovertheBrennerPass, penetratesintothevalley,andprogressesnorthward.The upstream
thermodynamicstructuresouth of Brenner shows a cold pool below the pass, whereas the
atmospheredownstreamofthepass iswarmerduetoverticalmixingcausedbythedescentoffoehn.
Lidardataindicate,thatthisflowfollowsthealong-valleyaxisespeciallyintheupperpartoftheWipp
valleywherethevalleyis rathernarrow,butgravitatestowardstheeasternslopesof theWippvalley,
wherethe valleywidens.The windmaximumis approximately2 km northof the weatherstation
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Ellboegen.Lidarmeasurementsalso showthe existenceof small—scalewave structuresprobably
associatedwithturbulentregionsandhydraulicjumps.Someofthesestructuresarerelatedtotheflow
overlocaltopographywithinthevalley.
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Fig.22: Radialwindvelocitieson24October19991325-1330UTC.DataaredisplayedonaCartesiangrid
locateddown-valley(north)of Gedeir.Theflowis awayfromthelidar,whichis atx,y,z=0,0,0.
Y-axisis alignedparallelto thevalleyaxisat an azimuthangleof—40°(seeFig. 10).X—axis
increasesnortheastward;y-axisincreasesnorthwestward.Altitudesareheightsabovethelidarsite.
Horizontalcross-sectionsbetweenz=0 kmand 1.6kmAGL (top)andverticalcross—sections
betweenx =-1.6kmand+16km(bottom).Colorscalerangesfrom-35m3"1to+35ms'1with
incrementsof2.2m31 Blueandgreencolorsindicateflowawayfromthelidar;brownandred
colorsareflowtowardsthelidar.

Abb.22: Radialgeschwindigkeitenam24.Oktober1999 1325—1330 UTC. DieDatensindaufeinem
kartesischenGittertalauswärts(nördlich)vonGedeirdargestellt.DieStrömungistvomLidarander
Positionx,y,z= 000 weggerichtet.Die y—Achse ist parallelzur Talachseausgerichtetim
Azimuthwinkel—40°(sieheAbb.10).Diex—AchsenimmtnachNordostenhinzu;diey—Achsenach
Nordwesten.HöhensindüberGrundan der Lidarposition.HorizontaleQuerschnittezwischen
z=0kmund1.6kmü.G.(oben)undvertikaleQuerschnittezwischenx =-1.6kmund+16km
(unten).DieFarbskalagehtvon-35rns'1bis+35rns'1mitIntervallenvon2.2ms'1.Blaueund
grüneFarbenzeigenStrömungwegvomLidaran;brauneundroteFarbenStrömungzumLidar.
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Fig.23: As Fig.22buton24October19991414-1419UTC.Cartesiangridis locatedup—valley(south)of
Gedeir;theflowistowardsthelidar.Y-axisisalignedparalleltothevalleyaxisatanazimuthangle
of 0°.X-axisincreaseseastward;y—axisincreasesnorthward.Colorscalerangesfrom-28to
+28ms'1withincrementsof1.75rns'1.

Abb.23: WieAbb.22,aberam24.Oktober1999 1414-1419UTC. KartesischesGitterliegttaleinwärts
(südlich)vonGedeir,dieStrömunggehtzumLidar.Diey-AchseistparallelzurTalachsemiteinem
Azimuthwinkelvon0°.Diex-AchsenimmtnachOstenhinzu,diey-AchsenachNordenhin.Die
Farbskalareichtvon—28bis+28ms'1mitIntervallenvon1.75ms'1.
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4.4 Conceptual modelling of the Iinking up between Wipp valley and Inn
valley

The uniqueMAP dataset invitessome conceptualconsiderationson howthe foehnflowfromthe
Wippvalleymightbehaveat the junctionwiththe InnvalleyaroundInnsbruck.For some timeyet,
numericalmodellingmaynotbe themostconvenientwayto obtaina fundamentalunderstandingof
possibleflowregimes.
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Fig.24: Schematiccross—sectionfromthesoutherntothenorthernsideof theAlps;seetextforfurther
explanation.

Abb.24: SchematischerS-N—QuerschnittüberdenAlpenhauptkamm;fürnähereErläuterungensieheText.

Fig.24 is a schematiccrosssectionfromthesoutherntothenorthern(lee)sideoftheAlps,alongthe
Wipp valley and across the Innvalley.The Figure shows a deep foehnwitha southerlywind
componentattheAlpinesummitlevelandconsequentwavemotion.Inorderto savean extraFigure,
thecase of a shallowfoehnmaybe imaginedby IettingtheuppermostisentropeG), be horizontal,

withvanishinghorizontalpressuregradientalongit.Each deepfoehncontainsimportantelementsof
shallowfoehnat the lowerlevels.To the extentthatthe flowat lowerlevelsmay be considered
hydraulic,itjoinstwodifferentatmospheric„reservoirs“,thenorthern,warmeronebeingtheInnvalley.
If,forexample,warmerairacrosstheBavarianforelandshasnotbeenabletoflushoutthecoolerair
remainingin the Innvalley,downvalleywindsfrom higherto lowerpressurewillensue, and the
correspondingforcedsubsidencewithinthe interiorbasinswillgraduallywarmthecoolerair.This is
theprocessthatH. v. Ficker(1931) musthavehadinmindwhenhetalkedaboutthe„suckingout“of
thecoolair intotheBavarianlow-pressurearea.The foehnairfromthesouthwith@ <@, replaces

theairinthenorthern„reservoir“locallyalongtheWippvalleyandthediffluentregionwestandeastof
Innsbruck,buteventuallyitmustjoinupwiththeatmosphericstateintheIeeside„reservoir“,whether
thatbestationaryorchangingwithtime.Inhydraulicterms,the„Nordkette“northof Innsbruck,whose
heightalmostexactlyequalstheheightoftheshoulderofSattelberg=effectiveheightof theBrenner
pass (G. Mayr,privatecommunication),mustbe an important„downstreamcontrol“(L. Armi,private
communication).
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Fig.24 impliesa regimeinwhichthe lowerlayer@ S @, is completelyblockedattheNordkette.Itis

hardto imaginehowsucha flowshouldnotbearqualitativesimilaritieswithtwo—dimensionalpotential
flow.Figs.25aand25bshowthetwopossiblecasesofsucha flow:

Let ; B 'AZ bethevolumefluxofthefoehnairfromthesouthenteringtheInnvalleyas shown,and

% :D —AZ bethevolumefluxoftheInnvalleywind.Thenif %VB> u„D , thefoehnairpenetratesto

the Nordkette,beingdiffluentto bothsides away fromthe stagnationpoint,wherethe pressure
p = const——ä—p°(142+V2) attainsa localmaximum,frequentlydocumentedinearlierfieldtraverses

byP. SeibertandR. Steinacker.

If%yB< u„D, thefoehnairdoesnotreachtheNordkette,butis carriedoffbythevalleywind.

m POTENTIALFLOWWPPVALLEY- INNVALLEY .“o'“"—;,

D-d000mD»40001y—dnnciionIn[ml y-(llracllonInlin]

Cl 13 im —“ l. m zum” l. wx—diracfmmm . . ,.5. '11 " '5"VS "d'”1'1’1'“"'" vavg,‘5“VS max.wma:12.6908mis-—«————-———-8:30m111——————-—n 5—mm. -—-
Fig.25: TwodimensionalpotentialflowwithflowintheInnvalleycomingfromtheleftandflowfromthe

Wippvalleyfromthebottomcenter.Blacklinesarestreamlines,coloredareasgivethestrengthof
theflow.DdenotesthewidthoftheInnvalley,uathestrengthoftheoncomingwesterlywind,Bthe
widthoftheWippvalleyintheexitregionandvavgthestrengthoftheoncomingsouth(foehn)wind.
(a)withstagnationonthenorthernwallandflowsplittingwithpartofthefoehnflowgoingtowards
theupperInnvalleyduetotheweakwesterlies;(b)stagnationonthesouthwallandallthefoehn
flowbeingdeflectedtotheeast.

Abb.25: ZweidimensionalePotentialströmungmitderStrömungimInntal(vonlinks)undausdemWipp
valley(ausderunterenMittederAbbildung).DieschwarzenLinienstellenStromliniendar,die
farbigenFlächendie Strömungsgeschwindigkeit.D ist die Breitedes lnntales,ua die
Windgeschwindigkeitder ankommendenWestströmung,B die Breitedes Wippvalleyesim
MündungsbereichundvavgdieStärkederSüdströmung(Föhn).(a)mitStagnationspunktander
NordseiteundStrömungsaufspaltung,wodurcheinTeilderFöhnströmungwegenderschwachen
Westwindkomponenteins Oberinntalgeht;(b) Stagnationauf der Südseite,die gesamte
FöhnströmungwirdnachOstenabgelenkt.

Surfacewindpatternswithfoehninthe Innsbruckareaare reminiscentof theflowsshownin Fig.25,
althoughtheirsystematicclassificationmightbeworthwile.The deviationsfromstrictly2-Dhorizontal
nondivergentand irrotationalpotentialfloware notpursuedhereindetail,butshouldbe appreciated:
Realflowis alongisentropicsurfaces,withthefoehnairpossiblyglidingoverwedgesof coldairinthe
Innvalleyawayfromtheimmediateinfluenceof theWippvalley,anddifferentisentropicsurfacesare
notequidistant.The relationbetweenfoehnspeedandvalleywindspeedWill,ingeneral,changewith
height,and the pressurepatternimposedat the topwillnotmatchthe Bernoulli-typepotentialflow
pressurepattern.

Can thegeneralcharacterofthisflowregimebe investigatedwithoutfull—scalenumericalsimulations?
For a firstattempt,letus considerthetwoisentropiclayersbetween®,„ @, and G)„ andbetween

_42_



„m“(mouthor exitof Wipp valley)and „n“(Nordkette).Perturbationsof Montgomerypotentialand
heightof isentropesareM’andz’. The hydrostaticrelationis

_ {M g___:_' 1
86 e„Z ()

pressure
As an upper boundaryconditionfor the equivalentof M' we tentativelyuse

meandensity

M, : yN„ 'Vu :z„ whereNu and Vu areBrunt-Vaisalafrequencyandsoutherlywindcomponentof
theupperwaveflowand 7 is a nondimensionalconstant.With7 positive,thismakesthepressureon

topincreaseinproportionas theisentrope@, risesovertheNordkette.Whereassucha correlationis

vaguelyplausible,we needto remindourselvesthatthe upperpressurefieldalongthe isentrope@,

dependson the completeshapeof thatisentropicsurface,2D or 3D, and on thewavepropagation
furtherup, suchthatentirelydifferentrelationsare also feasible.The „shallowfoehn“situationwitha
lid on top (M, :D) may be recoveredas a special case. Workingdownwardhydrostatically,we

computeM, and M„, andfurtherbyinterpolationforthemiddleofeachlayer

M, =yN„ -\_/„-z,+A3-l(z',+2,) (2)
5 5 4

| _ | 1 | | 1 | 1M, =YNu.V„.z,+A3--(z,+z,)+A,——(z,+z„) (3)
5 5 2 5 4

Here

_ g
A3=6_(®t 491) (4)
5 %

and

_ g
A1=“““(®1“®0) (5)
5 @oo

Weset z„ =O (seeFig.24).

We nowassumethefoehnflowto cross the Innvalley,as it usuallydoes, and applythe Bernoulli
equafion

M'+lv2 = M'+—1—sz (6)
2 m 2 n

toeachof thetwolayers.The foehnspeeds V, and V3 aretakento be known,moreor less.The
im im

lowerlayeris assumedtobecompletelyblocked,thereforealongthatparticularstreamlineV, =O.
—n2

. 1 1 .Fortheupperlayerwetrysomeforcedd|ffluence,let’ssay -2—V23=—V%»(1—s) W|th8 x 0,3 orso.
511 am

Forthelowerlayer,eqn.(6)couldbemodifiedto includesomeBernoulliloss. Ifthatis proportionalto
the kineticenergy,an analogous,butdifferentcoefficiente wouldapplyto thatenergyof the lower
layer
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The two Bernoulliequationsmay now be solved for the two heightdifferences(zn—21m),and

(z„—zIn), , forexample

[4,N„V,+A,jéfi {4yN„V,+QA,E@ -e
2 2 2

yN„V„-[A,+A,}|»1A3-A,
5 5 5 5

These algebraicexpressionscan be interpretedand checkedfor consistencyin variousways.For
example,iftheheightdifferenceineqn.(7)is non—negative,the(modified)kineticenergyofthelower
layeratmmustbe largerthanthatof theupperlayer.Furthermore,thepostulatedquasi2—Dblocked
flowregimein the lowerlayerrequiresthatthatheightdifferencebe less thantheeffectiveheightof
theNordkette(H-20).This conditionclearlyputsa limitonsomemeanfoehnspeedVm.As longas y

remainssmall,thepert1nentcntenon(seeeqn.(7))Willquahtatwelycomeoutto be —£‘— <O(l)
Nm—%)

whereA hasbeenconvertedtobuoyancyfrequencyN.

Itis temptingto speculatehowfar such an analysiscould be carriedin morecomplicatedcases,
includingnotonlyforcedfoehnflowacrossthe Nordkettefromthevalleybottom,butpossiblyalso
rotorflows.

4.5 Temperature profiles along mountain slopes and their relationship to
vertical profiles in the mid-valley atmosphere

4.5.1 Introduction

Duringthefieldexperimentphaseof MAP thirty-fivetemperaturedataloggersweredistributedalong
sevenlinesthatranupthesidewallsoftheWippvalley.These dataloggerssampledandrecorded2-
m airtemperaturesat 5-minuteintervalsduringtheentire11Septemberto 15November1999 MAP
SOP, providingquasi-continuousinformationon the stratificationof the valley atmosphereand
supplementingmeasurementsfromrawinsondesthatwerelaunchedfromthelowerpartof theWipp
valleyduringMAP IOPs. Case studieswillbe presentedin whichthe pseudo-verticaltemperature
profilesobtainedfromthe data loggerlineson the valleysidewallsare comparedwithrawinsonde
temperatureprofilesfromtheadjacent“free”valleyatmosphere.

4.5.2 Earlier Research

There is a long history in the meteorologicalliteratureof atmospherictemperaturestructure
investigationsthat have used observationstakenfrom valleysidewalls.Early investigationswere
reportedby von Hann(1913),von Ficker(1913) and Suering(1916). Temperaturesalongmountain
slopesweregenerallyfoundtobecolderthanthefreeair(onaverage)althoughsurfacetemperatures
ondayswithcalmwindsandclearskieswerefoundto be severaldegreesCelsiushigherthaninthe
freeatmosphere.Fergusson(1934) andSchell(1935) comparedaircraftdatawithobservationsonMt.
Washingtonandfounda greaterlapseratewithin10to20moftheslopethaninthefreeatmosphere
onwindydays, butwiththeoppositeeffecton calmdays.Samson(1962) collectedtemperatureand
humiditydatainColoradobyholdinga psychrometeroutthewindowofanautomobilewhiledrivingup
the roadto Pikes Peak (4150 m MSL). He comparedthesedatawithradiosondedatafromDenver,
Colorado,located 100 km NNE of Pike’s Peak, documentingthe stronginfluenceof air mass
differences,winds,cloudiness,precipitationandsurfaceradiationcharacteristics.A morerecentpaper
byDreiseitl(1987) developeda methodtoconvertobservedscreentemperaturesfromsixstationson

_44_



the sidewallsof the Inn Valley near Innsbruck,Austria, into temperaturesof the “free”valley
atmosphere.A generalsummaryof the scientificliteratureon temperaturedifferencesbetween
mountain-slopesandthefreeatmosphereis givenbyBarry(1992).

4.5.3 Sites

The mapof theexperimentalarea in Fig. 26 showssevennumberedlinesthatrepresentthesurface
temperatureprofiles.The mainobservations(line2)weretakenonthePatscherkofel,a 2250 mMSL
peaklocated8 kmSSE of Innsbruck.

There,temperaturedatawereobtainedat5-minintervalsfroma lineof 12dataloggersextendingfrom
thevalleyfloorat700mupto2100 mMSL alongthewestfaceofthePatscherkofel.The rawinsondes
werelaunchedat Gedeir,a stationlocatedon the lowerpartof thewest-facingsidewallof theWipp
valleyabout5 kmsouthof thePatscherkofelprofile,at an altitudeof 1075 mMSL, 300m abovethe
valleyfloor.

4.5.4 Instruments

A largenumberof surfaceinstrumentsis necessaryto obtaindetailedverticaltemperaturestructure
informationon the stratificationof the valleyatmosphere.The recentdevelopmentof inexpensive
temperaturedataloggersmakesthispossible.We usedHoboH8 ProdataloggersproducedbyOnset
Computerof Bourne,Massachusetts.These loggers used epoxy-pottedthermistorswitha time
constantof 122s exposedat 2-m heightsin 6—plateunaspiratedradiationshields.A recentarticle
(Whitemanetal.2000) reportstheoperatingcharacteristicsandperformanceoftheseloggers.

Fig.26: Mapof the Innsbruck—BrennerPass areashowingtopographyandmeasurementsites.The
numberedheawlinesrepresenttheprofilesofsurfacetemperaturedataloggers.

Abb.26: Topographieund Meßstellenentlangder Brennersenke.Die numeriertendicken Linien
repräsentierendieProfilederTemperaturdatenlogger.
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4.5.5 Surface Temperatures For Different Atmospheric Conditions

ForthepartoftheMAPexperimentwhichhappenedaroundtheWippvalleythemaininterestwasgap
wind,so rawinsondeswerelaunchedonlyduringpre-foehn,shallowfoehnor deepfoehnsituations.
The presentarticle is restrictedto these weathersituations.Fig. 27 compares pseudo-vertical
temperatureprofilesobtainedfromthe Patscherkofelsurfacestationsbased on a single5-minute
samplewithverticalprofilesobtainedfromrawinsondeslaunchedatGedeir.

Fig. 27a showsthe stratificationin theWippvalleyon 18Octoberat noonwhenan overcastcloud
layerwaspresentwitha baseat 1200 mMSL inthefirstpartofthedayand”rimeatthesurfaceinthe
lowest,shallowpartofthevalley.

a) b)
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Altitude(rnMSL)Altitude(mMSL)
_\_\ \

surface
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Fig.27: VerticaltemperatureprofilesmeasuredwithrawinsondesatGedeirandwithsurfacedataloggers
onthePatscherkofelwestfacefora)1200UTC18October1999,b)1350UTC24October1999,
andc)1510UTC12November1999.

Abb.27: VertikaleTemperaturprofilevondenRadiosondenGedeirbzw.denTemperaturdatenloggernander
WestseitedesPatscherkofelsfüra)1200UTC 18October1999,b)1350UTC24October1999,
undc)1510UTC12November1999.

Thereis a stronginversionbetween1400 and 1500 rnMSLwhichcorrespondswiththeovercastcloud
layerabove1200mMSL. Rawinsondeandsurfacetemperatureprofilesshowsimilarinversiondepths
andtemperaturegradients,thesidewalltemperaturesabovetheinversionareabout2 °C higherthan
inthefreeatmosphere.This differenceis thoughtto be heatingatthesidewalldueto incomingsolar
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radiation.Temperaturesbelowthe inversionon the sidewallare also up to 2 °C higherthanin the
adjacentfreeatmosphere.Winddirectionandspeedmeasuredwiththerawinsondeat 1350 UTC (not
shown)indicatewindfrom 170° withmorethan8 m/sabovethe upperborderof the inversionat
1500 m MSL and weakwindswithdirectionsaround310° below 1400 m MSL. Fig. 27b shows
rawinsondeand surfacetemperatureprofileson 24 October,a day withwindspeeds higherthan
20m/sfrom 160°, betweenthe surfaceat the valleyfloorand ridgeheight(2300 m MSL for the
northernpartoftheWippvalley).Above2300 mMSL thewindspeedexceeds25m/s,butfrom230°.
Observationsindicatean overcastcloudlayerabove ridgeheightwhichshouldcorrespondwiththe
shiftinwinddirectionat2300 mMSL. Forthistypeofweatherconditionthetemperatureprofilealong
the surfaceis verycloseto thefreeatmosphere,becauseof thegoodverticalmixingcausedbythe
Foehnandthereductionof insolatloncausedbytheovercast.

Fig.27crepresentstemperaturesintheafternoonof 12November,a cloudlessdaywithsurfacesnow-
cover.The windspeedis continuoslyincreasingwithaltitudefrom6 m/sat 1100 mMSL to 15m/sat
2300 m MSL. Directionsare fluctuatingbetween140and 180°. Surfacetemperaturesat the lowest
altitudesare up to 5 °C colderthanthe rawinsounding,andthe stronginversionat 1500 m MSL is
seen onlyfromthesurfaceobservations,indicatingtheeffectof snow—coveron thePatscherkofel.A
well-mixedlayerdescendsintothe valley,firstoverthevalleycenterand then,witha delay,to the
adjacentsidewalls.

As longas windspeedexceeds10m/s(Fig.30bandc) temperaturesfromsurfaceobservationsare
closeto rawinsoundingtemperatures.Forwindspeedsbelow10m/s(Fig.30a) therecan be several
degreesbetweensurfacetemperaturesand“free”valleytemperatures.

The followingcase studygivesan examplehowthetemperatureinformationfromthepseudoprofiles
canbeusedto identifydifferentair-masses.

4.5.6 Case Study of 30 October 1999

30 Octoberprovidesone of the best data sets availablefromthe Wipp valleypart of the MAP
experiment,containinglidarand researchaircraftdatathatsupplementthe dataobtainedfromthe
routinelyoperatedsurface—basedinstrumentnetworksintheBrennerPass area.Further,thelidardata
are of highqualitybecauseof goodscatteringfromSaharandustadvectedoverthe Mediterranean
Sea by a strongsoutherlywindcomponent.The MAP IOPbeganon the morningof 30 Octoberat
0600 UTC. The availabilityoftheHobodatabeforethistimeprovidesfurtherdetailsontheevolutionof
thestratificationthatculminatedinthefoehnevent.
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Fig.28: Winddirectionandwindspeedon30Octoberasmeasuredfromrawinsondeslaunchedat0606
and0807UTCatGedeir.

Abb.28: Windrichtungund—geschwindigkeitausdenum0606 und0807 UTCam30.OktoberinGedeir
gestartetenRadiosonden.

Fig. 28 showsrawinsondewindspeeds and directionsfor 30 October.At 0605 UTC, thereare two
acceleratedlayerswithsoutherlydirectionsandwindspeedsexceeding8 m/s,one around1200 m
MSL and one from 1500 to 1700 m MSL, withdirectionsaround170°. By 0805 UTC, the upper
acceleratedlayergrewsignificantlyinbothdepth(to1400 - 1900mMSL)andspeed(to12-13m/s).
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Fig.29: Verticaltemperatureprofilesmeasuredwithrawinsondesat0605 and0805UTCon30October
1999atGedeir.

Abb.29: VertikalesTemperaturprofilausdenum0605 und0805 UTC am30.Oktober1999 in Gedeir
gestartetenSonden.

-48-



Rawinsondetemperaturesat 0605 UTC (Fig.29) indicatea stronginversionat 1800 m MSL which
separatestheacceleratedmixedlayerbelow1800 mMSL (Fig.28)fromtheairabove.Intheperiod
between0605 and 0805 UTC this inversionlayer moved upwardsto 2000 m MSL indicatinga
significantgrowthof theacceleratedmixedlayerbelowthe inversion.The air below1600 m MSL is
nowabout1.5°C warmer.The inversionbetween1600 and 1700 mMSL inthe0605 UTC sounding
has evolved into an isothermallayer at 0805 UTC. A comparisonof rawinsondeand surface
temperatures(Fig.30a) showsthat- dueto itslimitedverticalresolution—theslopetemperatureprofile
is unableto capturethecomplexstructureof theatmosphereat 0605 UTC. At 0805 UTC, whenthe
atmosphericstructureis less complex,the pseudo—verticaltemperatureprofileis closer to the
rawinsondeprofile(Fig.30b).

The rawinsondeandthepseudo-verticaltemperatureprofileat 1200 and1450 UTC (Fig.300, d),show
awell—mixedatmospherewitha dryadiabatictemperaturegradient.

Datafromthesurfacetemperatureloggers(Fig.31)givea temporallyfinerresolvedevolutionof the
atmospherethantherawinsondelaunchesprovide.
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Fig.30: Verticaltemperatureprofilesmeasuredwithrawinsondesat Gedeirandwithtemperaturedata
loggersonthewestfaceofthePatscherkofelon30October1999.

Abb.30: VertikaleTemperaturprofilevom30.Oktober1999gemessenvonderRadiosondeGedeirundvon
denTemperaturdatenloggernaufderWestseitedesPatscherkofels.
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Between2000 and2100 UTC of thepreviousday(Fig.31a) thetemperatureat 1720 mMSLwarmed
from6.8to 9.4°C, indicatingadvectionof a differentairmassat thisaltitude.The lowestpartof the
profilewasstillcoolingbyradiationprocesses.By 2300 UTC (Fig.31b) thetemperatureat1350 mhad
risenfrom7.1°C to9.1°C. Between2300 and0000 UTC a thirdwarmairbreak-inhappensat 1000 rn
and 1150 m, resultingin an almostdry adiabatictemperaturegradientbetween1000 and 1225 m
MSL, representedby three data-loggers.Furtherdevelopmentof this three layer structureis
documentedin Fig. 31c.Between0000 UTC and 0100 UTC thestationat 1550 mMSL warmsfrom
8.1°C to 11°C, resultingina layerwitha verticaltemperaturegradientof0.7°C / 100maboveanda
sharpinversionbelow1550mMSL.

The nearlydry-adiabaticlayerprogressesdownwardwithtime.At 0100 UTC it is between900and
1150 mMSL. Duringtheremainderofthenight(Fig.31d), theinversionat 1500 rnMSL disappears.At
1100 UTC (Fig.31e) the inversionsat 1200 and 850mMSL arealmostdestroyed.Rawinsondeand
surfacetemperatureprofilesat1200 UTC (Fig.30c) showonenearlymixedlayerinthevalley.

The Foehn break-inon 30 October1999 startedwithwarmair advectionat threedifferentlayers
separatedby shallowinversions.Whilethetwoupperlayersgrewand mergedduringnighttimethe
lowestinversionwasdestroyedonlybyheatingaftersunrise.

4.5.7 Conclusions

A comprehensivecomparisonbetweenthe rawinsondesoundingsat Gedeir and Sterzingand the
surfacetemperaturesatnearbyslopeprofilesfortheentireMAPperiodshowsthatslopetemperatures
on dayswithstrongradiationandweakwindsdependverymuchon the localmicroclimatesat the
individualdataloggers.Inparticular,theforestclearingsiteshavea verydifferentmicroclimatefrom
themoreopenhillsidesormeadows.On theotherhand,slopeandfreeairtemperaturesagreewellon
dayswithstrongwindswhentheatmospherebecomeswellmixed.The givenverticalresolutionofthe
surface temperatureprofile undersamplesfinely structuredtemperatureprofilesof the valley
atmosphere.The advantageof the surface temperaturepseudo profilesis their high temporal
resolutionThus theevolutionandpropagationof differentairmassescan bestudiedThis makesthe
slopetemperatureprofilesa powerfultoolfortheobservationofairmasschangesproducedbyFoehn
break-insorfrontalpassages.

The presentarticledealsonlywithoneofthesixsurfacetemperaturepseudoprofiles.Futureresearch
will deal withall profilesalong the Wipp valley that offersthe opportunityto see the horizontal
propagationofdifferentairmassesalongtheWippvalley.

5 OVERALL CONCLUSIONS AND OUTLOOK

GAP has beenthemostcomprehensiveresearcheffortso far in studyingtheeffectsof lateraland
verticalconstrictionsonatmosphericflow.Sinceit is embeddedwithinMAP itmusteredan impressive
arrayof basicandsophisticatedinstrumentationprovidedby an internationalcommunityof research
institutionsalongthelowestpassoftheAlpinecrest,theBrenner.Eventhoughthisregionhasbeena
playgroundfor foehnresearchersfor about130years,GAP has alreadyprovidedand is goingto
providesubstantialnewinsightstothemechanismsanddetailsofthefoehnthere.

The biggestsurpriseso farhasbeentheextenttowhichthegapflowis decoupledfromtheflowaloft.
This allowstheuseofa relativelyeasy-to-handletheoreticalframework—hydraulictheory(orreduced-
gravityshallowwatertheoryas meteorologistsmightprefercallingit)—todescribethesalientfeatures
andmechanismsoftheflow.Whetherthisconclusionwillstillholdwhenall gapflowcases of the70
daysofMAP SOP havebeenexaminedisoneofthebigquestionsforthecontinuingwork.
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The qualitycontrolanddataprocessingof thehugedatasetwitha multitudeofdifferentsensorshas
provedto bea timeconsumingprocessthatis justnowcomingto itsend.Withthecompletedataset,
moredetailsof thecase studiesundertakenforthisarticlewillbe available.And morecaseswillbe
examinedtostudyvariousfoehnflowfeatures:eg. thehorizontalvariationoftheflowwithintheWipp
valley,foehnintheStubaital,whichis themaintributarytotheWippvalley,andthetemporalevolution
of thegapflowand itslinktomesoscale(eg. coldairupstreamofthepass)andsynopticscale (eg.
positionofupper-leveltroughandfront;upper—levelflowdirections)features.

Thedatasetwillbeusedextensivertovalidatecurrentandfutureoperationalandresearchnumerical
models.Studiesare alreadyunderway to compareobservationswithforecastsby the operational
Swissmodel(14kmgriddistance)andtheCanadianMC2model,whichprovidedspecialforecastsfor
theMAPSOP witha horizontalgriddistanceof3 km.

A maingoal of MAP was the improvementof forecastsof mountain-relatedandmountain—modified
weatherfeatures.Since the weatherservices have been directlyinvolvedwith MAP and an
internationalworkinggroupof benchforecastershas beenfoundedfordedicatedSOP forecastsand
ongoingeducationof the forecasters,the findingsfromGAP willdirectlygo intoeverydayforecast
practices.

Airplanesusingtheairportin Innsbruckfacedifficultflowpatternsduringfoehn,particularlyduringthe
transitionphasesof foehnbreak-throughintothe Innvalleyandof foehncessation.Twojointstudies
withtheaviationweatherservice(Austrocontrol)havebeeninitiated.

These arejusta fewtopicsandapplicationsfortheuse of therichGAP dataset bythe international
communityof researchersthathavebeeninvolvedinthedatagathering.
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SELECTED RESULTS OF THE FORMAT FIELD MEASUREMENTS

ReinholdSteinacker,ManfredSpatzierer,ManfredDorninger,ChristianHäberli

InstituteofMeteorologyandGeophysics,UniversityofVienna,Austria

Abstract

Selectedresultsof thefieldcampaignof the researchprojectFORMAT (_F_gehnresearchintheRhine
valleyduringMAP in Austria)are beingshownand discussed.The seriesof surfaceand upperair
stations,operatedduringMAP-SOP, havebeencarefullyqualitycontrolledandprocessedtogivefor
the firsttimesucha pictureof thefoehnflowin theAlpineRhinevalleyand itstributaries,whichis
necessaryto resolvethetemporaland spatialevolutionandcessationof foehnat verysmallscales
andto comparethesedatawithhighresolutionnumericalmodels.A surprisewastheobservationthat
in the BrandnerTal, far downstreamof the mainAlpinecrest line,the foehnflowmay be strongly
decelerateddueto itsdirectiontowardshigherpressure.

1 INTRODUCTION

IntheframeoftheMesoscaleAlpineProgramme(MAP),a fieldexperimenttookplacein theareaof
theAlpineRhinevalleyto investigate“unstationaryaspectsoffoehnina largevalley”(Bougeaultetal,
1998).This was a specificproject(PS) of MAP, where researchgroupsof Austria,Switzerland,
Germanyand Francetookpart(Steinacker,2000a).Our Departmentconcentrateditsmeasurements
in the Brandnervalley,a smallnorthsouthorientedsidevalleyof theVorarlbergWalgau(Bludenz-
Feldkirch)and a portionof the RhinevalleybetweenBad Ragaz and Feldkirchwithinthe project
FORMAT sponsoredby theAustrianScience Foundation.A densearrayof surfacestationswitha
high temporalresolution,one radiosondeand one SODAR stationwere set up, furthermorepilot
balloonswerereleasedand car traverseswereconducted.One of themayorinterestfor our group
wastheinvestigationofthetemporalevolutionoffoehnflowsandthedifferenceincharacteristicsand
behaviorinthemainvalleyandinsidevalleys.A descriptionoftheoverallinstrumentalsetupis given
inRichner,H,etal,2002

Due to an unexpectedhighnumberof foehncases duringtheMAP SpecialObservingPeriod(SOP,
7 September—15.November1999,see Bougeaultet al, 2001),the datacollectedby us (see also
Chimani,2002 and Spatzierer,2002) and the othergroups(see e. g. Baumannet al, 2000a,b‚c,d,
Drobinskiet al, 2001a,b,Dürr,2000, Haeberliet al, 2000, Pechingeret al, 2000,Piringeret al,
a,b,c,d,e, Poll et al, 2000, Rau et al, 2000a,b‚c,d,Seiz et al, 2000a,b,Spatziereret al, 2000,
Steinackeret al, 2000b,c)representa uniqueopportunityto investigatephenomenarelatedto foehn
withan accuracy,never achievedbefore.The presentpaperwantsto give an overviewof the
measurementsandfirstresults.

2 DATA PROCESSING

The data collectedduring MAP—SOPhave been processed immediatelyafter the experiment
(November1999) totransmitthedatasettotheinternationalMAP DataCentre(MDC)inZurich.From
there every participantof MAP shouldhave the opportunityto access the wholewealthof data
collectedbythedifferentresearchteams.Beforetransferringthedataa qualitycontrolandcorrection
of erroneousdatahadto be conducted(6setswith52500 datajustforthe6 surfacestationsin the
BrandnerTal)andmeanvalues(10minutemeansofwindderivedfromoriginal2 minutedata)hadto
be calculatedtomeetthe rulesof the internationalMAP dataformat.EarlyFebruary2000 theyhave
beentransferredtotheMDC inSwitzerland.Duringthisperioddataoffurther6 surfacestationswhich
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havebeen set up in the Rhinevalleywerequalitycontrolledand synchronized.Inadditionwe got
access todataseriesof surfacestationsof theVorarlbergerlllwerke,whichwerealso includedinthe
qualitycontrolandevaluationprocedure.For an easiercomparisonof theseries,thedatahavebeen
treatedbyanaveragingprocedure(10minutesarithmeticmeans),eventuallyfillingshorterdatagaps

3 DATA EVALUATION

Inthebeginning,a statisticsof thewinddirectiondistributionof thestationsin theBrandnerTal has
beencarriedout.A 10degreeresolution(36 directionclassespluscalm)hasbeenchosen.To focus
on a situationwitha pronouncedflowin the valley,onlythe 10minutemeanvaluesof the speed
exceedinga certainthreshold(seeFig. 1) havebeencountedanda relativefrequencydistributionhas
beenplottedas a windrose.Forthelocationofthestationssee Fig. 12.The stationsintheBrandner
Tal in an up-valleyarrayare (see Figs 1 —6):Bürserberg,Brand-Nesler,lnnerdorf,Schattenlagant,
TalstationandLünerseeatanelevationbetween950mmsi(Bürserberg)and2000 mmsi(Lünersee)
andwitha horizontaldistancebetweenthestationsrangingfrom1 to3 km.

Bürserbergv>2mls Band-.Neslerv>2mfs

Fig.1: Frequencydistributionofwinddirectionfor Fig.2: sameasFig.1butforBrand—Nesler
speeds above 2 m/s Bürserberg
(1circle=10%)

Imadorfv>4mls

Fig.3: sameasFig.1butforlnnerdorf Fig.4:

Talstflionv>5mß [Lünerseev>fimvfs

Fig.5: sameasFig.1butforTalstation Fig.6: sameasFig.1butforLünersee
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One can clearlysee thatthe winddirectionwithhigherspeeds is exclusivelyorienteddown-valley
duringthewholeperiod(10weeks)whichmeansthatfoehnflowsweredominatingthewindfieldin
theBrandnerTal.Therewerevirtuallynostrongerupvalleywinds,despitesomefairweatherperiods.
Thismeansthatthevalleywindcirculationdoesnotreachwindspeedsabovethechosenthreshold.

4 CHARACTERISTICS OF THE FOEHN IN THE BRANDNER TAL

The longestfoehnperiodwithsome interruptionsoccurredbetweenOctober20 and 25. Several
penetrationsof thefoehnflowdownthevalleyand retreatscan be clearlyseen in thetimeseriesof
parametersliketemperature,potentialtemperature,humidityandwindspeed (see Figs 7 —10).In
generalthefoehn(highpotentialtemperature,lowhumidityand highwindspeed)occursfirstat the
higheststationand considerably(somehours)later,at the loweststation,whereasthecessationof
foehn always starts at the loweststationwitha more rapid progressup valley.To make the
comparisoneasier,inFigs 7, 9 and10a shiftofthescaleas indicatedbythenumberinbracketshas
beencarriedout.

WEB-25.10.99tmmeratue SOP20-25.10.99p0terüaltenwerahm
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, l*f‘{‘f{G.,-\}I-——Luunersee
1"’l./"" „»“\AN\/_/N\_‘F-t:’],_‚."—f*——„

„ —\\—.7‚..__‚\w/“'“’ “N:;
J_.—(”“\__ ,/“'\„Mk .»„vw—(_,

JM ““ \,.
20 2ll 22 23 34 25 20 21 22 23 24 &;„

Fig.7: Temperature20-25.10[7K] Fig.8: PotentialtemperatureinK
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Fig.9: Relativehumidity[50%] Fig.10: Windspeed[15m/s]

The spatio—temporalbehaviorof thedifferentparameterscan be visualizedin an optimalwaybythe
use of computeranimations.Ina firststeponlyan arrayof 6 stationsin theBrandnerTal has been
treatedin a wayas shownin Fig. 11.The valleyaxis,wherethestationswerelocated,is slightlyS-
shaped.The locationof stationsare plottedat theiractualpositionby windarrows,whereasthe
temperatureis plottedas a continuous2D coloredarea.The animationwas producedto runon a
standardPC. ItwasputtothehomepageofourUniversityDepartmenttomakeitgenerallyaccessible
viaan internetbrowser.

Ina secondstepthe loops have beenextendedtowardsa largerdomainand numberof stations.
Furthermore,insteadof colorcodedareas,thewindarrowshavebeencolorcoded.Inadditiona high
resolutiontopographyhas been introducedto see more accuratelythe valley orientationand

-57-



characteristics.An examplefor a singleplotof the loop,whichconsistof incrementswith10minute
temporalresolutionis givenin Fig. 12.The productionoftheseloopswas rathertimeconsumingdue
tothefact,thatdatafromdifferentdataproviderswithdifferentformatsandtemporalresolutionhadto
bemerged.
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Fig.11: Anexampleofa singlepictureoftheloopwithtimeincrementsof 1 houranda timeperiodof6
days(October20,00UTC—October26,1999,00UTC
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Fig.12: AnexampleoftheloopcoveringtheRhinevalleyandtributaryvalleys.Thewindsareplottedas
arrows,thecolorcodeindicatespotentialtem-peratureTheRhinevalleyis indicatedbyyellow
arrows,theBrandnerTalbyredarrows.
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An interestingquestionwas to investigatethe relationbetweenthe foehnwindsat the different
stationswithrespecttoalongvalleypressuregradients.As theexactstationelevationwasnotknown
with sufficientaccuracy,the determinationof along valley pressuregradientswere done by a
hydrostaticevaluationof the observedpressureof adjacentstations.The variationof the height
differencemaybe interpretedas variationof the inclinationof pressuresurfaceswhichtouchesthe
higheroneofthestations.TwoexamplesfortheseheightdifferencesareshowninFigs 13and14.

5„„.r‚„_‚.‚_‚ ‚__.„.,f_\‚
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Fig.13: HydrostaticheightdifferenceBürserberg Fig.14: SameasFig.13butforTalstation-Lünersee,
Brand,August30—September6, 1999,a October18—24,1999,aweekwithseveral
weekwithwellpronouncedvalleywinds foehnepisodes

Whereasduringfairweatherconditions(Fig. 13),the maximumof the heightdifference(strongest
inclinationof the pressuresurfaceintothe valley)is foundduringtheday, combinedwithup valley
winds,the oppositeis truefor the night.Duringfoehnwindstorms(Fig. 14),the diurnalrangeis
disturbedand a correlationbetweenwindspeedand heightdifferenceis evident.An investigationof
the Bernoullieffect(dynamicpressure)showedthatfor somestationsthepeakvaluesof the height
differenceactuallycouldbeexplainedbywindgusts.Itwasfurthermorefoundthatthespecificlocation
of the stationand especiallythe orientationof the solar panelat the stationtripodinfluencedthe
resultsquiteconsiderably,see e 9. Fig. 15.
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Fig.15: StationSchattenlagant.Thepressuresensorissituatedinthetubeattheupperpartofthetripod.
Dependingtheorientationofthesolarpanelwithregardtothefoehnwinddirection,thesensormay
beintheleeofthesolarpanelorhardlyinfluenced.
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The Bernoullicorrectedheightdifferencesshowa substantialreductionoffluctuationswhichmightbe
explainedby the non—hydrostaticpressurefluctuations(see Figs. 16 and 17). Here, the height
differencesare plottedtogetherwiththetemperaturerecords.Itcanbe clearlyseen,thatduringweak
gradientsituations(Fig.16),thediurnalfluctuationsof theheightdifferencearedrivenbythethermal
forcing,whereasduringfoehnepisodes(Fig.17),thecorrelationbetweenpressureandtemperatureis
hardlypresent.Betweenthetwostationsshown,thefoehnwindsareblowingagainsthigherpressure,
leadingto a deceleration.Hencethe generalweakeningof thewindspeed downvalleycannotbe
explainedbyfrictionaleffectssolely.

Hyüüä&ischéHOPauiäerenzsch‘ahgsrn—täslatiun

12DO12 CD12EU 1211312 12211203 [l] 12 12III TDI] EI)1200 12E1203 E1354Bl 05 C5 151819193120 2122222323'! 2.1

Fig.16: Hydrostaticheight differencebetween Fig.17: Sameas Fig.16butonOctober18—24,
SchattenlagantandTalststationonAugust 1999
30untilSeptember5,1999.

Finally,an interestingcomparisonis showninFigs. 18and19.‚wherethe(relative)hydrostaticheight
differencesbetweentwopairsof stationsintheBrandnerTal andtheRhinevalleyareshown.During
fairweathersituationstheamplitudeinthenarrowandsteepBrandnerTal duetohighfrictionaleffects
is muchmorepronouncedas comparedtothewideand nearlyhorizontalless frictionalRhinevalley.
Furthermorethereis a considerabletimeshiftofthephasesevident.This is thewellknownretardation
timeofthevalleywindcirculationin largevalleys(e.g. Barry,1992).Duringfoehnepisodesthealong
flowpressureis increasingintheBrandnerTal butdecreasing—as onewouldexpect—in theRhine
valley.

ES 12[l]12 12m 12UB12 03 l2 m 12117 @III EI]1211313713[E 2DB12 1200UB11]1D 381819132031 2121 "42 CD 122 23E 21

Fig.18: Hydrostaticheight differencebetween Fig.19: Sameas Fig.18butforOctober18—24,
LünerseeandBürserbergintheBrandner 1999
Tal(blue)andbetweenViltersandWeitein
theRhinevalley(purple),fromOctober4
untilOctober10,1999
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5 CAR TRAVERS ES

Intheframeof FORMAT, severalcar traversesintheBrandnerTal andtheRhinevalleyhavebeen
conducted.The carwasequippedwitha thermometer,hygrometer,barometerandanemometerwitha
1 minutesamplingrate,whichwerestoredin a data logger.Drivingwitha speed of 60 km/hthis
samplingratemeansa distancebetweendatapointsof 1 km.Onwindingmountainroadslikeinthe
BrandnerTal the speed is generallylow,so thatthe horizontalincrementswererather500m. To
evaluatethedataset,thegeographiccoordinatesof roadsandthecorrespondingelevationhadtobe
digitizedatsignificantlocationsfroma highresolutionmap.

Knowingthe elevationof the startpoint- and eventuallythe end point- of the car traverse,the
pressurerecordwastransformedhydrostaticallyintoelevationsanda fitbetweentheelevationsfrom
the digitizedmapandthe datafromthetraversehadto be carriedout.Fromthewindrecordof the
anemometer,mountedroughly1mabovethetopofthecar,a distancewascomputedandcompared
withtheheight-distanceprofileofthedigitizedroadmap.Twoexamplesoftheprofilesareshown,one
up-way(Fig.20) and one down-waythe BrandnerTal (Fig.21). Whereasthe profilefromthemap
showstheactualrelationofthehorizontalversustheverticaldistancesoftheroad,theprofilefromthe
car is influencedbythespeedof thecar plustheactualheadorteilwindspeedsimilartothetrueair
speedof airplanes.Ifthe inclinationofthecartraverseprofileis less thantheactualinclinationofthe
road,thereis headwindandviceversa.Bythisrelationthemeanwindspeedbetweentwowaypoints
can beobtained.Ifstopsare heldduringthetraverse,thecalculateddistancedividedbytheduration
ofthestopgivesthemeanwindspeedatthelocationduringthestop.
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Fig.20: Exampleofanup—valleycartraverseinthe Fig.21: Sameas Fig.20,butdown-valley.Notethe
BrandnerTalonOctober2, 1999.Heights longstopat520maboveBludenz
arerelativeto Bludenz(560mmsi).Note
the stop at a heightof 500 m above
Bludenz.
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Fig.22: Plots of wind speed (windcomponent Fig.23: Sameas Fig.22 butfor thedown-valley
paralleltotheroaddirection)andpotential traverse,earlyafternoon.
temperature,colorcoded,intheBrandner
Tal,derivedfromanup-valleycartraverse
onOctober2,1999,aroundnoon.

The meanwindspeedat thewaypointswasthenplottedtogetherwithpotentialtemperatures,see
Figs.22and23.Duringtheup-valleytraverse(Fig.22)atmidlevelsofthevalleya stablestratification
maybeeseen inconnectionwitha convergence.Thismeansthatthefoehnflowwaswellestablished
intheupperpartof thevalleyatthattime.The down-valleytraverse(Fig.23), roughlyonehourlater
showsa coolingoftheair inmostpartsof thevalley,whichmeansthata cessationofthefoehnwas
causedbyan inflowof colderairmassesfromtheNorth.The windspeedsveryconsiderably,which
maybe explainedbythefactthatthe roadis windingup thevalley,so thatthefoehnwindsmaybe
sometimesperpendicularto the drivingdirection.The variabilityof thewinddirectionindicatesthe
changeofthemeanorientationoftheroadsegments.

Also in the Rhinevalleysome car traverseshavebeen evaluatedwhichallowto distinctbetween
areasof foehntouchingthegroundandcoldair pools.The enterpriseof usinginstrumentedcars as
observingplatformhas provento workoutweil,althoughthe evaluationprocedureis rathertime
consuming.
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Fig.24: TimeseriesofthesoundingsatFeldkirchfromOctober20—21,1999.ThefoehnflowintheRhine
valley(belowapprox.700hPa)withdirectionfromSE isclearlyseparatedfromtheupperlevelSW
gradientwindflow.Thestableshallowcoldairpoolismostlyjustafew100metersthick.

6 RADIOSONDE AT FELDKIRCH

Duringselectedfoehnepisodes3-hourlyradiosondeswerereleasedin Feldkirch.This soundingwas
oneofan arrayof6 similarstationsintheRhinevalley,operatedbySwisscolleagues.An exampleof
a timesectionof theFeldkirchradiosondeis shownin Fig.24.Togetherwiththeothersoundingsan
extremelydense resolutionof upperlevelwindstemperatureand humiditydatahas beencollected,
whichis certainlyuniqueworldwide.

7 PILOT BALLOONS IN THE BRANDNER TAL

Duringselectedfoehnperiodspilotballoonmeasurementshavebeenconductedin theBrandnerTal
and intheWalgau.Duetotechnicalproblems,mostoftheevaluationscouldbe evaluatedonlywitha
singletheodolite.This meansthatthe data haveto be interpretedconcerningthe verticalvelocity.
Assuminga constantverticalvelocityof theballoonduringthewholeascentthedatamaybe filtered
withrespectto wavemotions.Even withrespectto these uncertainties,mostof the windprofiles
clearlyshowa distinctboundarybetweenthefoehnflowwithinthevalley(roughlysoutherlyflow)and
theflowaloft(mostlywesterlytosouthwesterly),see Fig.25.Thesewindprofileswillbeveryimportant
tocomputethe3DflowfieldintheBrandnerTal, usingmasscontinuity,infuturecalculations.

8 SODAR IN THE WALGAU

The DopplerSODAR of our Departmentwas set up duringtheMAP SOP at a militarycamp in the
Walgau(Walgaukaserne,Bludesch).Despitea ratherremotelocation,the instrumentcouldnot be
operatedwithfullintensityduetonoisesensitivityof neighboringresidents.Thereforthequalityofthe
datawas ratherdisappointing.Onlyduringshortperiodsthe full rangeof datacouldbe evaluated.
Nevertheless,fortheseperiodsespeciallythe derivedwindprofileswillserveas inputdatafor a 3D
flowanalysisplannedin future.One exampleof thetimeheightprofileof thewindspeed andwind
directionis plottedin Fig. 26 and one singleverticalwindprofile,includingverticalvelocityand its
varianceis showninFig.27.
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Fig.25: Exampleofpilotballoontrajectoriesduringa foehnevent(October12,1999)intheBrandnerTal.
Plottedarethehorizontalprojection(top),theprojectiontotheEast-heightplane(center)andthe
North-heightplane(bottom).Thedotsareplottedevery15sec.
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Fig.26: ExampleofDopplerSODAR measurementsintheWalgau.Intheupperpanelthehorizontalwinds
areplottedina vectorrepresentation,inthelowerpanelthehorizontalwindspeedisshownforthe
periodNovember5—10,1999.
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Fig.27: Exampleofverticalprofilesofthehorizontalwindvectors(topleft),thehorizontalwindspeed(top
right),theverticalwind(bottomleft)andtheRMSoftheverticalwind(bottomright)derivedfromthe
SODAR inBludeschonOctober22,1999,OZOOUTC.

9 MOTOR GLIDER PROFILES

Duringseveralfoehnepisodsin October1999 themotorgliderDimonaof METAIR wascarryingout
researchflights,observingtemperature,pressure,humidity,windsand chemicaltracersat different
levels.MostflightswerecarriedoutalongtheRhinevalley,somewentalsointoorabovetheWalgau
and the BrandnerTal. An exampleof an evaluationof a flightalongthe Rhinevalleyis shownin
Fig.28.
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positionnorth[Swisskm]

Exampleofanevaluationofa flightwiththeMETAIRDimonaalongtheRhinevalley.Shownare
thevectorsofthenorthsouthcomponentplustheverticalwindcomponentandthewatervapour
mixingratio.Notethemoistlowlevelairwithnortherlyflowcomponents,i.e.flowingintotheRhine
valleyandthedryupperlevel(foehn)airwithsoutherlyflowcomponents.

ü.il0ll!Uhl:

T7G'r'l'.15533.23300.311067.
ModelsimulationoftheMountainwave(verticalmotionfield)intheleeoftheRaetikonmassifleft
(MesoNH,courtesyofM.Lothon,Lannemezan)andthehorizontalpressuredistributionalongthe
Brandnervalleyrigh,showingthefootprintof thewave.The redcurveof therightfigureis
correspondingtothelengthofthearrowsintheleftfigure.
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10 MODEL COMPARISONS WITH OBSERVATIONS

One mesoscalefeatureof special interestwas the observationthatthe foehnflowin the Brandner
valleyusuallyaffectstheOberdorf,butrarelytheUnterdorf,a coupleof kilometersdownvalleyof the
Oberdorf.This feature is well knownto the local people and has been confirmedby our
measurements.A reasonableanswertothisphenomenonis an intensemountainwavein the lee of
the Raetikon,a high ridge betweenthe Rhine valley and the Walgau, which is often fairly
perpendicularto theflowatAlpinecresthight.The locationof themountainwaveina highresolution
model(MESO—NH,Lafore,J.P. et al, 1998)run(Lothon,M., 2002)was in verygoodagreementwith
thesurfacepressureprofilealongthevalleyaxis(seeFig. 29).One ofthemajortasksof FORMwas
thetestof modelswithrespecttothecorrectsimulationofthebehaviorof theshallowcoldairpoolin
thelowerRhinevalleyduringfoehn.Duetotheverydensearrayof surfaceautomaticstationsitwas
possibletocomparedirectlyfieldsofveryhighresolutionmodelsandfieldsfromobservations.Forthis
purposea modelindependentobjectiveanalysisschemewasutilized(Steinacker,R, et al 2000).Itis
probablyforthefirsttimethatconventionalobservationscouldbeusedtocarryouta modelvalidation
ona horizontalresolutionintheorderofonekilometer(seeFig.30).

Differenzderred.DruckevonModellundAnalyseauf550m
24.10.199915:00

- _ 6.5-647.62 _ 6_5_5
_ 555
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% f _ 3-2.5
3 j _ 2.5-2
a47.25 . . 245
% 1.5-1
'; ! 1-0.5
134742- ——1 .lz-‚L4é—1°-5-°% „ l 0-(-051
" i 1 _ 1951-14)
47.00- l _ (-1i-(-1-5)

[ _ (451-1-2)... * l _ 12)-12.51
46.87— _ 11-251—1—33

l ' 1i-31-1-35)
1 ". ‘ ; % (-3.51-14)46.75— f « l _ (40-145)

1 1 " 1 ' 1 _ 1451—45)
9.07 9.21 9.36 9.50 9.65 979 = 23532

. _ ($)-195)longtude[degeastl

Fig.30: Veryhighresolutionintercomparisonof a simulationmodel(MM5,500mhorizontalresolution,
courtesyof (3.Zaengl,Munich)andobservedpressurefieldsat 550m msi.The colorcode
indicatesthedifferenceinhPa(modelminusobservation).Dotsareonlyplottedifterrainheightis
lessthan250rnbeloworabovethe550mleveltominimizerductionerrors.Itisnicelyshownthat
in partsof thevalleythemodelslightlyover-or underestimatestheactualpressuregradient,
especiallyintheareaoftheflowsplitting(centerpartoffigure).

11 CONCLUSIONS AND OUTLOOK

Thankstothenumerousfoehncases duringMAP-SOP thedatacollectingeffortcan beseenas a full
success.ThewealthofdatabeingcollectedintheareaoftheAlpineRhinevalleymakesitpossible,to
characterizethe foehnflowand itsdynamicswitha highspatialand temporalresolution.This is an
importantpreconditiontoconductfurtherscientificevaluations.A nextstepconsistsofthesynthesisof
thedifferentdataintoa highresolutiongriddedformat(BD),includingthesetofobservationscollected
by the internationalscientificFORM consortium.Then an applicationof hydro-thermodynamic
principleslikemasscontinuity,budgetsof humidity,vorticitydynamicsandtheBernoulliequationwill

-68-



be undertaken.This willhelpto learnmoreaboutthe specificbehaviorof the foehnphenomenon,
which is so dominantfor the weatherin many partsof the Alps. Finally,the data fieldswill be
comparedwithveryhighresolutionprognosticnumericalmodelswhichhavebeenoperatedin a test
mode duringMAP SOP. This willfinallyallowto findthe answerto the question,howwellthese
modelsarepredictingfoehneventsinAlpinevalleysandtheirtemporalevolution.
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