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Summary 

The "German Front Experiment 1987" was an experimental 
effort to determine the influence of the European Alps on cold 
fronts using data collected by aircraft, radar, surface and 
upper-air systems between October and December t987. 
Measurements were concentrated in the Alpine foreland south 
of Munich and in the Inn valley in Austria. It was a coopera- 
tive effort by groups from Austria, Germany and Switzerland. 
This study briefly recapitulates the conduct of the experiment 
and the intense observation periods which were carried through. 
Then it is outlined to what extent the scientific objectives have 
been achieved. The findings of the experiments are grouped 
into the following topics: orographically induced frontogenesis, 
the interaction of foehn and front, orographically trapped 
gravity currents, flow into valleys and the modification of 
precipitation by the Alps. 

1. Introduction 

During summer 1918 a series of coordinated sur- 
face- and ship-based measurements was performed 
at the Norwegian coast in order to improve weather 
forecasting (Bjerknes, 1919). The basic idea was 
introducing fronts into the daily weather chart by 
considering them as individuals, whose behaviour 
and dynamics can be studied separately from the 
air mass and thus in turn can be tracked from chart 
to chart. V. Bjerknes and his colleagues were not 
the first in doing so, this was Durand-Greville 
(1892), but they were the first who did it system- 
atically over a longer period of time. It was the 
key experiment where the idea of a front was 

developed and the orographic influence was firstly 
discovered, such as the deformation of a front due 
to the impact of the Scandinavian mountains. 
Today it is well accepted that mountains play an 
important role in modifying fronts as is confirmed 
by the observations around the world. In the 1920's 
the elementary considerations on the impact of 
orography on fronts were formulated, however, 
until the 1980's no considerable improvement to- 
wards a quantitative understanding of this impact 
is noticeable. A review about the present state of 
knowledge regarding the topic "fronts and oro- 
graphy" is given in Egger and Hoinka (1992) and 
Blumen (1992). 

A great problem encountered in experimental 
efforts on fronts is that a scale dependent sepa- 
ration of the processes associated with the fronts 
is almost impossible and it is therefore necessary 
that the measurement systems collect data which 
need to cover a broad range of scales. This is 
because the scale of the front is two magnitudes 
smaller than the scale of the forcing systems, such 
as cyclones, in which the front itself is imbedded; 
on the other hand the scale of the front is two 
magnitudes larger than the scales relevant to the 
fi'ontal weather, which contains e.g. turbulence 
and precipitation. Considering an experimental 
effort of today the problem of fronts being modi- 
fied by mountains has in general two aspects: the 
lack of observations with proper resolution and 
the lack of physical understanding. 
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Fronts cross the north Alpine foreland on about 
75 days each year, and they cause approximately 
50~ of the annual precipitation (Hoinka, 1985). 
This elucidates the strong impact of fronts on the 
weather and climate of the north Alpine region 
itself and the adjacent foothills of Switzerland, 
southern Germany and Austria. Fronts are ob- 
served to be deformed or slowed down, but they 
can also be intensified or rapidly shifted along the 
borders of the Alps. A recent example for the latter 
case is discussed in Volkert et al. (1991). 

In order to study the impact of the European 
Alps on cold fronts the German Science Founda- 
tion (DFG) and Austrian, German and Swiss insti- 
tutions sponsored a programme under the title 
"Fronts and Orography"; the "German Front Ex- 
periment 1987" (GFE87) constituted the major 
experimental achievement within this programme. 
In the GFE87 the meteorological university insti- 
tutes in Cologne, Karlsruhe and Munich took 
part. Non-university contributions came from the 
"Institut fiir Atmosph/irische Umweltforschung" of 
the Fraunhofer Society (in Garmisch) and from the 
"Institut fiir Physik der AtmosphS.re" of the DLR 
(in Oberpfaffenhofen). The civilian and military 
German weather services contributed by increased 
observing frequency (rawinsondes) and by special 
forecasts. International co-operations existed with 
the weather services in Austria, Switzerland and 
with the operation centre of FRONTS87 in Brack- 
nell/U.K. (see below). Having in mind the support 
of Austrian and Swiss groups the name of the 
experiment is somewhat misleading and a name 
such as "European Front Experiment" would have 
been more appropriate. The outline of the experi- 
ment is published elsewhere (Hoinka and Volkert, 
1987a, b). Details on the conduct of the experiment 
can be found in Hoinka et al. (1988). 

The climatology of European cold fronts, along 
with logistical considerations, determined the 
timing of the GFE87 from 1 October to end of 
December 1987, a period during which about five 
cold fronts per month could be anticipated above 
theAlps (Hoinka, 1985). The number of cold fronts 
per month for the rest of the year is also about 
five, but the fronts during the last three months of 
the year are usually associated with a stronger 
change in air mass than those occurring in spring 
or summer. Thus the fronts occurring during the 
last three months of the year are more intense; 
additionally at this time of the year foehn is a 

frequent prefrontal phenomenon. Finally, the main 
experimental effort (FRONTS87) within the joint 
British/French undertaking "Mesoscale Frontal 
Dynamics Project" (MFDP) was performed at the 
same time (Clough, 1987), which offered the unique 
chance of probing an orographically modified front 
by the GFE87, which was already measured in an 
undisturbed condition over sea. 

The main purpose of the GFE87 was to collect 
high resolution data in order to investigate the 
structure and the development of orographically 
influenced cold fronts in the vicinity of the Alps. 
The central scientific objectives of the experiment 
were 

�9 to document a few prominent fronts in dif- 
ferent horizontal scales when they cross central 
Europe; 

�9 to determine the orographic modification on 
these fronts', and 

�9 to explain the physical mechanisms of the oro- 
graphic modification. 

The outline of the experiment must be seen as to 
improve our understanding; and thus in turn im- 
prove the analysis of fronts above orography; and 
finally, thus in turn improve the forecast of fronts 
and its associated weather under the influence of 
orography. With this in mind, a circled link between 
the first front experiment in 19t8 and the present 
effort is obvious. 

A first preliminary step was to find out the 
major problems in the analysis and in the forecast 
of cold fronts in the vicinity of the Alps as seen by 
weather forecasters working in the daily routine 
(Hoinka and Smith, 1986). As a result of this and 
as a guide for specific objectives of research con- 
cerning the orographic modifications of fronts 
several hypotheses have been formulated, which 
were to be assured or rejected (Hoinka and Volkert, 
1987b). Although these hypotheses were formu- 
lated in the framework of the experiment and 
therefore stimulated by the experiment, they cover 
clearly much more than purely experimental 
efforts. 

In this study it is tried to answer how far these 
hypotheses have been treated in the post-experi- 
mental phase and what we did learn from the 
experiment. The answer to this question can only 
be a subjective on e as it depends on the degree of 
one's ignorance. We have selected the following 
scientific subjects: the orographically induced 
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frontogenesis, the interaction of foehn and front, 
orographically trapped gravity currents, the flows 
into the valleys and the modification of precipitat- 
ing patterns by the Alps. Clearly, most results are 
not related purely to observational data. There- 
fore, we discuss the observations in combination 
with results from numerical simulations. 

The plan of the paper is as follows: in section 2 
we summarize the conduct of the experiment; in 
section 3 we describe the appearance of the fronts 
during all four intense observation period; section 4 
reviews the findings made during the data analysis; 
in section 5 we address problems related to frontal 
analysis; finally, in section 6, concluding remarks 
are compiled. 

2. The Conduct of the Experiment 

For a paper on the scientific results of a field 
experiment it is more important to discuss the 
scientific aims and the accomplishment of the pro- 
gramme than its design. As the experimental plan 
is published elsewhere (Hoinka and Volkert, 
1987a, b), only the general outline of the GFE87 
is mentioned here. 

There were an outer and an inner experimental 
area; the outer one was to specify the flow undis- 
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Fig. 1. Map of locations mentioned in the text. Freiburg 
(FR), Garching (GA), Garmisch-Partenkirchen (GP), Grol3er 
Arber (GR), Innsbruck (IN), Hof (HO), Karlsruhe (KA), 
Kempten (KE), Konstanz (KO), Mannheim (MA), Mfinchen 
(MU), Nfirnberg (NU), Oberpfaffenhofen (OP), Ohringen 
(OH), Passau (PA), Regensburg (RE), Stuttgart (ST), Thalreit 
(TH), Uffing (UF), Ulm (UL), Wielenbach (WI), Wfirzburg 
(wu) 

turbed by the Alps, the inner one the orographic 
effects. All special observing systems were concen- 
trated in the inner area: north of the Alpine base- 
line and in the valleys of river Loisach and river 
Inn (see Fig. 1). An ideal front was envisaged to 
approach the Alps from the west or the nor th -  
west, being already recorded by the rawinsonde 
network of the outer area. 'Two radars collected 
three-dimensional data while different aircraft 
executed cross-sections in several heights normal 
to the front and parallel to it. Special aerological 
and ground stations at the baseline, in the two 
Alpine valleys and on some mountains registered 
the direct contact of fronts with the orography. 
For the experiment itself the proven method of 
"Intense Observing Periods" (IOP) was used; during 
these lOPs initiated by the steering group intense 
observations were undertaken by all platforms 
and stations. The IOPs lasted around 24 hours 
and were an effective and economic way to ensure 
maximum activity during important events. An 
extended description of the collected data is given 
by Hoinka et al. (1988). 

Weather and the "Saint Fronto ''1 were so co- 
operative to provide four strong cold fronts during 
the experimental period: 8 October (IOP-A), 12 
November (IOP-B), 13/14 November (IOP-C) 
and 19 December 1987 (IOP-D). Beside these fronts 
also weak (13) and moderate (5) cases occurred. 
This reveals that the overall number of frontal 
passages during the chosen period of 1987 fits to 
the climatological ten year mean (Hoinka, 1985). 

3. The Appearance of the Fronts 

To become acquainted with lOPs A to D we first 
inspect the daily charts of European scale pub- 
lished in the "Berliner Wetterkarte" (Fig. 2). The 
progression of the surface fronts is studied using 
the subjectively analysed three-hourly surface 
charts for western and central Europe (Fig. 3) and 
analyses of the hourly complete set of SYNOP 
and METAR observations obtained in southern 
Germany and adjacent regions (Fig. 4), respec- 
tively. A second sub-section deals with the structure 
of the fronts as it appears in serial radiosoundings 

"Saint Fronto" was the bishop of Perigneux (France) and 
today he still is the patron saint of this town. He is renowned 
for the miracle of double presence by having slept during the 
services and at the same time having buried the holy Martha 
somewhere else. 
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Fig. 2. Geopotential (full lines) 
and equivalent potential temper- 
ature (dashed lines) during the 
four lOPs. 8 October 1987, 00 
UTC: 850 hPa (a) and 500 hPa 
(b); 12 November 1987, 00 UTC: 
500 hPa (c) and 850 hPa (d); 13 
November 1987, 00 UTC: 850 
hPa (e); 14 November 1987, 00 
UTC: 850 hPa (f); 19 December 
1987, 00 UTC: 500 hPa (g) and 
850 hPa (h). Adapted from the 
"Berliner Wetterkarte" 

of a single station and in time series of several 
groundstations. 

3.1 On the Progression of the Fronts 

3.1.1 IOP-A: Front of 8 October 1987 

On 8 October, 00 UTC, a distinct mid-tropospheric 
trough ,was situated over the British Isles and the 

Bay of Biscay (Fig. 2a) with a half occluded frontal 
system below its leading edge (Fig. 2b). Three air- 
masses were present in the lower troposphere as 
revealed by equivalent potential temperature: pre- 
frontal air (0 e ~ 35 ~ warm sector air (0 e ~ 45 ~ 
and postfrontal air (0e < 30 ~ The hourly ob- 
servations from southern Germany indicate that 
the cold front crossed the river Rhine at 07 UTC 
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Fig. 3. Three-hourly isochrones of 
surface front position over central 
Europe for the four IOPs. The 
broken lines indicate the mesoscale 
area of Fig. 4. Adapted from Kurz 
(1990) 

approximately 100 km behind a preceding warm 
front (not displayed in Fig. 4). By that time heavy 
rain was observed in the Rhine area. At Karlsruhe 
4 mm were recorded during the 6 hours after the 
passage of the front. At 09 UTC the cold front had 
caught up the warm front and had become the 
dominant surface feature. Figure 3 reveals how 
this front was blocked by the Alps in its southern 
part while it progressed quite uniformly over the 
north Alpine foreland (Fig. 4). The cross-frontal 
temperature difference at the 850hPa level in- 
creased from 2 K/100 km over France to 6 K/100 km 
over the Alpine foreland (Kurz, 1989). 

3.1.2 IOP-B: Front of 12 November 1987 

On 12 November, 00 UTC, the geopotential height 
pattern exhibited again a trough extending from 
Ireland to the Bay of Biscay (Fig. 2c). This time 
the warm sector was wider and extended further 
to the north (Fig. 2d). Its maritime subtropic air 
had equivaleqt potential temperatures of about 
30 ~ while was below 20 ~ within the mari- e 
time polar air behind the cold front. The three- 
hourly isochrones (Fig. 3) indicate an eastward 
movement north of 50 ~ and a separate distur- 
bance at the northern rim of the Alps. The pro- 

gression of the front into the Mediterranean area 
was hindered by the subsequent formation of two 
frontal waves along the 45th parallel of latitude. 
In the mesoscale, a uniformly moving cold front 
was analyzed, which changed its orientation from 
northeast-southwest to north-south (Fig. 4). This 
front got slackened along the northern rim of the 
Alps. Furthermore, a slower moving, partly sta- 
tionary, convergence line was found ahead of this 
front. The prefrontal discontinuities in Figs. 3 and 
4 appear to have different orientations. This may 
be due to the different data densities of the synoptic 
and mesoscale analyses and to the different 
analysts. 

3.1.3 lOP-C: Front of 13 November 1987 

Along the elongated cold front of IOP-B two 
waves had developed on 13 November, 00 UTC 
(Fig. 2e). The western one lay in the vicinity of a 
vorticity maximum below the mid-tropospheric 
baroclinic zone and next to a comma cloud form- 
ation as is apparent in the satellite image (see 
Zwatz-Meise, 1989). The wave deepened and be- 
came a marginal low of the cyclone over the North 
Sea. On 14 November, 00 UTC, it was situated 
over northern Germany (Fig. 2f). Consequently a 



56 K.P. Hoinka and H. Volkert 

Isochrones (UTC) 8 0 k t o b e r  1987 Isochrones (UTC) 12 November 1987 

~ ~ ~ J ~ t  t ~ '  150"3~ 12 ~ 1.11 / 
/ o o  jo,  io8 i,o ' 

e / / I I I I Inn 

, ,oo . ( f  47.oo 
7.0 ~ 

Isochrones (UTC) 

100km i ! 
/ 
, /  

i 
S 

14.0 ~ 

13 November 1987 

nu e t 

50.3 ~ 

47.0 ~ 

7.0 ~ 14.0 ~ 

Isochrones (UTC) 18/19 December 1987 

Fig. 4. Hourly isochrones of surface front position over southern Germany for the four lOPs. The feathered lines (12 November 
1987) indicate a slow moving prefrontal convergence line 

distinct contrast in equivalent potential temper- 
ature (AO e > 10 K) formed between subtropic air 
in the east and intruding polar air in the west. The 
front was clearly deformed by the Alps (Fig. 3). In 
the mesoscale analyses a warm and a cold front 
were observed with a gradually diminishing warm 
sector between them as both fronts moved towards 
the east (Fig. 4). 

3.1.4 IOP-D: Front of 19 December 1987 

A ridge over the eastern Atlantic and a shallow 
trough over France characterized the 500hPa 
height field on 19 December, 00 UTC (Fig. 2g). 
Below the trough's leading edge a large sector of 
warm and moist subtropic air is present in the 
850 hPa level (Fig. 2h). The synoptic chart of the 
surface front positions shows a westward propa- 
gation of the front's northern part with accelera- 

tion across northeastern Germany, whereas its 
southern part crossed the Alps quite undisturbed 
from the northwest to the southeast (Fig. 3). The 
mesoscale analysis for southern Germany sug- 
gests that the front was accelerated after 00 UTC 
on 19 December (Fig. 4). 

An estimate of the frontal speed and orientation 
over southern Germany was evaluated from the 
isochrone charts combined with timings of pres- 
sure jumps (cf. Figs. 6, 7 and 8) and temperature 
drops (see also Hoinka et al., 1990). They are listed 
in  Table 1. In summary we state that of the four 
frontal events there were three cases with pre- 
frontal foehn (IOPs A, B and C); three fronts came 
from the west ( IOPsA,  B and C); one was from 
the northwest (IOP-D); two were strongly de- 
formed by the Alps (IOPs A and C); one crossed 
the Alps without being disturbed (IOP-D); and 
one got slackened along the northern Alps (lOP-B). 
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Table 1. Direction of the Frontal Propagation, e~, and Pro- 
pagation Velocity, c, for the Events of the GFE87 (after Freytag, 
1990) 

Frontal event A B C D 

:~ in deg 270 285 295 325 
c i n m s  -2 ~20 ~18 ~20 ~,12 

During the IOPs A, B and C precipitation was 
recorded ahead and behind of the front, with the 
exception that in the area with prefrontal foehn 
in southern Germany no precipitation occurred. 
IOP-D is characterized by a broad area with pre- 
cipitation ahead and behind of the front; this pre- 

cipitation was intensified close to the Alps due to 
blocking effects. 

3.2 Frontal Structure in Time Series 

Inspection of time series obtained from ground 
stations or of time-height cross-sections con- 
structed from serial radiosoundings is a common 
tool to document the changes of meteorological 
parameters during the passage of a front. In this 
sub-section we use for that purpose the rawinsonde 
station of Thalreit close to the Alpine baseline 
because of its high sounding frequency (one ascent 
every 1.5 hours; Fig. 5), the meteorological tower 
of Garching (20 km north of Munich; Fig. 6) and 
three sensitive recording microbarographs (Figs. 7 
and 8). 
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Fig. 5. Time-height cross-sections of po- 
tential temperature 0 (left) and equivalent 
potential temperature 0 e (right) at Thalreit 
for [OPs A, B, C and D. The vertical lines 
indicate the soundings. The time scale 
runs from right to left to give the correct 
sense of the spatial structure 



58 K. P, Hoinka and H. Volkert 

A 8 O c t o b e r  1987  

m l s  [ I 

06 09 12 15 18 UIC 

9 6 0 ~  
hPa 
950 

l0 ~ . _ : . - _  

06 09 12 15 18 UTC ~ . . . . .  
m m / m i n  

RR 
0.0 - ~, L 

B 12 November 1987  

c J  / 
m l s  I~ . . . . .  . . . . . . . . .  " ~ - - ]  

20 . . . . . . .  
V50 

10  . . . . . . .  

09 12 t5 18 2t UTC 

g501 --  ~ -  

30 �9 " 
~ Oe . . . . .  ~"~---- / 

2~ ~ ' J ' - - ~  ~ ....... ~ ....... I ,ol 

0.2 j 

ram/rain 

O.OL 

09 12 15 18 21 UTC 

RR I , .% , 

C 13 November  1987  
N . . . . . . . . . . . . . .  

W D50 

10 �9 V -, V I 
u i 

06 09 "12 15 18 21 UTC 

h P o [ " - ' - - ~  ~ P �9 

9/,51 

301 ,,,.~_,_ 1 
20 - r - ~ - " ; "  ' . . . .  

10 �9 . T " . . . . . . .  Tw 

06 og 12 15 18 21 UTC 

D 1 8 / 1 9  December  1987  

mls I 
201 . . . . .  V ( 

I v , ,~" so ~ ,  .I 

18 21 O0 03 06 UTC 

/,0 ' ~ ' ' ~ ' 

30120 . . . . . . . . .  . . . . . . . . .  . . . . . . . . . .  - ~" " -  -I 

1 0  T T 

lg 21 O0 03 06 UIC 

ram/rain 

0.0 | , , , 
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3.2.t IOP-A: Front  of 8 October 1987 

Figure 5A shows the time-height cross-sections of 
potential and equivalent potential temperatures 
at Thalreit on 8 October between 03 and 21 UTC. 
The front crossed the site at 1115 UTC. Its passage 
is clearly marked by a gradient zone in 0 and 0~ 
which bends backward with height. Over an inter- 
val of 3.5 h (approx. equivalent to a distance of 
200 kin) 0~ decreases by more than 7 K. Doppler 
radar data taken at Oberpfaffenhofen and sound- 

ing data taken at Munich suggest a relative cross- 
frontal flow towards the front from its rear side so 
that the colder air mass appears coming from aloft 
(Hoinka et al.,'1990). 

Fast of the transition zone, a marked inversion 
is observed close to the ground. In the pre-frontal 
area a southerly foehn flow was observed. Fre- 
quently such foehn flows do not touch the ground 
some distance off the Alpine baseline, i.e. the warm 
air does not replace the pre-existing cold air and 
glides up on a shallow surface-based cold layer 
(Hoinka and R6sler, 1987). This layer is topped 
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Fig. 7. Pressure traces, relative to an arbitrary mean, at three 
stations in the Alpine foreland: 8 October (IOP-A, top) and 
19 December (IOP-D, bottom). Taken from Mfiller and 
Sladkovic (1990) 

by an inversion which is apparent in Fig. 5A in 
the lowest 500 m for times prior to 09 UTC. 

The front passed Garching at 1044 UTC and 
was accompanied by a distinct and abrupt pressure 
jump of 1.8 hPa within 4 min (Fig. 6A). Similar 
jumps were observed in Wielenbach, Uffing and 
Thalreit somewhat later (Fig. 7A). The pressure 
jump was accompanied by a sudden gust and 
veering of the wind direction from the south-  
southwest towards the west at 10 m and towards 
the northwest at 50 m. In the temperature traces, 
a slight increase followed by a reduction of hu- 
midity one hour later can be seen. This becomes 
most significant in the decrease of the equivalent 
potential temperature by 9 K within less than one 
hour (Fig. 6A). 

3.2.2 IOP-B: Front of 12 November 1987 

Figure 5B shows the time-height cross-sections 
at Thalreit on 12 November between 09 and 24 

UTC. The front reached this station at 1220 UTC; 
this and the following times of frontal passages 
are based on pressure readings. For this event 
the frontal passage is only weakly marked in the 
potential temperature. The prefrontal surface- 
based cold air is apparent which was also due to 
the prefrontal foehn. The occurring inversion is 
weaker than that during IOP-A. The postfrontal 
cooling at the lowermost 2kin stops around 
20 UTC. 

At the surface in Garching a significant drop 
in temperatures is not obvious when the front 
passed at 1130 UTC (Fig. 6B); the wind shifted 
from the southwest towards the northwest at 
1100 UTC with a gradual and intermittent increase 
in speed. Four hours later, at 1540 UTC, the equiv- 
alent potential temperature dropped by 3 K after 
a short period of light rain. In the pressure traces 
of Uffing and Thalreit (Fig. 8B) there is an abrupt 
pressure rise with a low amplitude at noon, which 
is possibly correlated with the prefrontal con- 
vergence line (Fig. 4). 

3.2.3 IOP-C: Front of 13 November 1987 

Figure 5C shows the time-height cross-sections 
at Thalreit between 13 November, 12 UTC and 
14 November, 03 UTC. The front passed the station 
at 2015 UTC. The frontal passage of this event is 
well marked about 1000 m above ground in both 
temperatures whereas at the surface the gradients 
are significantly weaker. 

This front was associated with a distinct pres- 
sure jump in the early evening hours. Closer to the 
Alps, this jump was stronger (Ap > 2 hPa; Fig. 8C) 
than further to the north, at Garching (Ap ~ 1 hPa; 
Fig. 6C). The time series of Garching do not appear 
very dramatic when the front passed the station 
at 1930 UTC. The wind attained only half the 
strength it had the afternoon before (Fig. 6B), it 
increased around the small nose in pressure at 
1925 UTC and veered from easterly to westerly 
directions. The temperature traces are insignif- 
icant. There was some rain, with a maximum 
intensity half an hour after the passage of the 
pressure disturbance. 

3.2.4 IOP-D: Front of 19 December 1987 

Figure 5D shows the time-height cross-sections 
at Thalreit between 18 December, 15 UTC and 
19 December, 12 UTC. The front passed at 0345 
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Fig. 8. Pressure traces from Uffing and Thalreit: 12 October (IOP-B, left) and 13/14 October (lOP-C, right) 

UTC. The gradients in 0 e are well marked whereas 
the gradients in potential temperatures are weak. 
The isolines of 0~ associated with the front are 
steeply inclined and go higher than 5 km which 
indicates the approach of a deep cold air mass 
which may explain why this front crossed the 
Alpine barrier relatively undisturbed (Fig. 3). 

The station Garching was reached by the front 
at 0148 UTC which is reflected in a jump in 
pressure (Fig. 6D). Similar pressure jumps were 
recorded at the other stations (Fig. 7D). Asso- 
ciated with the pressure jump at Garching was 
a change in wind direction from 230 ~ to 290 ~ a 
maximum wind speed, a slight reduction of tem- 
perature, which is recognized best in the equivalent 
potential temperature. At the same time a high 
precipitation rate of about 0.8 mm/min was re- 
corded over two minutes (Fig. 6D; the maximum 
did not fit to the scale). 

4. The Findings 

In this section the findings from GFE87 are 
presented. They involve non-standard data eval- 
uations and combine these with results from 
numerical simulations. Although certainly not 
complete, a kind of review is attempted which 
blends new results with those published since the 
end of the experiment. To this end Figs. 9 to 13, 
15, 16, 18 to 20 are taken from the sources men- 
tioned in the respective figure captions. Specifically, 
we discuss the following subjects in sequence: fron- 
togenetical effects associated with the Alps; inter- 
action of foehn and fronts; observational evidence 
of orographically trapped gravity currents; flow 
into valleys; and finally modification of the precip- 
itation by the Alps. 

4.1 Frontogenetic Effects 

In this subsection three ways of ana!ysing fronto- 
genetical effects are collected. 
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4.l.1 Synoptic-Scale Diagnosis 
of the Frontogenesis Function 

Kurz (1990) performed a synoptic scale diagnosis 
based on rawinsonde data. The data were inter- 
polated to a grid of 127kin from the manually 
analyzed height, velocity and temperature fields. 
Several terms of the frontogenesis function were 
derived as defined by Miller (1948). The horizontal 
part of this function is given by: F H = gO/On" 0 Vu/gn. 
The spatial distribution of F H is given in Fig. 9 for 
IOPs A and B. At the 850 hPa level values of up 
to 30-10- lo K m -  ~ s-  1 were diagnosed north of 
the Alps on both occasions (Fig. 8, top). At 700 hPa 
about 70~ of this value was attained. A com- 
parison with other studies shows that these values 
are much stronger than those derived within fron- 
tal zones above flat terrain (see Table 2) suggesting 
that orography has a strong frontogenetic impact 
on the flow. However, one has to keep in mind 
that the resulting analysis indicates frontogenesis 
north of the Alps without demonstrating that these 
effects are due to the orography. 

In a further step, Kurz (1990) estimated the 
forcing of the vertical motions using a modified 
Q-vector form of the omega-equation (Keyser et al., 
1988). The spatial distribution of the omega- 
forcing during both events shows at 700 and 
850 hPa a strong descent at the cold side of the 
frontal zone north of the Alps. Kurz determined 
that this vertical motion partly compensates the 
frontogenetic effect of the horizontal wind so that 
only half of it remained as overall effect. 

This kind of diagnosis is effective above flat 
terrain with some limitations. The frontogenesis 
due to the gradient in diabatic heating cannot be 
treated reasonably. The estimation of the fronto- 
lysis associated with mixing is also unclear (Hoinka, 
1986). With mountains present the situation is 

A B 

Fig. 9. Diagnosis for the 850 hPa (bottom) and 700 hPa level 
(top) on 8 October 1987 (IOP-A, left) and 12 November 1987 
(IOP-B, right): frontogenesis function F~t in 10- lo K m- l s- 1. 
Taken from Kurz (1990) 

worse because it is not clear how to treat the 
effects of the mountains on the vertical motion 
field based on observational data, but at least in 
principle (or with the aid of a numerical model), 
the orographically induced vertical motion can be 
computed. The horizontal distribution of the 
vertical velocity is necessary to evaluate the term 
of the frontogenesis function which represents the 
tilting of the vertical gradient of 0 into the horizon- 
tal by the component  of the horizontal gradient 
of vertical velocity. Therefore, a strict interpretation 
of the frontogenesis function is at best valid for 
areas some distance away from the Alps. 

Table 2. Typical Maximum Values of Frontogenetical Terms from Various Studies 

Reference (Fn) or ( -  u~O~) ( -  w~O~) Ax 

10-1~ -1 10-1~ -1 km 

Baldwin et al. (t984) 5 --8 440 
Ogura and Portis (1982) 20 -20 90 
Garratt et al. (1985) 10 -15 30 
Hoinka (1986) 4/16 - 100/- 20 50/100 
Kurz (1990) 30 - -  127 
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4.1.2 Cross-Frontal Gradients Through Time 
Series Analysis 

The inspection of cross-frontal gradients (as seen 
in time series) within a network of stations consti- 
tutes a simple and direct method to diagnose 
frontal contrasts at the surface. Freytag (1990) 
systematically studied pressure jumps as observed 
during IOPs A, B and D. He found the strongest 
contrast of about 3 hPa/h at about 20 to 60 km 
north of the Alpine baseline and considerably 
reduced magnitudes both further away and in the 
inner-Alpine portion of the Inn valley (Fig. 10). 
So, the vertically intergrated signal of a contrast 
in the mass field appears to be strongest near the 
Nlpine baseline. From New Zealand increasing 
amplitudes of pressure jumps are reported across 
fronts as they propagate northward along the 
Southern Alps of New Zealand (Smith et al., 1991). 
A similar phenomenon is until now not reported 
for the European Alps. 

Now we turn to the cross-frontal temperature 
contrasts. The "Papal Front" of 3 May 1987, which 
vigorously passed over the Alpine foreland during 
the preparation phase of the GFE87, may serve 
as an example (cf. Volkert et al., 1991). Table 3 
summarizes the two-hourly temperature drops for 
14 stations in southern Germany. The disconti- 
nuity clearly evolved whilst travelling along the 
northern rim of the Alps and was stronger closer 
to the baseline than further to the north. The same 
information was concisely visualized in Hart- 
jenstein and Egger (1990) by combining the hourly 
temperature readings of Konstanz, Miinchen, and 
Niirnberg. In Konstanz the temperature gradually 
decreased by 7K between 10 and 13 UTC, in 
Miinchen (180kin further to the east and 50kin 
north of the Alpine baseline) a sudden drop by 
10K occurred shortly after 14 UTC, whereas a 
gentle decrease of 5 K between 15 and 18 UTC 
was recorded in Niirnberg (150km north of 
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Fig. 10. Pressure rise Ap after the passage of the cold fronts 
during the IOPs A, B and C in dependence of the distance 
from the Alps. Taken from Freytag (1990) 

Munich). For another case, the cold front of 29 
July 1985, a collection of surface data was elabor- 
ated as in Table 3 (Hoinka, 199t); this exhibits the 
same trend as the data of the papal front, namely 
an increasing temperature contrast towards the 
east with the north-south maximum not far off 
the baseline. During the IOPs the temperature 
contrasts were not well marked at the surface. 
Yet, time-height cross-sections of virtual potential 
temperature obtained from the IOP-A soundings 

Table 3. Two-Hourly Temperature Drops (K)  Associated with the Papal Front of 3 May 1987 Towards the East Alon 9 Three 
Lines North of the AIps; Distances are measured from the Alpine baseline; see Fig. 1 for the locations 

200 km: Mannheim Wiirzburg Hof 
- 6  - 7  - 2  

100-150 kin: Karlsruhe Ohringen Niirnberg Regensburg �9 Gr. Arber 
- 6  - 6  - 4  - 7  - 6  

30-70 kin: Freiburg Konstanz Kempten Mfinchen Passau 
- 6  - 5  - l l  - 1 2  - 1 5  
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of Thalreit and Mfinchen indicate again that the 
thermal contrast is stronger close to the baseline 
(Hoinka et al., i990). 

4.1.3 Cross-Sectional Analysis 
of Radiosonde Ascents 

Heimann and Volkert (1988) showed for the papal 
front that the gradients in 0 and 0e imbedded in 
a baroclinic zone diverge towards the surface up 
to 400 km (Fig. 1 t). All significant weather activity 
(thunderstorm, heavy precipitation, strong gusts) 
was linked to the western surface front with a 
strong contrast in 0e (Table 4). Computations with 
a three layer model, which takes phase conversions 
into account (Heimann, 1988), indicated that the 
combination of diabatic and orographic effects 
was essential for that particular case. 

12 UTC E) 3 May 1987 
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Fig. 11. West-east cross-sections of potential temperature 
(~ top) and of equivalent potential temperature (~ 
bottom). The positim'l of the corresponding front lines are 
indicated by bold lines with frontal symbols. Taken from 
Heimann and Volkert (1988) 

Table 4. Magnitude of Changes Jot Several Meteorological 
Elements Durin 9 the Frontal Passage in Garchin9 on 3 May 
1987; T, Tw, 0 ;  dry, wet bulb, and equivalent potential tem- 
peratures; p: pressure; vso, Dso: wind speed and direction in 
50 in; RR: precipitation. The vatues give maximum changes 
in the corresponding parameters associated with the frontal 
passage. Taken from Heimann and Volkert (1988) 

"0"-front-line "0e"-front-line 

AT/At -2 ,0  K/6 min - 6.2 K/6 min 
ATe/At - 1.9 K/6 rain - 4.8 K/6 rain 
AOe/A t  - 4 . 5 K / 6 m i n  - 12.0K/6min 
Ap/At 0.2 hPa/6 rain 1.8 hPa/6 rain 
AVso/At 6 m s-1/8 min 16ms- t / 8  rain 
ADso/At 20~ rain 90~ rain 
RR/At 0 3.1 ram/6 min 

But even for the weaker front of IOP-A and 
within the smaller area of the dense radiosounding 
network distinct differences of the patterns in 0 
and 0e were found in the lower half of the tropo- 

+ , 
A |  8 October 1987 12UTC 

I T ~ . ~ ,  ~ - ~  / ~ .  - ; ~ . ~ ' ~ - - - - . _  
7~ () 1 2 3 4 5 

Distance (102km) 14OE 

Fig. 12. Vertical east-west cross-section along 48.5 ~ as 
computed with a numerical model (top; Heimann, 1990) and 
a mesoscale analysis of radiosonde data on 8 October 1987, 
12 UTC (bottom). The isolines of 0 {full) and 0 e (dashed) are 
labeled in ~ The arrows in the bottom figure indicate the 
location of the maximum of the horizontal gradients in 05 
(left) and 0 (right) 
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sphere. A west-east cross-section through objec- 
tively analysed radiosonde data (for more details 
see Thorpe et al., 1992) is displayed in Fig. 12 
(bottom). A gentle sloping field is found for 0 
whereas 0= does not exhibit much variation with 
height below 3 km. A very similar separation of 
gradient zones in 0 and 02 is found in synthetically 
initialized model calculations of Heimann (1990; 
Fig. 12, top). Although mesoscale dropsonde 
analyses over the eastern Atlantic (Thorpe and 
Clough, 1991) show a similar structure in the 
absence of orography, a more thorough investi- 
gation, which combines observations of the GFE87 
and model calculations, indicates clearly that 
the separation is emphasized close to the Alps 
(Heimann, 1992b). 

In this sub-section some hints were collected 
that the Alps act frontogenetically on approach- 
ing fronts. However, experienced weather fore- 
casters emphasize that fronts may also dissolve 
(Hoinka and Smith, 1986). Such cases were not 
reported in publications related to GFE87. Pre- 
sumably, it is less difficult to recognize an intensi- 
fication of a front than its smooth decay. 

4.2 Foehn and Fronts 

Early in our century v. Ficker was the first who 
pointed out that there is a strong linkage between 
foehn and the following cold air mass of a depres- 
sion. He also mentioned that ground inversions 
mask a cold front, a situation which frequently 
occurs in the Alpine foreland during foehn 
(v. Ficker, 1926). Such an inversion results from a 
surface based cold air which is surmounted by the 
warm foehn air (Hoinka and R6sler, 1987). Thus 
the temperature drop associated with the passage 
of a cold front is noticeable only in those areas 
where the prefrontal foehn touches the ground; 
this occurs in the Alpine valleys and in the close 
vicinity of the Alps. During IOPs A and C the 
prefrontal low-level cold air was replaced by cold 
air of the same temperature; therefore a temper- 
ature drop was not visible in the surface data 
when the front passed (Fig. 6). 

The basic surface pressure distribution during 
foehn situations is characterized by a ridge of high 
pressure at the windward side of the Alps and a 
mesoscale lee trough. At the rear side of the 
approaching front the low-level flow is blocked 

, 0 o ,  . . . . . . . .  
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Fig. 13. Mesoscaie surface analysis for 8 October 1987, 12 
UTC, showing the surface front fine and a preceding con- 
vergence fine; wind speed in knots (standard notation); pres- 
sure in hPa; the Alpine base|ine is dashed; locations: Linz 
(LI), Innsbruck (IN), Munich (MU), Prague (PR), Stuttgart 
(ST) and Vienna (VI). Taken from Hoinka et al. (1990) 

at the northwestern edge of the Alps. Figure 13 
shows such a typical pressure distribution as it 
was observed during IOP-A. North of the Alps 
the cross-frontal pressure difference is increased 
by the mesoscale pattern "high over Switzerland" 
and "foehn low" further to the east. This could 
lead to an acceleration of the front. Egger and 
Hoinka (1992) discussed the effects which large- 
scale and mesoscale pressure patterns during foehn 
have on the progression of the front. Heimann 
(1992a) quantified the relative importance of both 
scales by systematic numerical experimentation. 
He identified synthetic, but realistic, parameter 
combinations which led to acceleration as well as 
deceleration of the frontal progression along the 
northern rim of the Alps. Routine weather fore- 
casters, on the contrary, stressed that foehn tends 
to dissolve an approaching front, in particular 
when its southern part was trailing along the 
Alpine baseline (Hoinka and Smith, 1986). 

Three spectacular roll clouds preceded the sur- 
face front in IOP-A. For pictures of these clouds 
see Hoinka and Smith (1988), Hoinka et al. (1990) 
and Egger and Hoinka (1992). The roll clouds 
were located at the leading edge of what was 
identified as a kind of modified gravity current 
interacting with the shallow, ground based stable 
layer (Hoinka et al., 1990). The case of 8 October 
1987 is a presumably rare example of a situation 
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where foehn plays an important role in the for- 
mation of roll clouds near the Alps. 

The co-existence of an approaching front and 
the ground based cool air below prefrontal foehn 
is well illustrated by a time sequence of west-east 
cross-sections through the objectively analyzed 
radiosounding which were released during IOP-A 
(Fig. 14). The sections run along 48.5 ~ (see Fig. 1) 
The structure of the 0-field did not deviate much 
from the gently sloping stratification, but lower 
values were imported from the west during the 
whole period, as is e.g. indicated by the gradual 
spread of the 18 ~ potential isotherm over most 
of the domain. The air mass marker 0e, however, 
showed a quite different structure. At 06 UTC the 
cool and dry postfrontal air (0~ < 38 ~ cf. Fig. 2b) 
was still to the west of 7 ~ but air of lower equiv- 
alent potential temperature was situated below 
2 km in the eastern half of the section. By 09 UTC 
the front had entered the section with the warm 
end of its gradient zone at about the 150 km posi- 
tion, while the centre of the cool pool below the 

foehn air lay some 200 km further to the east. At 
12UTC the cool pool had disappeared and the 
gradient zone in the 0e-field continued to progress 
further to the east. 

Although it has to be noted that the horizontal 
positioning within the objective analysis scheme 
is only accurate to about 80 km (due to an average 
distance between the soundings of that order and 
to imperfect synchronization of the release times), 
the good temporal coherence of the four inde- 
pendent samples shows the quality of the method. 
Most remarkable is the development of a funnel 
of air with higher 0~-values from aloft down to the 
1 km level. Between 06 and 09 UTC this funnel 
got squeezed in between the advancing cold front 
and the quasi-stationary cool pool. The horizontal 
gradients in potential temperature increased at its 
western and eastern side. A very similar feature 
was computed by a regional weather prediction 
model (Volkert et al., 1992). 

The structure of the funnel suggests an advec- 
tion from aloft; yet the change in potential temper- 
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Fig. 14. Vertical cross-sections (x,z) of potential temperatures (bold lines) and equivalent potential temperatures (dashed lines) 
on 8 October 1987 (10P-A), 06, 09, 12 and 15 UTC, derived from rawinsonde data 
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ature structure would presuppose a subsidence of 
about 30 cm s - 1 and, consequently, a strong signal 
in the horizontal divergence. This is not supported 
by the data. A second possibility of explaining the 
funnel is that it is due to the prefrontal conveyor 
belt; in fact, the flow comes from the south-west, 
but contains no jet-like structure. So, it is most 
likely that this tongue is due to an along-front 
advection of moist air ahead of the front from the 
southwest below crest height; this moist air is 
trailed by the northwestern edge of the Alps and 
is trapped north of the Alps between the cold air 
of the front and the warm dry air associated with 
the foehn. As the front propagates towards the east 
this air is squeezed in between the cold air of the 
front and the cool pool beneath the warm air of 
the prefrontal foehn. 

Apparently the documented decoupled struc- 
tures in the fields of 0 and 0e lead to a separation 
of the maximum lines of (~30/c~x) and (OOe/OX). See 
Heimann (1992b) for more details. 

4.30rographically Trapped Gravity Currents 

It is frequently the case that fronts at their leading 
edge are accompanied by line convection produced 
by cold air outflow which may have locally the 
character of a gravity current (Smith and Reeder, 
1988). A prominent feature of a gravity current is 
that just behind the leading edge, the flow above 
a shallow friction layer is towards the leading edge 
in a frame of reference moving with the leading 
edge. Under special conditions such a current can 
be trapped by a vertical wall and is, thus, be forced 
to run along it. So, in this sub-section, we look for 
relevant evidence of orographically trapped gravity 
currents in the data of the GFE87 and related 
fronts. 

The hourly isochrones of the surface front posi- 
tions for the papal front of 3 May 1987 clearly 
indicate an accelerating progression of the front 
along the Alpine baseline (Fig. 15). Within four 
hours the average speed had doubled leading to 
the distinct bulge of the isochrones north of the 
Alps. Furthermore, postfrontal wind observations 
and model calculations revealed that an orographic 
jet below crest height had developed on that day 
(for details see Volkert et al., 1991). Inspection of 
the mesoscale surface front isochrones for all IOPs 
(Fig. 4) does not show a comparable isochrone 
bulge. Moreover, no indications of an orographic 

.49 o ~ " ~ X  

Fig. 15. Hourly isochrones of the surface front position for 
the '~ Front" on 3 May 1987. The baseline of the Alps 
is indicated at the bottom part of the figure. Taken from 
Volkert et al. (1991) 

jet along the Alps have been found in the data of 
IOPs A to D. 

The situation changes somewhat when we go 
down in scale. As outlined in some depth by Hoinka 
et al. (1990), the front of IOP-A had the character- 
istics of an anafront in the synoptic scale. In the 
small scale, however, gravity current features as 
relative postfrontal flow towards the leading edge 
of the front near the ground and sudden pressure 
jumps have been analyzed. Taking into account 
also the small scale flow patterns (as deduced from 
Doppler radar measurements) combined with 
temperature information from aircraft traverses 
(Fig. 16) and the occurrence of roll clouds, the small 
scale appearance of the frontal head was classified 
as that of a gravity current, which had been modi- 
fied by the interaction with a ground based stably 
stratifield layer. Such a view is strongly supported 
by results from numerical experiments where an 
initially pure gravity current was run into a stably 
stratified environment (Haase and Smith, 1989; 
Haase, 1991). 

Mesoscale evidence is available from the already 
mentioned objective analysis of the rawinsonde 
network, which was operative during the experi- 
ment. Figure 17 shows the horizontal structure of 
the relative cross-frontal flow at the 850 and 700 hPa 
levels (frontal speed c = 18m/s). In both levels 
there is a distinct relative flow towards the front, 
both from its rear and from the prefrontal area. 
This is a characteristic feature for an ana-type cold 
front. Additionally we find an isolated region of 
positive relative flow (up to 2 m/s) about 50 km 
north of the alpine baseline and approximately 
100km ahead of the postfrontal region. This 
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Fig. 16. Composite of airflow and poten- 
tial temperature (~ on 8 October 1987 in a 
frame of reference moving with the surface 
front line as determined by the Doppler 
radar in Oberpfaffenhofen and aircraft (flight 
tracks dotted; Queenalr in the middle; cir- 
cumference flight by a powered glider). The 
scale of the horizontal and vertical wind is 
given in the top right corner. Taken from 
Hoinka et al. (1990) 

appear to be consistent with the small scale ob- 
servations of a modified gravity current. 

All in all, it became evident through the GFE87 
that an unquestionable documentation of atmos- 
pheric gravity currents constitutes a difficult task, 

A u - c ( m / s )  7 0 0  hPa 8 O c t o b e r  1 9 8 7  1 5 U T C  

% 
v 

o 

0 

A 

1 2 3 4 b 

u - c ( m / s }  .B5ohPa 8 O c t o b e r  1 9 8 7  1 5 U T C  

% 
v 

i5 

0 1 2 3 4 5 

D is tance  (102  k in)  

Fig, 17, Horizontal cross-sections (x,y) of relative flow 
(m s- t) in a frame of reference moving with the front (c = 18 
m s- 1) on 8 October 1987, 15 UTC (lOP-A). The top (bottom) 
figure shows the 700 (850) hPa level. The dots indicate Stutt- 
gart (left) and Miinchen 

and even more so for orographically trapped ones. 
Basically two approaches can be distinguished: 
Either a remote sensing instrument as a Doppler 
radar is available at the right time and place. 
During IOP-A we were lucky to observe the modi- 
fied gravity current with the radar located in 
Oberpfaffenhofenjust when it passed the site. Alter- 
natively, a dense array of, say, microbarographs 
could monitor disturbances over an extended period 
of time and, thus, enhance the chance to detect 
some gravity currents, which do not seem to be 
frequent features at the northern rim of the Alps. 

4,4 Flow into Valleys 

It was v. Ficker who first stressed that the cold air 
behind a cold front arrives later in the Inn valley 
than in the Bavarian foreland. Three possibilities 
exist how cold air can enter a valley: from the 
mouth, from the head or flowing over the moun- 
tains bordering the valley. The effect mentioned 
by v. Ficker is related to fronts which pass along 
the Alps from west to east similar to the front of 
IOP-A; in this case the air is blocked by the moun- 
tains and is able to enter the Inn valley only from 
the mouth. In this sub-section we briefly summarize 
two studies: the first dealt with the situation in the 
valley of river Loisach, which extends northwards 
from Garmisch and intersects the Alpine baseline 
almost perpendicualar, while the second concen- 
trated on the Inn valley. 
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Data of IOP-A suggest that the cold air entered 
the Loisach valley in a way similar to a gravity 
current (Miilter and Sladkovic, 1990). In Fig. 18 
surface wind and pressure traces are shown. As 
soon as the front crossed the mouth of the Loisach 
valley the pressure difference between the foreland 
station (Uffing) and the valley station (Garmisch) 
changed from prefrontal negative to positive 
values. For more than an hour the pressure dif- 
ference was of the order of 2 hPa, then an almost 
exponential decrease is observed. This behaviour is 
reflected in the wind field; the down-valley directed 
pressure gradient induce an up-valley flow from 
the northeast at Garmisch and an increase in wind 
speed of up to 7 ms- 1. The flow from the foreland 
into the valley was not only confined to the surface 
layers but extended also to higher levels. Since 
wind measurements in the foreland do not show 
a northerly flow component behind the front, the 
northerly current was explained as an orographic 
effect. 

Based on these observations it is reasonable to 
presume that the airflow within the valley was 
mostly driven by the pressure difference between 
the postfrontal cold air and the prefrontal warm 
air. By the time when the cold air began to penetrate 
into the valley, it had primarily a gravity current 
structure as the valley walls prevented the for- 
mation of an along-front balancing current and 
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Fig. 18. Temporal evolution of pressure difference Ap be- 
tween the foreland (UFF: Uffing) and the valley (GAP: 
Garmisch), the wind speed at Garmisch (WG) and the wind 
direction at Garmisch (WR) on 8 October 1987 (IOP-A). The 
time is given in Central European Time (CET = UTC + I h). 
Token from Miiller and Sladkovic (1990) 

helped to decouple processes below crest height 
from those above. 

The flow into the Inn valley during IOPs A and 
B is analyzed by Freytag (1990). He showed that 
in the valley the propagation speed is reduced to 
30~o of the value observed over the foreland. Asso- 
ciated with this decrease in velocity is an increase 
in steepness of the front. The slope of the frontal 
surface with height (Az:Ax) is between 1:60 and 
1:130 over the foreland, 1:7 at the mountain bar- 
rier and 1:20 in the Inn valley. The pressure jumps 
decreased from 2-3 hPa over the foreland to less 
than 0.5 hPa in the Inn valley (see Fig. 10). 

4.5 Mod~cation of Precipitatin 9 Patterns 

Bjerknes and Solberg (1921) demonstrated that 
the formation of rain associated with a cold front 
near orography depends strongly on the orient- 
ation of the cold front relative to the barrier. They 
showed that fronts oriented southwest to north- 
east enhance heavy rain above the Norwegian 
coastal ranges, even 12 hrs in advance, whereas 
fronts oriented southeast to northwest are asso- 
ciated with very weak precipitation. About 50~ 
of the annual precipitation in the Alpine foreland 
is associated with fronts and it is known that 
during single events the precipitation may exceed 
the amount of 100ram within 12hrs (e.g. Pike, 
1988). 

Directly behind the papal front a precipitation 
complex crossed southern Bavaria during the after- 
noon of 3 May 1987. It intensified while propagat- 
ing along the rim of the Alps at a speed similar to 
that of the surface front (Fig. 15). It was analyzed 
from raingauge registrations that the main increase 
in precipitation intensity took place over a distance 
of 60 km starting from the Lake of Constance to- 
wards the east. The onset intensity developed from 
9mm/h (Langenargen at Lake of Constance) 
through 45mm/h (Isny, 20kin to the west of 
Kempten) to 280 mm/h (Kempten). The peak rate 
observed was 7 mm in 1.5 min. From then onwards, 
the downpour moved quite uniformly and roughly 
parallel to the Alpine baseline with peak inten- 
sities, varying between 20 and 70 ram/h, always 
observed shortly after the onset of precipitation. 
These intensities fall into the class of intense con- 
vective storms as defined by peak intensities of 
more than 50 mm/h. Instead of multiple precipita- 
tion lines separated by gaps, the papal front was 
followed by a single downpour of about 2 h dura- 
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tion with an areal extent of at least 300 km x 100 km 
(Volkert et al., 1991). 

During IOP-D the first observation of a narrow 
cold frontal rain band (or line convection) by 
Doppler radar near the Alps was performed. The 
analysis of precipitation data indicates an intensi- 
fication of the frontal rainband as soon as it reached 
the orography. The general features associated 
with this rainband were similar to those observed 
over the northwestern United States and over 
England. For a detailed discussion see Hagen 
(1992). 

Stimulated by preliminary analyses of GFE87 
data Heimann (1990) performed numerical simul- 
ations to investigate the forcing effect that the 
Alpine orography exerts on frontal precipitation 
patterns. Figure 19 shows the temporal evolution 
of isochrones of two synthetic cold fronts ap- 
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Fig. 19. Three-hourly isochrones of the surface front line for 
a front approaching from the west (top) and from the north- 
west (bottom) as simulated by a numerical model (Heimann, 
1990). The front positions regarding latent heat conversions 
are presented by full lines, those neglecting this process are 
given by longly dashed lines. Uncertain or ambiguous posi- 
tions are plotted with shortly dashed lines 

1 

Fig. 20. Numerically simulated surface weather maps with 
isobars (hPa) of pressure reduced to MSL, position of the 
front, convergence line, wind directions and precipitation 
intensity (threshold values are 0.5 and 5 mm/h). The dotted 
lines represent terrain elevations of 800 and 1600 m MSL. 
The top (bottom) figure represents the simulation of a front 
approaching from the west (northwest). Taken from Heimann 
(1990) 

proaching the Alps from the west (top; similar to 
IOP-A) and from the northwest (bottom; similar 
to lOP-D). In the former case, the consideration 
of precipitation processes considerably enhances 
the speed of frontal propagation north of the Alps, 
whereas dry and moist calculations do not differ 
much in that respect for the latter case. Over and 
south of the Alps frontal speed does not depend 
much on moisture in both cases. 

The reason for the differences obtained north 
of the Alps is due to the location of the precipitation 
areas relative to the front. In the case of a front 
approaching from the west, precipitation forms 
well behind the surface front line (Fig. 20, top). 
This leads to an enhancement of the cross-frontal 
temperature gradient which in turn accelerates the 
frontal propagation. In the case of a front ap- 
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proaching from the northwest (Fig. 20, bottom), 
the precipitation north of the Alps forms also 
ahead of the surface front line due to an orogra- 
phically forced lifting of the pre-frontal air as the 
front gets closer to the Alps. This precipitation on 
both sides of the front does not induce differences 
in the frontal speed, because the effect of the latent 
heat release acts on both sides of the front. 

Fronts approaching the Alps from the west are 
significantly retarded (Fig. 3) and the prefrontal 
moist low-level jet, often called warm conveyer 
belt, is likely to be partially blocked by the Alps. 
This cut-off of moist air was simulated by a numeri- 
cal model (Majewski, 1988), which compares simu- 
lation of IOP-A using full model Alps with runs 
where the Alpine orography was cut-off at the 
500 m level. In the latter case, the frontal precipi- 
tation moved undisturbed from west to east, where- 
as in the case with Alps the precipitation ceased in 
the area of Ulm and the eastern regions received 
no precipitation as time progressed. This is reason- 
able because the low-level jet is forced to ascend 
at the southern side of the Alps and to descend as 
a relatively dry flow north of the barrier. The data 
analysis of IOP-D gave some hints that the pre- 
frontal low-level jet was weakened if not partially 
blocked by the Alps (Hagen, 1992). 

5. On the Analysis of Fronts 

In the preceding sections we have presented a 
variety of frontal analyses using synoptic scale and 
mesoscale observations as well as numerical model 
output. The criteria where to analyze the front 
were implicitly assumed. Therefore, we discuss in 
this section the problem of frontal analysis, first 
from a more general point of view and then with 
special emphasis on the Alpine region and data o f  
GFE87. 

5.1 Historical Retrospective 

It is obvious that data representing the different 
scales of atmospheric motions, e.g. those taken 
with a microbarograph or those from a satellite, 
give different views regarding the appearance of 
the same phenomenon. The recognition of the 
quite different appearance of a front when analyzed 
in the synoptic, meso, and small scale, necessitates 
defining what is meant by the term "front". 

In a recent review of theoretical and observational 
studies relating to the low-level structure of cold 

fronts, Smith and Reeder (1988) discuss the variety 
of conceptual models of fronts. They point out 
that there is a contradiction in what is thought to 
be a front. Some observational studies suggest that 
a front is a "material surface" as in Margules' 
model. Others show that fronts cannot be consi- 
dered to be substantial surfaces at lower levels. 
Other observational studies reason that some cold 
fronts, even nonprecipitating ones, have locally 
the structure of a "gravity current". Others still 
characterize a front as a sloping "transition zone" 
which separates two air masses. 

In the historical retrospect it becomes clear that 
the appearance of the various conceptual models 
is strongly correlated with the development of ob- 
servational and measurement facilities. By 1925 
the Norwegian school had established a method 
for classifying air masses on the basis of their life 
histories. For reason of simplicity the intersection 
of the frontal transition zone with the surface was 
plotted as a line in the surface chart which led in 
the daily use to the idea that in the lower tropo- 
sphere the front is represented by a surface of 
discontinuity. However, with the increase in use 
of aerial soundings and availability of radiosonde 
data it became clear that the front are more of the 
character of a hyperbaroclinic "transition zone" 
between two air masses. Later on, observations 
with radar, microbarographs and similar high 
resolution measurement systems gave indications 
that surface fronts may in the small scale be anal- 
ogous to "gravity currents", which had been studied 
already at the beginning of this century. 

We believe that the following contains most of 
the commonly known scale-dependent aspects of 
fronts z. A front is a three-dimensional transition 
zone between different synoptic-scale air masses, 
which is characterized by a significant change in 
meteorological parameters. Within this zone, in- 
clined surfaces exist, called frontal surfaces, on 
which the parameters themselves are constant or 
on which their spatial derivatives satisfy extremal 
conditions. The intersections of frontal surfaces 
with horizontal planes are called frontal lines and 
the intersections with the earth's surface are referred 

2 This attempt to summarize the various aspects of the term 
"front" stems from a discussion with Reinhold Steinacker 
(Universit/it Innsbruck), Veronica Zwatz-Meise and Christian 
Kress (both Zentralanstalt ffir Meteorologic und Geodynamik, 
Wien) and Dieter Heimann (DLR) 
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to as surface front lines. In synoptic scale analyses 
the different frontal surfaces (lines) may well result 
in a single frontal surface (line) due to the limited 
resolution of the available data. 

5.2 Difficulties due to the Alpine Orography 

Steinacker (1982) exemplified that a frontal analysis 
over the Alpine region, which takes into account 
all available surface and mountain stations, is 
feasible, but only with an extensive amount of 
work. Moreover, this type of analysis is neither 
objective nor routinely applicable. Therefore, on 
occasions there can be considerable uncertainty 
about the correctness of a surface analysis. An 
illustrative example of the difficulty of analyzing 
the surface front line above the Alps during IOP-A 
is given in Fig. 21 where analyses of three different 
analysts are compared. In both, the synoptic-scale 
and the meso-scale area the analyses agree well 
over flat terrain but differ considerably over the 
Alpine region. 

For routine weather forecasting the "thermal 
front parameter" (TF P) can be used for objectively 
analyzing fronts from model output data. This 
approach is based on upper air data (Renard and 
Clarke, 1965) 

V,r 
TFP = - V~IVH0[ IV.r 

where V~ is the nabla-operator evaluated at con- 
stant height; the variable ~ could be the potential 
temperature 0, the equivalent potential temper- 
ature 0e or the thickness between two level, e.g., 
850 hPa and 500 hPa. According to this definition, 
the maximum lines of the TFP identify fronts as 
the warm air boundary of high-gradient zones. 

During the last decades satellite images have 
been regarded as helpful tools for analysing fronts 
(cf. Kletter, 1966, for an early Alpine example). 
However, the determination of surface front lines 
by interpreting satellite data is controversially dis- 
cussed (Kurz, 1986; Zwatz-Meise, 1989). The frontal 
movement in the Alpine area can be masked by 
the diurnal variation in cloudiness, so that at times 
the front appears to have dissolved and later it 
seems to haw ~, jumped ahead. Figure 22 gives an 
intercompar on for IOP-A of a surface front line 
analysis based on conventional data with the TFP 
and with structures extracted from satellite images. 
It shows that the interrelation between the three 

Isochrones 1 8 / 1 9  December 1987 

5 ~ ,.:4:..22.::~ 

47 ~ 

43 ~ 
0 o ;~o 17 ~  18 ~ 

Isochrones 18119 December 1987 

, A "  ./.--"/1 

47 ~ 

Isochrones 
51% 

7 

. 'ao, 
47 ~ 

17 ~ 

: / l 

:, t r )., '/ 

~gN" 

Fig. 21. Subjective analysis 

'..I ! l  

"F 
? 

5 , 
J' t 

8 O c t o b e r  1987 

: t  

V 

f - - . ,  

176- 

of the isochrones on 18/19 
December 1987 (IOP-D) and on 8 October 1987 (IOP-A) by 
three different analysts: D. Heimann (DLR, Oberpfaffen- 
hofen; full lines); R. Steinacker (Universit~it Innsbruck; dashed 
lines); M. Kurz (Deutscher Wetterdienst, Offenbach; dotted 
lines). The enlarged area shown in the centre and bottom 
figures is indicated in the top figure 

approaches is reduced as soon as the front crosses 
the Alps, The TFP gives good results above level 
terrain, but is less satisfactory above orography. 
This is due to the fact that conventional analyses 
with radiosonde and surface data usually show a 
decoupling of the upper level and low level part 
of the fronts above the Alps; the upper level part 
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Fig. 22. Intercomparison of frontal analysis for IOP-A, 8 October 1987 (00, 06, 12, 18 UTC). The surface front line with 
triangles was provided by R. Steinacker; the double lines indicate the position of the maximum lines of the TFP by 
V. Zwatz-Meise; the cloud distribution was taken from the corresponding METEOSAT pictures by V. Zwatz-Meise. The 
patches in the comma cloud indicate areas with elevated (i.e. very bright) cloud tops 

seems to be little influenced by the Alps, whereas 
at low levels a strong retardation becomes evident. 
This means that the Alps favourably induce frontal 
surfaces which are inclined forwards. 

It has to be admitted that above complex terrain 
the method to derive the surface front line from 
tropospheric data or from upper level clouds is at 
best inadequate and at worst misleading. This is 
particularly true for meso scale areas as shown for 
IOP-A. It is again worth mentioning that the 
difficulty of frontal analysis above complex terrain 
is well known to weather observers and forecasters 
in the area (Hoinka and Smith, 1986). To focus on 
it was one of the scientific goals of the GFE87.  An 
improved method using a modified T F P  has been 
worked out by Steinacker (1991) recently. Yet, the 
necessity of finding better ways to analyze fronts 
in the Alpine area remains. 

6. Conc luding  R e m a r k s  

The analysis of the data collected during the 
GFE87 in combination with the results obtained 
from numerical simulations allowed to answer 
some of the questions and hypotheses raised dur- 
ing the planning phase of the experiment: 

- Synoptic scale analysis shows that in the vicinity 
of the Alps fronts are intensified; meso scale data 
analysis and small scale data such as temperature 
and pressure registrations indicate that pressure 
jumps and temperature drops associated with a 
cold front are intensified close to the orography. 
Frontolytic effects have not been found in the 
data of the GFE87. 

- The orography appears to induce a splitting into 
a dynamical effective front line which is corre- 
lated to the maximum gradients in 0 and a 
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thermodynamical effective air mass boundary 
represented by the maximum gradients in 0 e. 

-Simulations and observations confirm that a 
cold front can be intensified by prefrontal foehn 
which is apparent in an increase in speed of 
propagation and in an increase in cross-frontal 
gradients. Up to now the effect that foehn can 
act frontogenetic was not recognised as a signi- 
ficant process by weather forecasters. The pressure 
distribution north of the Alps with a meso scale 
ridge of high pressure due to blocking at the 
northwestern edges of the Alps and a meso- 
scale prefrontal trough due to foehn results in 
a orographically forced stronger pressure gra- 
dient which may lead to an increase in frontal 
speed. Cases when foehn dissolved a cold front 
were not observed during GFE87. 
Orographically trapped gravity currents did not 
occur during the GFE87. However, a modified 
gravity current was observed during the experi- 
mental phase which was indirectly influenced by 
the orography. At the leading edge of the front 
a gravity current developed probably as outflow 
from a precipitation area and propagated into 
the shallow stable air based at the ground north 
of the Alps which is commonly present during 
south foehn; the gravity current was modified in 
this shallow layer of cold air. 

- T h e  data show that the flow into the valleys 
carries features of a gravity current. The cross- 
frontal gradients seem to weaken as soon as the 
front enters the valley and the slope of the frontal 
interface steepens. 
It was the first time that a narrow cold frontal 
rainband was intensely observed close to the 
Alps. The data indicate modifications in preci- 
pitation rates associated with the orography. 
Precipitation associated with fronts appears to 
intensify the front and its speed of propagation 
as soon as the precipitation is at the rear side of 
the front whereas in case of pre- and postfrontal 
precipitation the front itself is not intensified. 

- Numerical simulations and data analysis suggest 
that the moist prefrontal low-level jet, the con- 
veyor belt, is partially blocked by the Alps. 

Stimulated by the preparation of the experiment 
detailed interpretations of several fronts, which 
were observed during recent years, were performed 
showing the frontogenetic impact of the Alps. As 
a general result of this, it became obvious that a 
thoroughful analysis and interpretation of only 

routine data results in valuable insights. It is also 
concluded that a series of"routine-data case-studies" 
could help to determine the variability of frontal 
progression along the Alps in order to provide 
guidance when assessing the significance of single 
events, in particular those sampled during special 
observing programmes. 

The analysis of observational data and the 
numerical simulations triggered new questions. It 
is often observed that in the prefrontal area a 
convergence line is generated north of the Alps. It 
is suggestive that these lines are an effect of the 
orographic impact. Sometimes strong hailstorms 
develop in association with these line causing heavy 
damage in eastern Bavaria and western Austria 
near Salzburg (Hoinka, 1991). 

Of course, there were some shortcomings. 
During the planning phase of the experiment there 
was a good hope that the temporal coincidence 
between the GFE87 and FRONTS87 could offer 
the unique chance of probing the same front over 
the sea and over central Europe influenced by the 
Alps. The hope was that an intercomparison of 
both analyses eventually gives a clear picture of 
the orographic impact. Unfortunately, only one 
event was observed by both experimental groups; 
it was our IOP-B and their IOP2; the analysis 
of both IOPs is on the way. 

Recalling the central scientific objectives of the 
experiment (see Introduction) it is evident that the 
first goal, documenting several frontal events as 
they crossed central Europe, has been achieved; 
the determination of the orographic modification 
and the orographic impact on these fronts is pre- 
sently under discussion; and finally the explanation 
of the physical mechanisms is far from being suffi- 
ciently achieved (see Egger and Hoinka, 1992). 
This can be pursued by a more thorough exploi- 
tation of the entire data base. Viewing the Front 
Experiment 1987 in retrospect one can certainly 
state, that as a field project, it was as successful as 
any of the international projects. Furthermore it 
has to be emphasized that the DFG project "Fronts 
and Orography" including the GFE87 had a very 
stimulating effect on the scientific community's 
interest in the topic of fronts under orographic 
influence. 
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