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Abstract. The change of the concentration of trace gases in a natural environment 
depends on both chemical and meteorological conditions. To quantify the contribution of 
meteorological processes, such as transport and dispersion, chemical and meteorological 
processes must be assessed separately. In June 1996 the Schauinsland Ozone Precursor 
Experiment (SLOPE) was carried out to investigate the behavior of ozone and its 
precursors as a function of time in a valley between Freiburg in the Rhine Valley and 
Schauinsland in the Black Forest [Volz-Thomas et al., this issue]. The main purpose of this 
contribution is to calculate the influence of transport and dispersion on the change of the 
concentration of airborne pollutants in a propagating air mass. Therefore (1) an inert 
tracer, SF6, was released, and (2) meteorological measurements were performed to 
investigate the valley wind regimes and the evolution of the mixed layer. Here are the 
main results of the experiment: Clear-sky conditions caused upvalley winds to be 
generated in the various valleys in the morning. These upvalley winds led to the transport 
of polluted air and SF 6 from Freiburg through the Zarten Basin and the side valley 
(Groges Tal) up to the Schauinsland hill. The propagation through the Groges Tal took 
90 _+ 5 min, which gives a propagation rate of approximately 1.3 rn s -•. The dilution 
factor for SF 6 between the entrance and the outlet of the valley was approximately 9. This 
dilution factor could not only be explained by the continuous growth of the boundary 
layer during the propagation time of the tracer from the entrance to the outlet of the 
valley, but additionally by flow splitting and mountain venting [Fiedler et al., this issue]. 

1. Introduction 

Regions with complex terrain or with markedly different 
surface properties are frequently characterized by diurnal cy- 
clic wind systems, such as mountain, valley, and slope winds 
[Atkinson, 1981; Whiteman, 1990; Barry, 1992]. The changes 
from day to night regimes depend on such factors as sunrise 
and sunset, the orientation of the axis of a valley, and the size 
of the valley. All this makes the wind field at ground level over 
complex terrain a very complex structure, which is superim- 
posed upon the larger-scale synoptic wind field. High wind 
shear consequently arises at the upper boundary of these re- 
gional wind systems. These wind systems are very important in 
connection with airborne pollutant transport processes. In light 
of this aspect, it is understandable that a large number of 
experiments and studies have already been conducted in order 
to improve our knowledge of the development, as a function of 
time, and the geographic extension of valley wind systems in 
valleys of different sizes [e.g., Steinacker, 1984; Hennemuth, 
1986; Freytag, 1987; Vergeinet and Dreiseitl, 1987; Freytag, 1988]. 

Orographically complex terrain is not only characterized by 
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the complex structure of the wind fields it causes, but fre- 
quently also by variations in space of the heights of the bound- 
ary layer or mixed layer [e.g., de Wekker, 1995; Kalthoff et al., 
1998; Kofimann et al., 1998]. In most cases the height of the 
mixed layer is coupled to the height of the valley wind system 
[Ye et al., 1987; Segal et al., 1988]. The height of the mixed layer 
regulates vertical mixing, and its variation in space in many 
cases also contributes to a more thorough exchange of air 
masses between the boundary layer and the free atmosphere 
[Allwine, 1993] than is the case over homogeneous surfaces. 
These air masses are then available for long-distance transport 
in the free atmosphere. In many cases, cities with industries are 
located at the bottom of slopes or in the transition area from 
flatlands to hilly terrain or at the exits of valleys. As a conse- 
quence, both meteorological phenomena, the regional wind 
system and the height of the mixed layer varying as a function 
of space, are important in the ventilation and human and 
biometeorological conditions of such regions [Carroll and Bas- 
kett, 1979; Wakimoto and McElroy, 1986; Kurita et al., 1990; 
V8gtlin et al., 1997; Bischoff-Gaufi et al., 1998]. The influence of 
secondary circulation systems upon pollutant transport was 
therefore studied in detail in field experiments, such as AS- 
COT [Clements et al., 1989]. 

Airborne pollutants in transit do not only undergo diffusion 

1585 



1586 KALTHOFF ET AL.' INFLUENCE OF VALLEY WINDS ON TRANSPORT AND DISPERSION 

.. •: .... 63 

. ...•:. .• .'•:?• • -':'6!-' 

ß 0- • ;' .-)- 

.........,. •.•, 

::. •-'..• --, 

o ao 4o • • • :•ao •o •io 

Height in m . 

I ß 
'l ' . 

L ..... 

9OO- 

-O-: - 

• OC., - 

50C - 

4,:0 - 5':'.=. 

3,?.. - 4C..• 

.:. lj'J -- •-v,• 

< 2C,.C 

:. 

61 

.:•; 

'60 
: 

E 59 
• . 

ß 55 
... 

ß 

. 

ß • 

53: !'• ..... 
90 

I i ! I • 

91 92 93 94 95 96 97 98 99 

km 

Figure 1. Experimental area in the Black Forest near Freiburg in south Germany: Tracer release (TR) sites; 
tracer monitoring sites indicated by numbers 1 to 15; and surface and upper air sounding stations for 
meteorological parameters Ebnet (EB), Kappel (KA), Maierhof (MH), Molzhof (MO), Marxenhof (MA), 
Kohlengrund (KG), Schauinsland (SL), Rappeneck (RE), and Oberried (OR). 

but also chemical transformations and deposition. To assess 
whether chemical conversion processes are interpreted cor- 
rectly under the prevailing environmental conditions, the con- 
tributions made by transport and diffusion must be separated 
from those of chemical transformation. One way of achieving 
this is by using an inert tracer, as all changes in tracer concen- 
tration are due to transport and diffusion exclusively. A large 
number of experiments with tracers were conducted in the 
past, but mainly to study the complex wind field structure in 
valleys and the associated airborne pollutant transport in val- 
leys [Wilson et al., 1983; Gudiksen et al., 1984; King et al., 1987; 
Orgill, 1989; Whiteman, 1989; Allwine, 1993]. 

The problem referred to above, that is, pollutant transport 
from urban regions into mountainous regions during the day, 
and the supply of low-pollutant air from mountainous regions 
into urban regions during the night, which is associated with 
diurnal cyclic wind systems, has been known for a long time to 
exist in the Freiburg region [LoJ3nitzer, 1942; Rudloff, 1980; 
Gro]3, 1989]. To exploit this existing knowledge, the Schauins- 
land Ozone Precursor Experiment (SLOPE) was conducted in 
this region in the summer of 1996 to investigate the transport, 
diffusion, and photochemical formation of ozone and the deg- 
radation of the precursors in the city plume of Freiburg on its 
way to the Schauinsland, a hill of the Black Forest [Volz- 
Thomas et al., this issue]. Freiburg in the Rhine Valley is 
located at the exit of the Zarten Basin, from where various 

valleys branch off into the Black Forest (Figure 1). After the 
onset of the valley winds, pollutants are expected to be trans- 
ported from Freiburg via the Zarten Basin and the Groges Tal 
to the Schauinsland. The measurements took place in the 
Groges Tal, a valley which branches off the Zarten Basin 
toward the south and ends at the Schauinsland mountain. The 

experiment included chemical [Pi•tz et al., this issue; B. Kolah- 
gar et al., unpublished manuscript, 1999], meteorological, and 
tracer measurements. The problems to be solved by the mete- 
orological observations and the tracer experiment included the 
following: (1) What is the transport time of the tracer between 
the entrance and the outlet of the Groges Tal? This quantity is 
needed for the calculation of chemical transformation pro- 
cesses. (2) What is the dilution factor of the tracer between the 
entrance and the outlet of the Groges Tal? This information is 

necessary to separate the dilution from the chemical transfor- 
mation processes [Volz-Thomas and Kolahgar, this issue]. (3) 
What is the onset and offset of the valley wind systems in the 
Groges Tal and the Zarten Basin? With these data the decision 

can be made as to which period can be applied for the calcu- 
lation of the dilution factor. (4) What is the vertical evolution 
of the mixed layer height during that period? That is, can the 
dilution of the tracer be explained by the increase of the mixed 
layer? The questions raised here are the subject of this contri- 
bution. Additionally, calculations with the three-dimensional 
Karlsruhe Atmospheric Mesoscale Model (KAMM)were per- 
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formed to provide interpretation aids for the analysis of the 
tracer concentrations and the meteorological phenomena ob- 
served [Fiedler et al., this issue]. 

The paper is arranged as follows: The experimental layout 
section (section 2) contains an overview of the meteorological 
measurements, the tracer release and the sampling network, 
and of the meteorological conditions on June 5, 1996, 1 day in 
one of the two intense measuring periods. Section 3 describes 
the diurnal cycle of the valley wind systems and the vertical 
growth of the upvalley wind system and the mixed-layer depth. 
Finally, in section 4 the dilution of the tracer between the 
entrance and the outlet of the valley is discussed and compared 
with the dilution expected from mixed-layer growth. 
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Figure 2. Global radiation E G at Ebnet (EB) and Kohlen- 
grund (KG) for June 5, 1996. 

2. Meteorological Measurements, Tracer 
Experiment, and Synoptic Conditions 
2.1. Geography 

Freiburg is located on the eastern edge of the Rhine Valley 
at the entrance of the Zarten Basin at an elevation of approx- 
imately 250 m mean sea level (msl). The Zarten Basin is ori- 
ented approximately from west to east and has a length of 
approximately 12 km and a maximum width of 3.5 km (Figure 
1). Several side valleys drain into the Zarten Basin from the 
south, like the Groges Tal and the Bruggatal. The Groges Tal 
ends at the Schauinsland hill which has an elevation of 1284 m 

msl. The Groges Tal is approximately 8 km long and more than 
1 km wide at the entrance, but very steep and narrow (500 m) 
at the end. There is only one road in the valley connecting a 
number of small settlements. Vegetation within the Zarten 
Basin and its side valleys is dominated by meadows, while most 
slopes and mountains are covered with coniferous forests. 

2.2. Tracer Release and Monitoring Sites 

SF•, was used as an atmospheric tracer in this investigation. 
The substance is nontoxic [Wilson et al., 1983; MSllmann-Coers 
and Heinemann, 1997] and can be measured in low concentra- 
tions. The tracer was released at the three sites in the Zarten 

Basin marked TR (Figure 1). These sites were selected from 
precalculations with a mesoscale model KAMM so that the 
tracer could be expected to be mixed over the whole valley 
when entering the entrance of the Groges Tal. The tracer was 
released approximately 4 m above ground level. Tracer data 
were collected in the Zarten Basin (site 1) and the Groges Tal 
side valley (sites 2 to 13). To investigate the homogeneity of 
tracer concentration, several cross sections were distributed 
normally to the axis of the Groges Tal (Figure 1). Additionally, 
one monitoring station was established below the ridgetop of 
two side valleys (Rappeneck, site 15) in order to study the 
transport of air masses by slope winds out of the valley. One 
sampling site was located on the Schauinsland hill (site 14). 
The sampling time for each of the samplers was 30 min. The 
sampling at the different sites started with the expected arrival 
of the plume. The tracer was released simultaneously at each 
of the three sites, TR, at a rate of 1.9 g s- • between 0900 and 
1030 central European time (CET) on June 5, 1996. 

2.3. Meteorological and Air Quality Monitoring Sites 
Surface data were monitored at seven different sites located 

in the Zarten Basin at Ebnet (EB), 327 m msl; in the Groges 
Tal at Kappel (KA), 354 m msl; Marxenhof (MA), 630 m msl; 
Kohlengrund (KG), 810 m msl; and on the Schauinsland (SL), 
1284 m msl; on the mountain ridge at Rappeneck (RE), about 

1000 m msl, and on a slope within the Bruggatal at Oberried 
(OR), 575 m msl (Figure 1). At these stations, wind speed and 
wind direction were measured at least at one height, while the 
temperature and humidity were mainly collected at two 
heights. In addition, a few stations (Ebnet, Oberried) collected 
data on the air pressure and the components of the energy 
balance on the surface (net radiation, sensible heat flux, latent 
heat flux, soil heat flux). The data were aggregated into 10-min 
mean values. Ambient concentrations of chemical species were 
measured at various sites of the Zarten Basin and the Groges 

Tal [P•itz et al., this issue]. Results from these investigations 
were presented by l/olz-Thomas et al. [this issue] and l/olz- 
Thomas and Kolahgar [this issue]. 

Upper air soundings of meteorological parameters were per- 
formed with a radiotheodolite system in the Zarten Basin 
(Ebnet), tethered balloons (Maierhof, 385 m msl (MH), Mol- 
zhof 450 m msl (MO), Kohlengrund) and sodars (Kappel, 
Kohlengrund) in the Groges Tal. On June 5, 1996, radiosonde 
and tethersonde ascents were performed between 0600 and 
1800 CET at intervals of approximately 1.5 hours. The wind 
speed and wind direction data from the sodars were integrated 
over 30 min. 

2.4. Synoptic Conditions 

The synoptic conditions on June 5, 1996, were dominated by 
a high-pressure system over East Germany. Southeasterly 
geostrophic winds were found in the measuring area with 
speeds of v.q • 5 m s -•. In most parts of the measuring area 
the sky was cloud-free. Only at the mountain sites were 1/8 to 
2/8 of the sky covered with cumulus clouds in the late after- 
noon, as is also evidenced by the lower values of global radi- 
ation EG, shown in Figure 2. Especially for Kohlengrund, the 
development of cumulus clouds and strong shading by the 
slopes resulted in the reduction of radiation. The astronomic 
data for sunrise were 0451 CET and for sunset were 2013 CET. 

3. Development of the Valley Wind System 
as a Function of Time and Space 
3.1. Surface Wind Field 

Three characteristic periods can be distinguished for the 
surface wind field. In order to appreciate more fully these 
"typical" periods the speed and direction of the wind were 
averaged over the corresponding intervals of near steady state 
conditions. In this way, specific key events can be pinpointed 
more easily on the wind field chart. 

3.1.1. First period: Nighttime regime. The nighttime flow 
pattern is shown in Figure 3. The surface wind data were 
integrated from 0000 to 0400 CET. Mountain winds could be 
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Figure 3. Flow pattern in the Freiburg-Schauinsland area between 0000 and 0400 CET (black arrows) and 
between 0900 and 1200 CET (white arrows) on June 5, 1996. 

10 

identified at all stations within the Grol3es Tal and in the 

Zarten Basin, while strong southeasterly winds of 5 to 6 m s- • 
could be observed at the elevated hill sites of Schauinsland and 

Rappeneck. This wind direction roughly agreed with the syn- 
optic flow conditions. At Oberried, the station situated on the 
slope in the Bruggatal, downslope winds were measured. 

3.1.2. Morning transition regime. The timing of the 
changes in wind direction from downvalley winds to fully re- 
versed upvalley winds in the Grol3es Tal exhibits a complex 
feature. As is shown in Figure 4, upvalley winds were observed 
first at a single site (Marxenhof) at 0500 CET. This station lies 
on the western slope of the Grol3es Tal. The change in wind 
direction was correlated with an increase in temperature and 
wind speed to levels of approximately 1 m s -•. The change in 
wind direction occurred at about the astronomic time for sun- 

rise, 0451 CET. However, no convincing explanation of this 
early change in wind direction was found. At the other stations 
within the Grol3es Tal, the transition from southerly downval- 
ley to northerly upvalley winds started at Kappel at 0730 CET. 
At Kohlengrund it could be established at 0800 CET. At 
Schauinsland the upvalley wind arrived at 0920 CET. At that 
time the wind direction turned from easterly to northeasterly. 
In the other side valley (Bruggatal) at Oberried, the downslope 
regime disappeared at 0600 CET, and it took 3 hours for a fully 
reversed upslope flow to be established (not shown). In the 
Zarten Basin, transition from the nighttime to the daytime 
regime started at 0900 CET (Figure 5). Here the upvalley wind 
system was correlated with an increase in wind speed from less 
than 1 m s -• to approximately 4 m s -•. Associated with the 
onset of upvalley winds, also a small decrease of temperature 

and humidity was observed. In section 3.2 it will be demon- 
strated that this temperature decrease appeared throughout 
the whole layer of the upvalley wind regime and resulted in the 
evolution of a low mixing layer height. 

In conclusion, it can be stated that the nighttime regime was 
resolved on the local scale at about sunrise. The upvalley 
winds, first established in the small side valleys of the Zarten 
Basin, propagated from the entrance upward to the end of the 
valley some 11/2 hours after sunrise. Upvalley winds in the large 
Zarten Basin evolved about 3 hours after sunrise, that is, ap- 
proximately 11/2 hours later than the upvalley winds in the small 
valleys. 

3.1.3. Second period: Upvalley and upslope regimes. Fig- 
ure 3 also includes the surface wind pattern for the period from 
0900 to 1200 CET. Thus upvalley winds in the Grol3es Tal and 
upslope winds at Oberried in the Bruggatal could be found 
during this interval. Wind speed reached its maximum in the 
Zarten Basin. At Ebnet, levels of more than 4 m s- • could be 
found (Figure 5). At Rappeneck on the ridgetop, easterly 
winds still prevailed at that time (Figure 4), representing the 
large-scale flow. 

3.1.4. Third period: Regional-scale flow. The fully estab- 
lished valley wind systems were disturbed at about 1200 CET 
Westerly winds arose at Schauinsland and Rappeneck (Figure 
4), thus reducing wind speed and changing wind direction at all 
sites within the Grol3es Tal, for example, at Kappel, Marxen- 
hof, and Kohlengrund (Figure 4). In the Zarten Basin, only a 
slight increase in wind speed could be recognized between 
1100 and 1200 CET (Figure 5). This is because the evolving 
westerly wind already corresponded to the upvalley flow in the 
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Figure 4. Wind speed Vh (solid line) and wind direction a (dots) at Kappel, Marxenhof, Kohlengrund, 
Schauinsland, and Rappeneck on June 5, 1996. 

Zarten Basin. The westerly winds at the elevated levels of 
Schauinsland and Rappeneck lasted until 1800 CET. The rea- 
son for the evolution of the westerly winds can be found from 
model simulations performed for this particular day [Fiedler et 
al., this issue]. Northwesterly winds developed on the Black 
Forest slopes of the Rhine Valley in the morning. In the course 
of the morning, these upslope winds reached the edge of the 
Black Forest slopes and penetrated farther into the Black 
Forest. At noon these northwesterly winds arrived at the Black 
Forest summits and replaced the local winds. It can therefore 
be concluded that only the period between 0900 and 1200 CET 

can be used for the calculation of the dilution factor between 

the entrance of the Groges Tal and the Schauinsland because 

after midday the transport path at Schauinsland is changed 
considerably. 

3.1.5. Evening/nighttime regimes. The transition to the 
evening or nighttime regimes in the Groges Tal occurred ap- 
proximately between 1800 and 1900 CET (Figure 4). The tran- 
sition from upvalley winds to downvalley winds in the Zarten 
Basin took place between 1900 and 2000 CET (Figure 5). Thus 
a delay between the evolution of the downvalley wind regime 
in the small and the large valleys could be found again. At the 
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Figure 5. Potential temperature ©, difference temperature A©, specific humidity q, humidity difference Aq, 
wind speed Vh, and wind direction a at Ebnet on June 5, 1996. 

elevated sites of Schauinsland and Rappeneck the regional- 
scale westerly winds subsided between 1900 and 2000 CET, 
and large-scale easterly winds prevailed (Figure 4). 

3.2. Vertical Growth of the Mixed-Layer 
Depth and Valley Wind System 

3.2.1. Mixed-layer depth and valley wind system in the 
Groges Tal. For a simultaneous view of the mixed-layer 
depth and the depth of the valley wind systems, the profile data 
from various stations were interpolated in time. Wind vectors 
are presented on a cross section from south to north along the 
axis from the Schauinsland through the Groges Tal to Ebnet in 
the Zarten Basin. The mixing layer depth was determined from 
the temperature and humidity profiles. The wind vectors and 
mixing layer height for 0900 CET are shown in Figure 6. As 
indicated in section 3.1, upvalley winds were established in 
both the Groges Tal and the Zarten Basin at that time. The top 
of the upvalley wind is indicated in the Groges Tal by a veering 

of the wind direction from a northerly to southeasterly flow 
and a veering from a northwesterly to southeasterly flow in the 
Zarten Basin. The depth of the upvalley wind system in the 
Groges Tal ranged from 115 m at Maierhof to 240 rn at Koh- 
lengrund. At Ebnet a depth of the upvalley wind system of 
170 m was detected. These heights of the upvalley winds are in 
agreement with the top of the mixed layer at all sites, indicated 
by the temperature profiles. Figures 6 also shows the profile for 
1200 CET. By 1200 CET the depth of the upvalley wind system 
had reached levels of 370 m at Ebnet, 445 m at Maierhof, 
405 m at Molzhof, and 385 m at Kohlengrund. Again, at this 
time, the top of the valley wind system coincided with the top 
of the mixed layer, a finding already modeled by Ye et al. [1987] 
and Segal et al. [1988]. As the maximum elevation of the teth- 
ered balloon at Kohlengrund at 1200 CET was below the top of 
the mixed layer, additional information from a research air- 
craft [Neininger, 1996] was used to determine the top of the 
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Figure 6. Cross sections through the region extending between Schauinsland in the south through the 
Groges Tal to Ebnet in the Zarten Basin at (top) 0900 and (bottom) 1200 CET on June 5, 1996. The light and 
dark grey colors mark silhouettes of the mountain ridges east and west of the Groges Tal, respectively. Areas 
in moderate grey indicate elevations inside the Groges Tal. The thin solid line indicates the valley ground, and 
the thick solid line marks the top of the mixed layer. The arrows indicate the wind vector. 

mixed layer. After 1200 CET, the influence of the regional- 
scale westerly flow (Figure 4) led to the disturbance of the 
upvalley winds in the Groges Tal at elevated layers. The results 
of the evolution of the mixed-layer depth with time will be used 
in section 4 to see whether the mixed layer growth can be used 
to explain the decrease of the tracer between the entrance into 
the Groges Tal at Kappel and the outlet at Schauinsland. 

3.2.2. Evolution of the valley wind system and mixing layer 
depth in the Zarten Basin. The initiation of the upvalley flow 
and the onset of convective boundary layer growth in the 
Zarten Basin correlated with a decrease of temperature and 
humidity (Figure 5). For this area a similar temperature de- 
crease correlated with the onset of the upvalley wind had 

already been described by LoJ3nitzer [1942]. It is obvious from 
Figure 7 that this temperature decrease at approximately 0900 
CET applied to the whole layer of the upvalley wind regime. At 
the top of the upvalley wind regime an inversion developed 
with an intensity of approximately 1.5 K. The onset of the 
upvalley flow thus did not only lead to the transport of polluted 
air, for example, NOx, from Freiburg to the Zarten Basin 
(Figure 8) but, at the same time, caused the evolution of a 
low-level inversion (500 m msl). This low inversion height 
suppressed the effective vertical mixing of air pollutants and of 
the tracer. As the temperature above the upvalley wind layer 
rose during the morning hours to 0.7 K h -•, as was calculated 
from the temperature profiles between 0720 and 0906 CET, 
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Figure 7. Profiles of wind speed v h (solid line), wind direction a (crosses), potential temperature (9 (solid 
line), and specific humidity q (dashed line) at Ebnet 0906 and 1328 CET on June 5, 1996. 

the erosion of this low-level inversion by the sensible heat flux 
took several hours. Even at 1328 CET the mixing layer depth 
was only 470 m, which is much lower than expected for this 
region under clear-air conditions in summer [Kalthoff et al., 
1998]. 

The energy budget equation [Kraus, 1970] can be used to 
obtain an insight into the processes involved in this phenom- 
enon, especially warming of the layers above the inversion: 

0(9 0(9 0(9 0(9 1 (OH oQ ) o t = - u •xx - v •yy- - w o z OC p • q- • ' (1) 
where u, v, and w are the components of the wind vector; 
Q denotes the net radiation; H is the sensible heat flux; 
p is the air density; and Cp is the specific heat at constant 
pressure. Neglecting heating by the divergence of radiation 
and by the vertical advection term, local heating results 



KALTHOFF ET AL.' INFLUENCE OF VALLEY WINDS ON TRANSPORT AND DISPERSION 1593 

(a) 800 
700 

600 

• 5oo 
E 400 
• 300 
LL 200 

100 

0 

-100 

(b) 
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 

120 120 

100 - - - NOx , . 
q - 

60 ' , . 

40 

i 

- -. _ 20- .•,. 

00:00 03:00 06:00 09:00 12:00 15 O0 18:00 21:00 00:00 

(c) 1600 

1400 

20O 

000 

800 

6OO 

400 

200 

(d) 1600 
1400 

2OO 

000 

800 

600 

400 

200 

h (CET) 

-- 09:06 
• 13:28 , . 

;} - / = c3©/c3t (9:06) .--o--- 8e/St (13:28) 

. 

, , , , , , , , , , , , , , , , , , , , , , , ,,,,, , , , , , , , , , , , , , , , , , , , 

2•18 292 296 300 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 

© (K) 8e/st (K h -]) 

: EB 07:00 
i 

. 

. • BT 07:00 • 
_ 

. 

i i i i i i i i i i i i i i i i i i i i i i i i 

lOO 

80 •- 

60 • 

40 z 

2O 

16oo 

1400 

1200 

1 ooo o3 

800 & 
N 

6O0 

400 

200 

16oo 

1400 

1200 

1000 •' 

800 • 

600 v 
N 

400 

200 

0 

2•19 290 291 292 293 294 295292 293 294 295 296 297 298 

E) (K) E) (K) 

Figure 8. (a) Net radiation Qo, sensible heat flux H o, and latent heat flux l/o at Ebnet on June 5, 1996. (b) 
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5, 1996, at Ebnet (EB) and Bruggatal (BT) and at 0900 CET at Ebnet (EB), Bruggatal (BT), and Groges Tal (GT). 

from horizontal advection and the divergence of the sensible 
heat flux. The vertical advection term is assumed to be small 

as the upper level inversion at approximately 1400 m msl is 
nearly persistent in time (Figure 8); that is, no subsidence 
was observed. Assuming that an inversion suppresses verti- 
cal exchange, (1) can be applied separately to the upvalley 

wind layer and to the layer above. Owing to westerly winds 
in the upvalley wind layer, (1) is reduced to 

o© o© 1 oH 
-- = -. . (2) 
Ot OX pCp OZ 
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Table 1. Spatial Mean SF 6 Concentrations at the Cross Sections of Krappel (KA), Marxenhof (MA), Kohlengrund (KG), 
and Values for the Different Monitoring Sites in the Groges Tal (Sites 2 to 10), Schauinsland (SL) (Site 14), and on the 
Mountain Ridge at Rappeneck (Site 15) on June 5, 1996 

KA MA KG SL RE 

Time, 
CET Mean 2 3 4 Mean 5 6 7 Mean 8 9 10 14 15 

0900-0930 246 160 268 310 0 0 0 0 0 "- 0 ...... 0 
0930-1000 942 869 878 1078 0 0 0 0 0 '" 0 ...... 0 
1000-1030 535 582 473 552 23 17 28 23 24 ... 24 0 ... 0 
1030-1100 290 247 277 347 144 77 162 193 103 81 124 --. 36 2 
1100-1130 40 15 71 34 110 81 122 128 94 93 114 76 106 35 
1130-1200 15 10 24 10 28 16 34 33 31 24 28 41 56 34 
1200-1230 ........................ 13 11 15 14 21 10 

1230-1300 ........................ 7 7 6 7 9 6 
1300-1330 ........................ 5 5 5 6 6 5 

Concentrations are in parts per trillion. No entry indicates no measurements are available. 

The divergence of H(z) can be calculated from the value at the 
surface, H o, and at the top of the mixed layer, H(zi). H(zi) 
generally ranges from H(zi) • 0 to H(zi) • -0.2 H o [Stull, 
1988]. At 0900 CET, H o • 100 W m -2 (Figure 8), and z i = 
170 m; heating of the mixed layer by the divergence of the 
sensible heat flux was approximately 1.5 K h -•. However, be- 
tween 0720 and 0906 CET the local heating observed in this 
layer was only 0.25 K h-• (Figure 8). So horizontal advection 
of cold air from the Rhine Valley must be responsible for the 
fact that nearly no temperature increase was observed between 
0720 and 0906 CET. 

As the sensible heat flux of the layer between the first in- 
version at 170 m above ground level (agl) and the second 
inversion at 1400 m msl at 0900 CET is approximately zero, the 
divergence of the sensible heat flux can be neglected. Thus the 
budget equation (1) is reduced to 

o•-= -u ½-Z- voy (3) 

that is, the local heating of 0.7 K h- • observed between 0720 
and 0906 CET (Figure 8) must result from a horizontal advec- 
tion of warm air. To prove this assumption, the temperature 
profiles from the Zarten Basin were compared with those of 
elevated areas of the Black Forest hills (Figure 8). While the 
temperature profiles at Ebnet and Oberried in the Bruggatal 
between 600 m msl and 1000 m msl were similar at 0700 CET, 
the temperature over the mountainous sites (BT, GT) was 
already about 1 K higher at 0900 CET than that of the air over 
the basin. Assuming southeasterly winds at approximately 3 m 
s -• (Figure 7) and the temperature gradient of 1 K between 
Ebnet and the mountain sites 12 km in the southeast results in 

a heating of 0.9 K h -•. This is in agreement with the local 
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Figure 9. Mean SF 6 concentrations in the Groges Tal at (a) Kappel, (b) Marxenhof, (c) Kohlengrund, and 
(d) Schauinsland on June 5, 1996. The positions of the different sites are indicated in Figure 1. 
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heating rate observed of 0.7 K h-1 in this layer at 0900 CET 
(Figure 8). It may therefore be concluded that cold air advec- 
tion in the upvalley regime and warm air advection above 
results in the maintenance of the low-level inversion and sup- 
pressed mixed-layer growth in the Zarten Basin. A similar 
phenomenon, that is, the formation of an elevated mixed layer 
(EML) over the mountains, which then is horizontally ad- 
vected to the surrounding lower terrain, has been observed and 
described by Arritt et al. [1992] for an area in the lee of the 
Rocky Mountains over eastern Colorado. Kuwagata et al. 
[1995] observed such a phenomenon as well. 

4. Transport and Dispersion of SF 6 
4.1. Tracer Experiment 

In order to investigate the contribution of dispersion to the 
change of the concentration of air pollutants on their way from 
the entrance of the Groges Tal to the outlet, $F 6 was released 
simultaneously from three sites in the Zarten Basin between 

0900 and 1030 CET (Figure 1). At this time the valley wind in 
the Zarten Basin had already developed, and the surface layer 
is unstably stratified (Figure 5) so that mixing of the tracer up 
to the inversion (section 3.2.2) can be assumed. A background 
concentration of 4.5 ppt was found for the area and subtracted 
from the observations. Table 1 summarizes the mean concen- 

trations at the three cross sections at Kappel (sites 2, 3, 4), 

Marxenhof (sites 5, 6, 7), Kohlengrund (sites 8, 9, 10), as well 
as the measurements at the monitoring sites (sites 2 to 14) in 
the Groges Tal and on the ridgetop at Rappeneck (site 15). 
Figure 9 contains the mean concentrations at the three cross 
sections and at Schauinsland. At Kappel the mean $F 6 con- 
centration was 250 ppt between 0900 and 0930 CET. At this 
site the peak of 942 ppt appeared between 0930 and 1000 CET. 
Afterward, the concentration decreased again, and only 15 ppt 
were found between 1130 and 1200 CET. At Marxenhof the 

first tracer concentrations were detected between 1000 and 

1030 CET, and a peak of 144 ppt appeared between 1030 and 
1100 CET. This means that the peak concentration had 

dropped to • between Kappel and Marxenhof, a distance of 3.4 
km only. At Kohlengrund the $F 6 peak of 103 ppt arrived 
between 1030 and 1100 CET, that is, in the same time intervals 
as at Marxenhof 1.2 km upstream. Finally, at Schauinsland the 
$F 6 peak of 105 ppt was detected between 1100 and 1130 CET. 

Analysis of the data from each of the monitoring sites shows 
that concentrations at the different cross sections are not ho- 

mogeneously distributed. Especially in the first half of the 
Groges Tal (Kappel (sites 2, 3, 4), Marxenhof (sites 5, 6, 7)), 
mostly higher concentrations can be found on the eastern 
slopes of the valley than on the western slopes (Table 1). The 
Rappeneck station (site 15) just below the mountain ridge 
(Figure 1) experienced the first tracer between 1030 and 1100 
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Table 2. Mixed-Layer Depth z i at Ebnet (EB), Kappel 
(KA), Molzhof (MO), Kohlengrund (KG), and Oberried 
(OR) 

Time, CET EB KA MO KG OR 

0830 170 115 ..- 240 125 

1030 190 225 230 308 250 
1200 373 445 405 385 250 
1330 473 535 695 453 375 

Depth is in meters above ground level. 

CET, with a peak level of 35 ppt between 1100 and 1130 CET. 
The reason for the inhomogeneous distribution can be found 
from the model calculations which show that the flow has a 

strong northwesterly component when entering the Groges Tal 
and moving up the easterly slopes [Fiedler et al., this issue]. So 
at the different cross sections additional monitoring sites up to 
the mountain ridges would have been of advantage and should 
be considered for future studies. 

To sum up, the measurements of tracer transport in the 
Groges Tal indicate the following: (1) There was a transport 
time of 90 _+ 5 min between Kappel at the entrance and 
Schauinsland at the outlet of the Groges Tal; (2) As the dis- 
tance between both sites is 6.8 km, the propagation rate was 
approximately 1.3 m s -1. This is slightly below the mean sur- 
face wind which was approximately 1.8 m s -1 for the Groges 
Tal during the period between 0900 and 1300 CET. (3) In the 
propagation from the entrance of the valley to Schauinsland, 
the peak of the tracer concentration decreased from 942 to 105 
ppt, which gives a dilution factor of approximately 9. 

4.2. Tracer Dilution Caused by Mixed Layer Growth 

The concentration C of a tracer is supposed to decrease with 
the increase in the cross section A, over which the tracer is 
mixed. The ratio of the tracer concentrations, C•/C2, at sites 1 
and 2 should be inversely correlated to the ratio of the cross 
sections, A 2/A •, at the corresponding sites, 

A1 C2 
-- = (4) 

Assuming that the tracer is mixed over the entire depth of the 
valley wind, A defines the area between the valley ground and 
the mixed-layer top. In addition to the increase in the mixed 
layer, the concentration may be reduced by venting of the 
tracer through the upslope winds out of the valley into the free 
atmosphere, •lslop e. The reduction in tracer concentration by 
upslope winds depends on the strength of the slope wind, 
Uslope, the time t it takes to pass from cross section A 1 to cross 
section A 2, and the height of the upslope wind regime, h slope: 

A slope = Uslope t h slope' (5) 

Thus the concentration C2 at site •-2 is given by 

A1 

C 2: C 1 x (A 2 -4-Aslope) ' (6) 
Owing to the lack of data for the upslope winds, the decrease 
of the tracer concentration is only calculated from mixed-layer 
growth. Figure 10 shows the cross section normal to the axis of 
the valley at the two sites of Kappel (KA) and Maierhof (MH). 
The mixed-layer depths at the different sites, necessary for the 
application of (6), are summarized in Table 2. At Kappel, 

between 0930 and 1000 CET, the tracer was assumed to be 
mixed over an area of aboutA1 = 161,000 m 2 (z i = 180 m). 
On the way south, at Maierhof, the valley splits into two val- 
leys, Groges Tal and Kleines Tal (Figure 1). It is therefore 
assumed that the tracer moves into both valleys and is diluted 
over the total of•_ 2 = 271,000 m 2 (z i = 180 m). This results 
in a decrease of concentration to C2 = 5 5 9 ppt. In the Groges 
Tal, from Maierhof to Marxenhof, the tracer then moves on at 
this concentration level. The corresponding cross section of the 
Groges Tal at Maierhof is •-2,G = 141,000 m 2 (Figure 10), 
increasing to A 3 = 329,000 m 2 at Marxenhof (zi = 285 m). 
This results in a tracer concentration of C3 = 240 ppt. At 
Kohlengrund a mixed layer depth ofz i = 350 m at 1100 CET 
gives a cross section of•_ 4 = 315,000 m 2 and a corresponding 
tracer concentration of 250 ppt. The concentrations at Marx- 
enhof and Kohlengrund are higher than the measured mean 
concentrations of 144 ppt at Marxenhof and 103 ppt at Koh- 
lengrund. Thus it can be concluded that the decrease of the 
tracer cannot only be explained by the mixed-layer growth. The 
model simulations performed by Fiedler et al. [this issue] indi- 
cate that the decrease of the tracer concentration results in 

three processes: mixing layer growth, flow splitting, and moun- 
tain venting. 

5. Conclusions 

In June 1996 the Schauinsland Ozone Precursor Experiment 
(SLOPE) was conducted to investigate the evolution, as a 
function of time, of ozone and its precursors between Freiburg 
in the Rhine Valley and Schauinsland in the Black Forest. This 
study was conducted to calculate the contribution of dispersion 
to the dilution of trace gases in a propagating air mass. This 
was done by releasing the inert tracer SF 6 and performing 
comprehensive meteorological measurements using surface 
stations, sodars, tethersondes, and radiosondes. The latter sys- 
tems furnished information about the valley wind regime and 
the evolution of the mixed layer. These are the main results of 
the experiment: 

1. Clear-sky conditions caused upvalley winds to be gener- 
ated in the valleys in the morning. The onset of the upvalley 
wind in the smaller Groges Tal at 0730 CET was approximately 
1.5 hours earlier than in the longer and broader Zarten Basin 
(0900 CET). Nevertheless, upvalley winds existed in the valleys 
when the tracer release started at 0900 CET in the Zarten 

Basin. 

2. The depth of the upvalley wind regime corresponded to 
the mixed-layer depths in the valleys. 

3. Around midday, the upvalley wind regime was disturbed 
by regional-scale westerly winds which were observed at ele- 
vated stations (Schauinsland, Rappeneck). This time restricts 
the period for the calculation of the dilution factor because 
after midday the transport path for air pollutants which arrive 
at Schauinsland is totally different from that during the morn- 
ing hours. 

4. Transport of the tracer through the Groges Tal took 
90 _+ 5 min, which yields a propagation of approximately 1.3 m 

--1 
S . 

5. The dilution factor for the tracer between the entrance 

of the Groges Tal at Kappel and the outlet at Schauinsland was 
approximately 9. The decrease of the tracer cannot only be 
explained by the mixing layer growth. 

The results obtained from these investigations were used, 
together with the model calculations [Fiedler et al., this issue], 
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to calculate the chemical transformation rates for the ozone 

precursors between the entrance and the outlet of the GroBes 
Tal [Volz-Thomas and Kolahgar, this issue]. 
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