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ABSTRACT

On summer days radiative heating of the Alps produces rising air above the mountains and a resulting
inflow of air from the foreland. This leads to a horizontal transport of air from the foreland to the Alps,
and a vertical transport from the boundary layer into the free troposphere above the mountains. The
structure and the transports of this mountain—plain circulation in southern Germany (“Alpine pumping”)
were investigated using an airborne 2-um scanning Doppler lidar, a wind-temperature radar, dropsondes,
rawinsondes, and numerical models. The measurements were part of the Vertical Transport and Orography
(VERTIKATOR) campaign in summer 2002. Comparisons of dropsonde and lidar data proved that the
lidar is capable of measuring the wind direction and wind speed of this weak flow toward the Alps (14
m s~ ). The flow was up to 1500 m deep, and it extended ~80 km into the Alpine foreland. Lidar data are
volume measurements (horizontal resolution ~5 km, vertical resolution 100 m). Therefore, they are ideal
for the investigation of the flow structure and the comparison to numerical models. Even the vertical
velocities measured by the lidar agreed with the mass budget calculations in terms of both sign and
magnitude. The numerical simulations with the fifth-generation Pennsylvania State University-NCAR
Mesoscale Model (MMS5) (mesh size 2 and 6 km) and the Local Model (LM) of the German Weather
Service (mesh size 2.8 and 7 km) reproduced the general flow structure and the mass fluxes toward the Alps
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The Alpine Mountain—Plain Circulation: Airborne Doppler Lidar Measurements and

within 86%-144% of the observations.

1. Introduction

One of the objectives of the German Vertical Trans-
port and Orography (VERTIKATOR) project in sum-
mer 2002 (Lugauer et al. 2003) was to quantify the mass
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flux from the Alpine foreland into the Alps on days
with strong insolation, and to investigate whether this
transport is properly represented in numerical models.
The air within mountain areas is heated or cooled faster
than over the plains because the air volume is smaller
due to surrounding terrain (Steinacker 1984). Air over
plateaus in the mountain massifs is also overheated
relative to plains as it provides an elevated heating
source. Consequently, the daily range of the mean tem-
perature in valleys is nearly twice that over plains (Ver-
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geiner and Dreiseitl 1987). On sunny days this leads to
a temperature difference between the foreland and the
Alps with a resulting heat low in the mountains. The
pressure gradient drives a wind from the foreland into
the Alps. Additionally, the gradual height increase of
the terrain from north to south drives a slope wind,
which enhances the northerly flow.

The Alpine mountain—plain circulation is also called
Alpine pumping (“Alpines pumpen” in German) be-
cause air from the foreland is “pumped” into the Alps
(Lugauer and Winkler 2002). The strength of the flow is
usually a few meters per second, and the flow extends
up to 100 km out into the Alpine foreland (Corsmeier
et al. 2003).

Similar flow systems exist in all mountain ranges of
the world, and there are many studies on diurnal wind
systems in various mountain ranges (e.g., Raymond and
Wilkening 1980; Banta 1984; Reiter and Tang 1984;
Egger 1987; Egger et al. 2000; Whiteman and Bian
1998). However, it has always been difficult to measure
the mesoscale effects of mountains and the mass flux
toward the mountains with conventional instruments.
Advances in airborne lidar and other measurement
technologies can provide new insights into these pro-
cesses.

There are many sources of pollutants in the foreland
to the north and south of the Alps including large cities
such as Munich, Germany; Vienna, Austria; and Milan
and Turin, Italy. Alpine pumping transports pollutants
toward the Alps from both the north and south (Seibert
et al. 1998; Wotawa et al. 2000; Nyeki et al. 2002). Over
the mountains pollutants are then transported vertically
from the boundary layer into the free troposphere in
convective cells (Carnuth and Trickl 2000). Further-
more, the horizontal inflow converges above the moun-
tains, frequently initiating the formation of thunder-
storms (Cotton et al. 1983; Banta and Schaaf 1987,
Schaaf et al. 1988). Later on, these storms, which are
initiated over the mountains, are often advected over
the plains by the large-scale flow.

The tropospheric counterflow of Alpine pumping is
usually masked by stronger gradient winds, but it can
be observed as a climatological divergence between
rawinsondes to the north and south of the Alps (Burger
and Ekhart 1937). The synoptic preconditions for Al-
pine pumping are strong incoming solar radiation and
weak large-scale pressure gradients, so that synoptic-
scale winds will not subsume the weak flow of Alpine
pumping. These conditions are usually fulfilled when
central Europe is under a high pressure area or ridge.
Alpine pumping develops on about 30% of all days
between April and September (Lugauer et al. 2003). It
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is most common in summer, but it also occurs in spring
and fall. Only in winter is the phenomenon rare be-
cause of the weak incoming solar radiation and reflec-
tion of solar radiation by the snow cover.

This study provides an observational analysis of Al-
pine pumping on 19 July 2002 and compares it to a
variety of numerical simulations with the fifth-
generation Pennsylvania State University—National
Center for Atmosphere Research (Penn State-NCAR)
Mesoscale Model (MMS5) and the Local Model (LM) of
the German Weather Service. The main intention was
to evaluate the simulated mass fluxes toward the Alps
quantitatively. The qualitative interpretation of the
simulations is limited to the important flow features.

The region of southern Germany and western Aus-
tria was chosen as the investigation area (Fig. 1). The
main Alpine crest with mountains of up to 3800 m MSL
is located in the south of the investigation area [south of
Innsbruck, Austria (IBK)] and several other mountain
ranges (Karwendel, Wettersteingebirge, etc.) with
mountains of 2000-3000 m MSL located north of IBK.
The height of the plains north of the Alps gradually
increases from about 400 m in the north of the investi-
gation area to 700 m MSL in the vicinity of the Alps.
The 19 July case is a typical case of Alpine pumping. A
high pressure caused a sunny day in the investigation
area with weak large-scale winds at all heights.

Data from the airborne Doppler lidar of the
Deutsches Zentrum fiir Luft- und Raumfahrt (DLR)
made it possible to investigate the three-dimensional
structure of the circulation. The lidar measured wind
cross sections parallel and perpendicular to the flow,
mean profiles of the vertical velocity, and aerosol back-
scatter intensity. The location of the measurements is
shown in Fig. 1. Additionally, data from a ground-based
wind-temperature radar were used to study the tempo-
ral evolution of the flow. Five dropsondes and three
rawinsondes provided profiles of temperature and hu-
midity. Furthermore, the study derives the mass flux
toward the Alps through two 200-km-long vertical cross
sections parallel to the northern rim of the Alps.

The model setup and the airborne Doppler lidar sys-
tem are described in the following parts of section 1.
The synoptic situation and the temporal evolution of
the circulation are discussed in section 2. Section 3 dis-
cusses the horizontal and vertical structure of Alpine
pumping. Section 4 gives a quantitative evaluation of
the numerical simulations. Section 5 discusses the ver-
tical motions of the circulation, and the possibilities of
measuring vertical velocities with an airborne Doppler
lidar. Finally, the conclusions summarize the main re-
sults of the study.
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F1G. 1. (right) Map of central Europe with a black inset showing the location of the investigation area. (left)
Topography of the investigation area with the location of Munich, Innsbruck (IBK), and the wind-temperature
radar at Lichtenau (WTR). The position of the dropsondes is shown with black X, and the position of the lidar cross
sections (AA’, BB’, and CC’) with gray lines. Black points indicate the individual profiles of the two west—east
cross sections of lidar wind measurements (AA’ and BB').

a. The airborne 2-um Doppler lidar system
of DLR

The Doppler lidar can be operated in a scanning
mode or at a constant angle (Table 1). In the scanning
mode the system measures profiles of three-dimen-
sional wind vectors beneath the aircraft with a vertical
and horizontal resolution of 100 m and about 5 km,
respectively. The profiles are obtained using the veloc-
ity—azimuth display (VAD) technique (Browning and
Wexler 1968; Smalikho 2003) with a conical step and
stare scan around the vertical axis with 24 positions
(Rahm et al. 2003). The accumulation time is 1 or 2 s at
every position. Combined with the movement of the
aircraft this results in a cycloid scan pattern (Reitebuch
et al. 2001). The use of airborne wind lidar to study
mesoscale flow structures has already been shown in
several studies using the 10-um wind infrared Doppler
lidar (WIND) system (Reitebuch et al. 2003, 2004; Bas-
tin et al. 2005). The 2-um system has the advantage of
a repetition rate of 500 Hz instead of the 10 Hz used for
the WIND system. In consequence, 500 or 1000 pulses
are accumulated at every position to reduce speckle
noise. Furthermore, the 2-um laser has a near-Gaussian
shape in the spatial, temporal, and spectral domains,
which reduces the uncertainty of the Doppler esti-

mates. Over land a strong ground return is obtained
that is used for the calibration of the aircraft attitude
angles and speed since the velocity of the ground
should equal zero.

For the calculation of the three-dimensional wind
vector two different algorithms were used. The first one
accumulates the spectra as described in Smalikho
(2003), and the other one is a sine-fit algorithm. The
lidar data were compared to five dropsondes that were

TABLE 1. System specifications of the pulsed 2-um airborne
Doppler lidar operated at DLR.

Development DLR, Coherent Technologies, Inc.
(CTTI) photonics

Transmitter laser Tm:LuAG

Wavelength energy 2.02254 pm 1.5 mJ

Repetition rate 500 Hz

Pulse length 400 ns full-width half-maximum
(FWHM)

Vertical resolution 100 m

Telescope @ 0.1 m

Power X aperture 6 mW m >

Nadir angle 20°

Operation Conical scan or constant azimuth
angle

Accuracy of horizontal 0.5-1.5ms™!

wind speed
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launched on the same flight. One example of the com-
parison is shown in Fig. 2. With the accumulation algo-
rithm the comparison of horizontal velocities showed a
bias of 0.05 m s ! and a standard deviation of 1.1 m s~ *,
and with the sine fit a bias of 0.09 m s~ ' and a standard
deviation of 1.2 ms™'. It must be noted that a part of
the standard deviation is due to the horizontal variabil-
ity of the wind field (representativeness, sampling er-
ror). The dropsonde data are a number of point mea-
surements, while the lidar data are an average along the
scan pattern of one scan revolution (~5 km). This ob-
viously leads to different measurements by the drop-
sondes and the lidar whenever the wind field is not
homogeneous.

If the lidar is operated at a constant azimuth angle,
the lidar only measures the wind component in the di-
rection of the viewing angle (line-of-sight velocity). The
advantage over a conical scan is a higher horizontal
resolution of 150400 m depending on aircraft speed
and accumulation time. This is useful for the investiga-
tion of small-scale structures as, for example, convec-
tive cells (section 5).

b. Model descriptions

We used the nonhydrostatic LM (Doms and Schiitt-
ler 1999) from the German Weather Service (DWD),
and the nonhydrostatic Penn State-NCAR Mesoscale
Model (Grell et al. 1995) for this research. Both were
initialized at 0000 UTC on 19 July 2002. The LM was
run with a horizontal mesh size of 7 km (0.0625°) and
2.8 km (0.025°). The model domain extended from
46.5° to 49.5°N, and from 9.3° to 13.7°E. The initial and
boundary fields were provided every hour directly by
the global-scale hydrostatic model of the DWD (GME;
Majewski et al. 2002) forecast with 55 km (0.5°) mesh
size, applying an icosahedral-hexagonal grid and 31
vertical layers. The LM uses an Arakawa-C grid and
has a generalized terrain-following vertical coordinate,
which divides the model atmosphere into 40 layers from
the earth’s surface up to 20 hPa. The vertical resolution
is highest close to the surface (35 m) and decreases with
altitude. The prognostic model variables are the wind
vector, temperature, pressure, specific humidity, and
cloud liquid water. The time step is 8 s. The model
includes a grid-scale cloud and precipitation scheme as
well as a parameterization of moist convection (Tiedtke
1989), which was switched off for the 2.8-km run. The
radiation scheme employs eight spectral intervals and is
based on the solution of the two-stream version of the
radiative transfer equation. Direct radiation interaction
with cloud water and cloud ice is allowed for. Subgrid-
scale cloudiness is diagnosed from relative humidity.
The soil model has three layers for the water budget
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F1G. 2. Vertical profile of (left) wind direction and (right) wind
speed at 47.94°N and 12.21°E. Dropsonde data are shown with a
black solid line and lidar data with gray X. The lidar data were

taken at 1616 UTC, and the dropsonde measurements between
1616 and 1624 UTC.

and two for the heat budget. The prognostic variables
soil temperature and soil moisture are calculated with
an extended force-restore method. In addition to its
application for research purposes in regional weather
and climate forecasting, LM with a mesh size of 7 km is
used for operational weather forecasting in Germany,
Greece, Poland, and Switzerland.

The MMS was run using either two or three interac-
tively nested grids: The coarse domain covered most of
central Europe with a horizontal grid length of 18 km
and 70 X 70 grid points, and the inner domain had a
grid length of 6 km and 97 X 106 grid points (MMS5
6-km run). Additionally, one simulation was made with
a third domain with a grid length of 2 km and 97 X 136
grid points (MMS 2-km run). The initial and boundary
conditions were taken from European Centre for Me-
dium-Range Weather Forecasts (ECMWF) analyses
with the boundary values updated every 6 h. The model
uses a terrain-following coordinate system with 38 lay-
ers up to the upper boundary at 100 hPa. The lowest
level on which horizontal winds are calculated is about
25 m above the ground.

The Rapid Radiative Transfer Model (RRTM) long-
wave radiation scheme (Mlawer et al. 1997) was com-
bined with the Dudhia shortwave scheme so that radia-
tive effects due to clouds were included. In the 6- and
18-km domains the Grell scheme was used for param-
eterization of moist convection. In the 2-km domain,



NOVEMBER 2005

the parameterization of moist convection was switched
off. For the parameterization of the planetary boundary
layer the Gayno-Seaman scheme was used (Gayno
1994). This parameterization is based on the Mellor-
Yamada turbulent kinetic energy (TKE) prediction and
uses liquid-water potential temperature as a conserved
variable. For explicit moisture the Reisner scheme was
used (Reisner et al. 1998). A five-layer soil model with
a fixed substrate below was used.

Additionally, sensitivity studies were performed with
the MMS5 6-km run to investigate the influence of the
initial fields (ECMWF and GME), the domain size, the
soil moisture, and different PBL schemes [Medium-
Range Forecast (MRF; Hong and Pan 1996) and
Blackadar (Zhang and Anthes 1982)].

2. Synoptic overview and temporal evolution

The weather in the investigation area on 19 July 2002
was dominated by a high pressure system centered over
the English Channel. This led to a fairly sunny day with
weak pressure gradients and large-scale winds. At ap-
proximately half the height of the Alps (850 hPa) the
geopotential field over the investigation area was
nearly uniform (Fig. 3). Maximum temperatures in the
area were moderate (20°-25°C), and convection was
limited to the formation of a few isolated cumulus
clouds. An upper-level depression had passed the re-
gion on the previous day and had caused light rain (0-2
mm). But the remaining clouds dissolved in the morn-
ing hours of 19 July. Another low pressure system was
centered over the Baltic Sea. The advection of cool
subpolar air on the back of this system caused fairly low
maximum temperatures in the investigation area de-
spite a sunshine duration of about 10 h.

As described in section 1 the air in the Alpine valleys
was heated faster than the air in the plains north of the
Alps. At 1200 UTC the boundary layer at Innsbruck
was 6 K warmer than the boundary layer at Munich
(Fig. 4). Consequently, the pressure was higher in the
plains than in the mountains. The pressure difference
between Munich and Innsbruck was about 2.5 hPa. This
pressure difference caused a well-pronounced flow
from the foreland to the Alps (Alpine pumping) of
1-3 m s~ ' in the lowest 1000 m of the boundary layer.

The time-height cross section of wind at Lichtenau,
Germany (Fig. 5), gives a temporal overview of the
evolution of Alpine pumping on 19 July. The measure-
ments are located about 35 km north of the Alps (Fig.
1). Northerly flow at the ground began at about 0930
UTC (~1015 local solar time). Alpine pumping started
as a shallow layer close to the ground, which gradually
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F1G. 3. ECMWEF analysis of 850-hPa geopotential height (40-m
interval) at 1200 UTC 19 Jul 2002 showing nearly uniform condi-
tions in the larger investigation area (cf. Fig. 1).

increased in depth to about 1000 m in the afternoon. In
the first few hours the wind direction and wind speed
were quite variable, but then a fairly steady northerly—
northeasterly flow developed in the afternoon. The fol-
lowing sections discuss the characteristics of Alpine
pumping using measurements taken during this steady
state in the afternoon. After sunset at 1900-1915 UTC
(1945-2000 local solar time) the depth of the northerly
flow decreased to about 500 m. Finally, the decay of
Alpine pumping was seen between 2000 and 2300 UTC
(2045-2345 local solar time) as a turning to easterly
winds, followed by southerly winds later in the night
(not shown).
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FI1G. 4. Vertical profiles of potential temperature from rawin-
sondes at Munich (dotted line) and Innsbruck (solid line) at 1200
UTC 19 Jul 2002.
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F1G. 5. Time-height cross section of wind measured with a wind-temperature radar at
Lichtenau (47.881°N, 11.225°E). The averaging time for each profile was 30 min. The length
of the arrows is proportional to the wind speeds. A reference arrow in the upper-left corner
shows a southwesterly wind of 20 m s~'. (Courtesy of S. Vogt.)

3. Structure of Alpine pumping

A north-south cross section roughly perpendicular to
the Alps illustrates the vertical structure of Alpine
pumping (Fig. 6). This cross section is a combination of
data from several remote and in situ sensors: the air-
borne Doppler lidar, one rawinsonde, one dropsonde, a
wind-temperature radar, a ground-based aerosol lidar,
and two pilot balloons. The measurements were taken
between 1500 and 1700 UTC. Their locations are shown
in Fig. 1. The upper boundary of northerly flow is in-
dicated by horizontal bars. Different heights at the
same latitude are caused by the different longitudinal
location of the measurements, and a time difference of
up to 2 h. In general the different measurements are in
good agreement.

The measurements show northerly flow with a hori-
zontal extension of about 80 km (Figs. 4 and 6). The
rawinsonde at Munich (~80 km north of the Alps) and
lidar profiles in this area were the northernmost wind
profiles, which clearly showed Alpine pumping. Farther
north some wind profiles also showed northerly wind
components, but the flow was no longer a cohesive
layer and it was very weak (<1 ms™!).

The layer with northerly flow was about 800 m in

depth at Munich, but did not extend through the whole
boundary layer. The depth increased gradually to the
south by 400 m to about 1200 m at the northern rim of
the Alps. The height of the boundary layer as repre-
sented by the elevated base of a temperature inversion
and the aerosol signal increased about 300 m over the
same distance. This rise is similar to the topography rise
from north to south. Farther to the south, above the
Alps, the aerosol boundary layer rose to 4200 m MSL,
which is about 1500 m above the highest peaks in this
part of the Alps. This was caused by stronger convec-
tion above the Alps and a net rise related to the stron-
ger heating of air in Alpine valleys than over plains
(section 1).

The wind speeds within the layer of Alpine pumping
were generally low (1-4 m s~ ') as shown in the west—
east cross sections (Fig. 7). The wind direction was vari-
able, especially on the southern cross section at the
northern rim of the Alps (Fig. 7c). Nevertheless, both
cross sections show a distinct mass flux toward the Alps
up to about 1900 m MSL. As described in previous
studies (e.g., Burger and Ekhart 1937), Alpine pumping
is not a closed circulation as the return flow is usually
masked by gradient winds. On 19 July 2002 the mea-
surements showed westerly to southwesterly winds
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FIG. 6. Vertical cross section from (left) north to (right) south.
The abscissa is the latitude (°N), and the ordinate is the height (m
MSL). A thick solid line shows the height of the terrain (ground
return of lidar measurements); one square and a thin solid line
show the height of the aerosol boundary layer (layer with strong
lidar signal) measured with a ground-based backscatter lidar at
Lichtenau (47.881°N, 11.225°E) and the airborne Doppler lidar
respectively; the height of the convective boundary layer (layer
with constant potential temperature) derived from a rawinsonde
at Munich and a dropsonde at 47.94°N and 12.21°E is shown with
two X’s. Horizontal bars show the upper boundary of northerly
flow (Alpine pumping) derived from Doppler lidar data, a wind-
temperature radar, two pilot balloons, one rawinsonde, and one
dropsonde. The measurements were taken between 1500 and 1700
UTC. The location of the measurements and the cross section

(CC’) is shown in Fig. 1.

above the boundary layer (2000-3000 m MSL; Fig. 7).
This weak southerly wind component indicates a return
flow. Wind speeds showed a distinct maximum in this
layer of west-southwesterly flow (Figs. 1 and 5), which
was not observed farther to the north. This wind maxi-
mum was also reproduced by numerical simulations
with MMS5 and LM. Based on these simulations (not
shown) it was interpreted as result of a convergence in
the north—south direction: The southerly return flow of
Alpine pumping meets with a west-northwesterly large-
scale flow in this area. This caused an acceleration in
the west—east direction.

Horizontal convergence is seen between the north-
erly and southerly cross sections in the Alpine foreland,
and the lidar measured a net rise on these cross sections
of 0.05-0.1 ms™' as discussed in detail in section 5.
Farther north the lidar measured a horizontal diver-
gence (not shown), and hence a net sinking is expected.
This is also indicated by the numerical simulations (not
shown). Two wind maxima were seen on the southern
cross section (Fig. 7d) at 10.4° and 11.7°E. However,
these wind maxima appear to be unrelated to the entry
regions of larger valleys such as the Walsertal (10.25°E),
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the Lechtal (10.8°E), the Loisachtal (11.2°E), the Isar-
tal (11.55°E), or the Inntal (12°~12.2°E).

As described in section 1, lidar data are continuous
measurements along the flight track, which are then
accumulated to wind profiles at 5-km intervals. With
these data it is possible to quantify the mass flux from
the plains to the Alps with vertical cross sections of
continuous measurements for the first time. The trans-
port of air through the northern cross section was
4.96 x 10% kg s~', and the transport through the south-
ern one was 3.92 X 108 kg s~'. The lengths were 223 and
212 km, respectively (Fig. 1). The mass flux was calcu-
lated up to a height of 1900 m MSL, where the upper
boundary of Alpine pumping was found (Fig. 7). Miss-
ing values close to the ground (blank spots in Fig. 7)
were extrapolated from wind measurements above.
The density was calculated using pressure, temperature,
and humidity from the five dropsondes.

The uncertainty of the observed mass flux was esti-
mated with the assumption that the extrapolated wind
components have a maximum bias of less than 50%,
and that the lidar measurements have a maximum bias
of 0.1 m s~ . This results in an uncertainty of +18%.

With the assumption that the time evolution of Al-
pine pumping at the wind-temperature radar at Licht-
enau (Fig. 5) is representative for the whole cross sec-
tion, this means that nearly the entire air layer in the
lowest kilometer of the atmosphere between Munich
(80 km north of the Alps) and the Alpine rim is trans-
ported to the Alps on a sunny day in summer.

4. Evaluation of numerical simulations

a. Temperature and humidity

Four numerical simulations were made to investigate
the ability of mesoscale models to reproduce the ther-
mally driven wind system of Alpine pumping: two simu-
lations used MMS5 (mesh size = 2 and 6 km) and two
used LM (mesh size = 2.8 and 7 km). All simulations
were able to reproduce the general temperature field
on 19 July 2002, and the mean temperature differences
between the simulations and the dropsonde measure-
ments were less than 0.8 K within the boundary layer
(Fig. 8).

The best agreement with dropsonde measurements
was seen in the LM 7-km run, which showed average
temperatures within the boundary layer 0.3 K lower
than the average of the five dropsondes. The tempera-
tures of the MM5 with 2-km mesh size and of the LM
with 2.8-km mesh size were 0.5 K too low. The largest
difference was seen in the MMS5 run with 6-km mesh
size, which was 0.8 K too cold within the boundary
layer. The temperature difference between simulations
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F1G. 7. West—east cross sections of (a), (¢) wind direction and
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(b), (d) wind speed. A solid black line shows the height of the

topography derived from the ground return of the lidar signal. The locations of the (a), (b) northern and (c), (d) southern cross sections
are shown in Fig. 1 with the lines AA’ and BB’, respectively. The lengths of the cross sections are 223 km (northern cross section) and
212 km (southern cross section). Two wind maxima on the southern cross section are marked with arrows.

and dropsondes was mainly caused by the two north-
ermost dropsondes, which were about 0.5-1 K too cold
in the models, while the three southern dropsondes
were simulated well by the models (not shown). The
humidity in the boundary layer was generally too high
in the simulations (Fig. 8): In the LM with 2.8-km mesh
size it was 10%-20% too high, and in the other simu-
lations 5%-10% too high. The difference of up to 20%
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between 1500 and 2000 m MSL was caused by the two
western dropsondes. The convective boundary layer
depths measured by these dropsondes was about 400 m
less than in the simulations (not shown). We assume
that the overestimation of humidity was mostly caused
by an improper representation of the stabilizing effect
of the Bodensee, a lake in the region where the two
western dropsondes were launched (Fig. 1).
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Fi1G. 8. (left) Mean profile of relative humidity averaged over five dropsondes and the corresponding
profiles from LM and MMS. (right) Mean profile of the temperature difference between dropsondes and
corresponding profiles from LM and MMS. The profiles from simulations were interpolated linearly to

the dropsonde positions in time and space.
























