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1. INTRODUCTION

The transition of the nocturnal stable boun-
dary layer to a convective boundary layer (CBL)
is not very well understood compared to other
topics like processes within the daytime CBL
(Wayne et al., 2001). A few experimental investi-
gations were already made. E.g. Lenschow et al.
(1979) found that during this transition the wind,
temperature, and humidity vary with the terrain.
But in general little is know about the flat convec-
tion in the early morning shallow boundary layer.
The present paper deals with the investigation
of flat convection during the morning transition
using data of the helicopter-borne turbulence
probe Helipod. The data of four flights on four
different days during a LITFASS-Experiment
(Lindenberg Inhomogeneous Terrain - Fluxes
between Atmosphere and Surface: a Long-Term
Study, Beyrich et al. 2002) in 2002 were analyzed
in different terms of scaling.

2. MEASUREMENT SYSTEMS

The Helipod (Fig. 1) is a unique measure-
ment system of about 5 m in length, 0.5 m in
diameter, and 250 kg in weight. It is an autono-
mously operating sensor package constructed

Fig. 1: The helicopter-borne turbulence probe Helipod
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to be carried by almost any helicopter on a
rope of 15 m length. At a typical ground speed
of 40 ms−1 (Fig. 2) the Helipod is outside the
downwash area of the rotor blades. It carries
its own navigation systems, power supply, data
storage, and fast responding sensor equipment.
The system was especially designed for in situ
measurements of the turbulent fluctuations of
wind, temperature, humidity, and the turbulent
fluxes (e.g., Bange et al., 2002; Bange and
Roth, 1999).
To achieve a high temporal resolution, the Heli-
pod measures each meteorological parameter
with at least two different types of instruments:
One that has a short response time, but the dis-
advantage of a temporal drift, is sampled at 100
Hz. The other type responds slowly but is very
accurate on a large time scale, and is sampled
at 20 Hz. To achieve a large frequency range,
the data sets are combined by complementary
filters. The results are 100 Hz time series of
the meteorological parameters, equivalent to
one measurement point every 40 cm. Due to its

15 m

Downwash Area

40 m/s

Fig. 2: The principle of the Helipod flight: At a true
airspeed of 40 ms−1 the system is out of the downwash
area.



small fuselage, and the absence of wings and
propulsion the influence of the Helipod on the
atmosphere is small compared to conventional
research aircrafts. Additionally the Helipod is no
subject to approval (FAA, JAA) and is in general
allowed to perform lower and slower flights than
an airplane.

3. EXPERIMENT AND FLIGHT PATTERN

The Helipod performed 40 hours of measure-
ment flights during the STINHO-2 (STructure of
the turbulent transport over INHOmogeneous
surfaces) experiment in 2002 which was embed-
ded into the framework of the LITFASS experi-
ments (Spieß et al., 2003; Spieß et al., 2004). In
this measurement campaign many other groups
were involved. Seven micro-meteorological
stations were installed on different surface types,
mostly on bare soil or grassland. Furthermore,
four laser scintillometers, a long-distance scin-
tillometer, a 99 m meteorological tower, a wind
profiler/RASS system (Engelbart and Bange,
2002), a SODAR, a differential absorption LIDAR
(DIAL) system (Bösenberg and Linné, 2002),
an acoustic tomography system (Raabe et al.,
2004), and other systems performed simulta-
neous measurements.
One of the goals of this sub-campaign was the
comparison of Helipod data with Large-Eddie
Simulations (LES) and the acoustic tomogra-
phy. On four days in the very early morning
flight measurements were performed during
the boundary-layer transition. The Helipod
performed a grid flight pattern called ’Small
Grid’ which consisted of 12 straight legs of 5
km length, 6 of them oriented in north-south
direction, the other 6 legs in west-east direction
(Fig. 3). The center of the flight pattern was the
99 m tower of the German Weather Service at
14o07’27” E and 52o10’01” N at a field elevation
of 73 m above mean sea level (msl). The flights
were performed at a constant low altitude.
Furthermore, vertical sounding were produced
using slant flights at several locations.

4. WEATHER CONDITIONS

The flights took place in the early morning
of the 5, 6, 8, and 9 July, 2002. On Friday 5
July the flight took place in good conditions after
the passage of a cold front associated with a
low-pressure system centered over Jutland.

Fig. 3: The Helipod flight pattern ’Small Grid’. The
color of the line is the measured surface temperature.

During the measurements between 5.00 and
6.45 UTC the sky was clear which were good
conditions for evolving flat convection. In the mor-
ning of the next day 3/8 high cirrus clouds were
observed during the flight. A new trough of low
pressure was approaching from the west which
caused more and more clouds during the day
and some rain in the evening. The 6 July was
the only one where the complete measurement
flight (5.00 - 6.45 UTC) was in stable or slightly
stable conditions which is shown in figure 4. Be-
cause of bad flight weather there was no flight
on Sunday, 7 July but the next day the measu-
rement area had high pressure influence and no
clouds so there were good conditions for data ac-
quisition which took place between 5.15 and 7.00
UTC. Figure 5 shows several vertical soundings
of this morning. The transition from the stable
nocturnal boundary layer to a convective boun-
dary layer with rising boundary layer hight is visi-
ble. On 9 July, 2002 the last day of the measure-
ments the high pressure influence was decrea-
sing. During the flight in the early morning only
1/8 cirrus clouds were observed. Figures 6 and
7 show the general weather situation on 6 and 8
July, 2002.
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Fig. 4: Vertical profiles of the potential temperature on
6 July, 2002. The lines were smoothed with a moving
average over 8 seconds.
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Fig. 5: Vertical profiles of the potential temperature on
8 July, 2002. The lines were smoothed with a moving
average over 8 seconds.

Fig. 6: General weather situation on 6 July, 2002

Fig. 7: General weather situation on 8 July, 2002

5. DATA SETS AND METHODS

The collected Helipod data of all four ’Small
Grid’ flights in the early morning was analyzed.
Within the frame of this paper the presentation of
the results is restricted to the flights on 6, 8, and
9 July, 2002. The measurements on 6 July were
in stable and slightly stable conditions and the
development of the 8 July (neutral stratification)
is comparable to 5 and 9 July.
During all flights the Helipod flew at a constant
flight level z of about 80 m above ground. The
rising CBL gave the opportunity to an unusual
vertical profiling of the atmospheric boundary
layer (ABL): Not the measurement platform
was moving vertically but the boundary layer
height zi. So each leg of the grid flight pattern
had a different value of z/zi. It is not known
to the author that vertical profiles in terms of
z/zi-scaling were performed in the same way
with an airborne measurement system before.
There had been lots of experiments with towers,
e.g. the 200 m tower at Cabauw, the Nether-
lands (e.g., Driedonks, 1982; Angevine et al.,
2001) but tower measurements mostly require
other systems to get data for altitudes higher
than the tower height. Mast measurements
always depend on the fetch so the advantage
of airborne measurements is the possibility to
cover a larger area. For the analysis of 6 July,
2002 the local scaling theory (Nieuwstadt, 1984)
was applied because of the stable stratification
conditions. Nieuwstadt introduced a so called
’local Obukhov length’ Λ

Λ = − τ3/2

κ(g/T)〈w′θ ′〉 . (1)

which is based on the Obukhov length. In (1)



τ = [〈w′u′〉2 + 〈w′v′〉2]1/2 is the momentum flux,
κ is the von Karman constant taken equal to
0.35 (Nieuwstadt, 1984), g/T is the buoyancy
parameter, and 〈w′θ ′〉 is the vertical sensible
heat flux divided by the air density ρ and the heat
capacity cp. The brackets identify the average
over an entire flight leg in this study.

6. RESULTS

Figure 8 shows the standard deviations of
the wind velocities non-dimensionalized with the
local momentum flux τ as a function of z/Λ. The
best fit curves of the standard deviations are
linear which is equal to Nieuwstadt (1984) and
Caughey, Wyngaard, and Kaimal (1979) who al-
so made a linear fit. For z ·Λ−1 < 1 the standard
deviation of the vertical wind component σw/τ1/2

is in the same order around 1.7. But in contrast
to the articles the standard deviations rise for
z ·Λ−1 > 1 which means that the locally scaled
standard deviations do not become z-less. This
result is comparable to Kroonenberg, Spieß, and
Bange (2004) but must be reviewed critically
considering the low number of available data
sets.
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Fig. 8: Local scaled, nondimensionalized standard de-
viations of the wind components on 6 July, 2002

Figure 9 shows the sensible heat flux as a
function of z/Λ. As expected the value of the
heat flux increased as z/Λ decreased.
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Fig. 9: Local scaled sensible heat flux on 6 July, 2002

Lenschow, Stankov, and Mahrt (1979) found lar-
ge spatial differences of the potential tempera-
ture, the humidity, and wind speed over slight ter-
rain inhomogeneities during the morning transiti-
on after the begin of surface heating. These dif-
ferences were found as well in the vertical soun-
dings of this study.
Within figure 4 the temporal evolution of the po-
tential temperature is visible. It is possible to
identify several different layers with different sta-
bilities in the sounding at 5.25 UTC and 5.58 UTC
which is also shown in figure 10. Figure 11 shows
the horizontal wind speed. The maximum of the
low-level jet (LLJ) at 180 m corresponds to the
step in the temperature profile shown in figure 10.
The transition from the stable nocturnal bounda-
ry layer to the residual layer can be observed in
both profiles at 300 m height.
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Fig. 10: Vertical profile of the potential temperature
on 6 July, 2002. The line was smoothed with a moving
average over 8 seconds.
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Fig. 11: Vertical profile of the horizontal wind speed
on 6 July, 2002. The line was smoothed with a moving
average over 8 seconds.

Figure 12 shows the profile of the wind speed of
a different vertical sounding. The black line is the
ascend of the profile, the red line is the descend.
Because there was no turn or change in the flight
direction between the ascend and descend the
profiles had hardly any temporal but only a spa-
tial separation of just a few kilometers. Although
the low level jet is visible in the ascend (black
line) it nearly disappeared in the descent (red
line). Furthermore the difference of about 3 ms−1

in the value of the wind speed near the ground
indicates the spatial variability caused by the in-
homogeneities of the surface.
These are interesting observations that will be in-
vestigated more detailed in the future.
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Vertical Profile of the Horizontal Wind Speed  
Helipod flight on "Small Grid", 6 July, 2002

Fig. 12: Vertical profile of the horizontal wind speed
at 6.35 UTC on 06. July, 2002. The line was smoothed
with a moving average over 8 seconds.

For the analysis of the other three days the z/zi
scaling (e.g., Deardorff, 1970) was applied. Du-
ring a complete flight the altitude of the legs ran-
ged between a normalized height of z/zi = 0.25
and z/zi � 1.0. For the present investigation all
legs with z/zi < 1.0 were included. One of the
results for the 8 July, 2002, which are in gene-
ral also transferable to the 5 and 9 July is shown
in figure 13. Each point corresponds to the ver-
tical sensible heat flux calculated from a single
leg. The best fit line is comparable to a typical
profile in a daytime convective boundary layer of
the sensible heat flux as it can be found in the li-
terature, modeled by numerical simulations (e.g.
LES) or found with measurements (e.g., Stull,
1988; Hechtel et al., 1990). This shows that the
flat convection during the morning transition be-
haves like the convection of an evolved daytime
CBL. The 15 legs of figure 13 with z/zi < 1.0 we-
re flown between 5.57 UTC and 7.00 UTC so all
the legs were inside the flat convection. The in-
terpolation of the sensible heat flux with the best
fit line led to a value of about 102 Wm−2 at the
ground. The corresponding time to this value is
around 6.28 UTC. The value of a long distance
scintillometer (LAS) with a path of several kilome-
ters and a 10 minute mean was 94 Wm−2 at 6.30
UTC. For the other two days the surface values
of the LAS and the interpolation of the Helipod
values led to good agreement as well. The LAS
was the most suitable measurement system for
the comparison with the Helipod because it also
measured over a mixture of surfaces (forest, bare
soil, grassland, wheat fields, corn fields, etc.).
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Fig. 13: z/zi-scaled sensible heat flux on 8 July, 2002.
The linear interpolation of the Helipod values to the
ground (z/zi < 0.7) fits to the LAS value. The curve
for z/zi > 0.7 is fitted by eye.

It seems to be appropriate to make a linear in-
terpolation of the single legs to the ground alt-
hough the conditions during the morning change
rapidly. It is assumed that this is just possible be-
cause the measurements were made before the
very rapid growth phase of the CBL. However the
effect of the instationarity of the atmosphere has
to be studied more detailed.
It is also remarkable that the Helipod and LAS
measurements were close to each other alt-
hough the error of the flux calculation is quite lar-
ge due to the short length of the legs. The statisti-
cal errors of the flight measurements were calcu-
lated according to ?) with improvements by Zittel,
Spieß, and Bange (2004). There was no informa-
tion about the statistical error of the LAS.
Again the vertical profiles of the 8 July, 2002 were
analyzed. Figures 14 - 17 show the vertical pro-
files of the potential temperature, the water va-
por mixing ratio, the wind speed, and the wind di-
rection. In general the atmosphere at 5.45 UTC
was stably stratified for altitudes higher than 150
m above ground. This is no contradiction to fi-
gure 13 because there it was later and the He-
lipod flew at a lower altitude so that the evolved
flat convection in neutral stratification had cros-
sed the flight level. The potential temperature had
two significant ramps at a height of about 290 m
and 380 m above ground measured with a ra-
dio altimeter. At the same height the humidity ex-
hibits huge changes so different layers can be
identified. This becomes more clearly with a look
at the wind profiles. A low level jet in the wind

speed is visible and the wind direction shows a
strong wind shear in the region between 290 m
and 380 m. This wind shear caused some turbu-
lence which can be identified in the fluctuations
of the potential temperature between 340 m and
380 m and must be intermittent turbulence due to
the stable stratification. Time series of the wind
compounds (not shown) reveal the intermittent
character of these turbulent events.
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Fig. 14: Vertical profile of the potential temperature
on 8 July, 2002.
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Fig. 15: Vertical profile of the water vapor mixing ra-
tio on 8 July, 2002.
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Fig. 16: Vertical profile of the horizontal wind speed
on 8 July, 2002. The line was smoothed with a moving
average over 8 seconds.
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Fig. 17: Vertical profile of the wind direction on 8 July,
2002. The line was smoothed with a moving average
over 8 seconds.

Another vertical sounding of the 8 July, 2002 is
shown in figures 18 and 19. This profile was
flown at about 07.00 UTC and shows two signi-
ficant ramps in the potential temperature and in
the moisture. Between 437 m and 440 m the po-
tential temperature rose and dropped again more
than 1 K which led to a gradient of Γ > 33 Kelvin
per 100 m. In the same region between 437 m
and 440 m the humidity changed more than 2.3
g/kg which led to more than 80 g/kg per 100 m
(see figures 20 and 21).
The temperature, humidity, and wind measure-
ment of the Helipod were independent from each
other. The sensors were located at different po-
sitions with different power supplies. Therefore, a
malfunction in the measurement equipment can

be excluded. The analysis is not yet completed
but the observed small scaled ramps and their
gradients are the largest ever measured with an
airborne system. Evidence of very thin layers
of (relative) cold and moist air has been repor-
ted before (e.g., Muschinski and Wode, 1998)
but the observed gradients on 8 July, 2002 were
much larger.
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Fig. 18: Vertical profile of the potential temperature at
07.00 UTC on 8 July, 2002.
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Fig. 19: Vertical profile of the mixing ratio at 07.00
UTC on 8 July, 2002.
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Fig. 20: Detailed look into the vertical profile of the
potential temperature at 07.00 UTC on 8 July, 2002.
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Fig. 21: Detailed look into the vertical profile of the
mixing ratio at 07.00 UTC on 8 July, 2002.

6. OUTLOOK

There are still lots of observations and data
sets that should be analyzed. E.g. the standard
deviations of the wind compounds of the three
unstable stratified days can be analyzed and
compared with other investigations (e.g., Man-
gesha et al., 2001).
The latent fluxes will be analyzed and should
be compared with other measurements such as
remote sensing systems.
More experiments are required for a better
data base. Numerical models have problems
simulating the transition of the stable boundary
layer to a convective boundary layer because
of the small scale of the involved processes.
Because many phenomenons are sub-scaled,
parameterizations are used. The experimental

study of the transition will help to find solutions
for the parameterizations, which can be used by
the sub-grid calculations of numerical models.
Especially for high resolved airborne measure-
ments in stable conditions the Helipod already
received a complete upgrade that will be finished
in autumn 2004. The main computer is being
replaced by a single board computer with com-
mercial industry components, temperature proof
to -30oC (PowerPC, MEN Company, Nürnberg,
Germany). A real-time operating system of the
Unix family, ’Real-Time Linux’, controls the com-
mercial input-/output modules. The modernized
Helipod has 32 differential A/D-channels, an
ARINC interface for the LITEF inertial navigation
system, three GPS receivers and antennas
for complete attitude alignment (Septentrion
Company), and a flash-storage. The choice of
industry hardware components saved money
and will make updates easier. The recording
rate will increase to 500 Hz with an anti-aliasing
low-pass filter at 100 Hz, and an oversampling
of at least 3 kHz for noise reduction. This will
increase the unmuted spatial resolution to 40
cm, which is in the order of the diameter of
the Helipod. This will be the highest spatial
resolution of an airborne system by now. Instead
of the former online data processing the data
is post processed for better complementary or
Kalman filtering especially of the navigation data.
Furthermore, new measurement equipment will
be integrated, such as CO2 sensors, ozone
sensors, infrared- and optical cameras, etc.
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Bösenberg, J. and H. Linné, 2002: Laser Re-
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