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1. INTRODUCTION

The determination of area-averaged vertical tur-
bulent fluxes of heat, humidity, and momentum
at surface level in the framework of a joint field
experiment is an useful task for several reasons.
E.g., the measured area-averaged fluxes act as
ground-truth data for remotely sensed data. This
ground-truth is also the base for the development
of averaging strategies of ground-based point
measurements in a heterogeneous terrain. Large
eddy simulations (LES) can be initialized or veri-
fied, as well as forecast models. The knowledge
achieved from the analysis of turbulent fluxes un-
der various terrain and synoptic conditions helps
to improve the numerical weather prediction as
well as the climate models.

Generally aircraft are very suitable instruments
to measure area-averaged turbulent fluxes. For
the determination of the mean surface heat flux
in a convective boundary layer (CBL), the usu-
al method is to fly square-shaped flight patterns
at at least three different altitudes within the CBL
(3D pattern or 3D-box flights, see Fig. 1). At each
flight level z; the area-averaged flux (in this ex-
ample the vertical flux of sensible heat) is deter-
mined by
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where p is the air density and ¢, the specific he-
at capacity of air. The turbulent fluctuations w’
and 6’ of the vertical wind and the potential tem-
perature, respectively, are averaged ({...)) only
over straight flight sections (legs). Applying the
box flight pattern, the number of legs n = 4. As-
suming a linear heat flux profile in the CBL the
area-averaged fluxes are then extrapolated to the
ground.

The drawbacks of this method are obvious: First,
flights at minimum three different altitudes are
necessary, which consumes time and money.
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Fig. 1: 3D flight pattern

Second, for the time of flights stationarity or at
least a linear temporal development of the CBL
must be assumed. And third, a linear flux profi-
le through the entire atmospheric boundary layer
(ABL) must be assumed, which is not problema-
tic for the heat fluxes in a CBL, but unlikely for
momentum and latent heat near the surface and
for other types of thermal stratification.

Grunwald et al. 1998 introduced the low-level
flight method (LLF) to determine the surface flu-
xes from flights at only one low altitude by solving
the budget equation. For the turbulent sensible
heat flux H, this is:
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where i and v are the mean horizontal wind ve-
locities, and 6 is the mean potential temperature.

The LLF strategy consumes less flight time and
has therefore big advantages compared to the
3D method. Of course assumptions for the ver-
tical profiles of the fluxes between the surface
and the flight level have to be made further on.
And the LLF method requires additional measu-
rements with e.g. ground-based systems to re-
ceive the horizontal gradients and the temporal
development of temperature, humidity, and wind.
Therefore with the LLF method an airborne sy-
stem can not be used autonomously but depends
on supporting systems.



Fig. 2: The helicopter-borne turbulence measurement
system Helipod is an autonomously operating sensor
system, attached to a 15 m rope. It operates at 40 ms ™!
air speed and measures wind vector, temperature, and
humidity at a rate of 100 Hz.

2. THE INVERSE METHOD

To obtain a stand-alone procedure the low-level
flights were combined with the inverse theory
(e.g., Tarantola 1987) to calculate the missing
parameters in the budget equations. The inver-
se modeling technique uses a measured data
set d,, of an atmospheric quantity and an assu-
med model relationship G that describes physical
processes of the quantity to reproduce the mea-
sured data as a set of parameters i (Wolff and
Bange 2000). In other words the technique uses
appropriate model assumptions that are based
on theoretical assumptions to fit measured data.
For the energy budget (2) we assumed a linear
relationship (linear operator G) between the mo-
del parameters m and the measurements dops:
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In this equation, X, y, and 7 are Cartesian coordi-
nates and 7 is the time.

For the turbulent sensible heat flux H, the data
d,ps(x,y,2) represent the measured potential tem-
perature 6. To reproduce the potential tempera-
ture, the inverse model was initialized with a rea-
listic range of values of the mean potential tem-
perature gradient and the mean temporal deve-

lopment of 6. These values had to be estimated

from the synoptic situation. Then the measure-
ment errors (the statistical uncertainties of the
sensors and the probing strategy) were taken in-
to account.

The output 7 of the inverse model then provi-
ded the gradient and the temporal development
of the mean potential temperature. The vertical
gradient of the heat flux was then calculated by
inserting the parameters 7 from the inverse mo-
del output into the budget equation (2). Finally
the surface heat flux was calculated by integrati-
on (2) assuming a linear profile of H:
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with flight level z;.

Thus the combination of low-level flights with an
inverse model (LLF+IM) allows the determinati-
on of the area-averaged turbulent surface fluxes
from square-shaped flight patterns at only one
low altitude (e.g. at zy 100 m or less) without any
supporting data from other systems.

In the following the area-averaged sensible sur-
face heat fluxes calculated with the LLF+IM me-
thod were compared to those obtained from 3D-
box flights during the LITFASS-98 experiment,
from ground-based measurements, and from si-
mulated flight measurements in a LES.

Fig. 3: The research aircraft Do 128 recently received
new equipment. The aircraft operates at an air speed
of 60 m/s and samples data at 100 Hz.

3. SIMULATED FLIGHT MEASUREMENTS

Simulated flight measurements over homoge-
neous and heterogeneous terrain in a LES
(Schroter et al. 2000) were consulted to verify the
LLF+IM method. Area- and time-averaged turbu-
lent fluxes were derived directly from the LES



model. These 'true’ data were then used to quan-
tify statistical and systematic errors of the inver-
se method. In the following example data from a
LES over a heterogeneous surface are presen-
ted.
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Fig. 4: Box with 4 Legs

The analysis started with the calculation of the
area- and time-averaged turbulent fluxes at eve-
ry grid level of the LES. The results are drawn
as colored curves in Fig. 5. Within the LES mo-
del virtual measurement flights at five altitudes
within the artificial CBL were performed using a
square-shaped pattern (3D box, see Fig. 4. Each
square was flown nine times, to meet the ave-
rage time of the LES. For each square the ver-
tical turbulent heat flux H was calculated using
(1) with n =4 x 9, as well as its statistical error
(Lenschow et al. 1994; Bange et al. 2002). The
results are depicted as black error bars in Fig. 5.
For each flight altitude the vertical gradient of the
flux H was calculated using the LLF+IM method
and plotted into Fig. 5 as black dashed lines. The
diagram shows clearly that there were no syste-
matic differences between LES 'true’ fluxes and
‘airborne measured’ fluxes. The error bars of the
latter were quite large, but the method to calcula-
te these errors was not optimum at the time of the
data analysis and will be improved soon. The ex-
trapolation of the airborne measurements to the
ground using LLF+IM meets the LES surface he-
at flux. The accuracy of the LLF+IM increases
with decreasing flight altitude as expected. For
the lowest flight at 100 m, the difference between
‘true’ and estimated surface flux was less then 2
Wm~2. This shows that the LLF+IM is a reliable
method.

Comprising the parameters of the LES and the
virtual flights:
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Fig. 5: Comparison of the area-averaged turbulent flu-
xes calculated from virtual flights (black error bars)
with the ’true’ data from LES. The area- and time-
averaged LES fluxes are depicted by colored curves
(with 1 hour time offset each) as follows: solid lines:
the total sensible heat; long dashed lines: the sensi-
ble heat flux resolved by the LES; short dashed lines:
the sub-scale sensible heat flux parameterized by the
LES. The extrapolation of the flight measurements to
the ground using the LLF+IM mehtod is depicted by
black dashed lines for each flight altitude.

e LES area: 12 km x 12 km, heterogeneous
e Horizontal grid spacing: 40 m

o Vertical grid spacing: 20 m

e Maximum model height: 1200 m

e CBL height z; =950 m

o Stratification: slightly instable

e Sensible surface heat flux 151 W/m?

e LES contained humidity (without conden-
sation)

¢ Flights began after 90 minutes simulated ti-
me

e Flight pattern: horizontal square-shaped
patterns at 5 altitudes, repeated 9 times

e 800 measurements points per square in 40
m distance

e Leg length: 8 km
e Air speed: 40 ms™!
e Flight levels at 100, 200, 300, 400, 500 m
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Fig. 6: Sensible heat fluxes measured in LITFASS-98.
Do 128 and Helipod measurements are represented by
triangels and circles, respectively. The interpolations
of the 3D-box flight patterns are depicted as black thin
lines. The extrapolation using the LLF+IM method is
displayed by thicker blue lines (dashed: Do 128; so-
lid: Helipod measurements, respectively).

4. LITFASS-98 MEASUREMENTS

During the LITFASS-98 experiment (Beyrich
et al. 2002) airborne measurements using the
helicopter-borne turbulence probe Helipod (Fig.
2; Bange and Roth 1999) and the research air-
craft Do 128 (Fig. 3; Hankers 1989; Corsmeier
et al. 2001) were performed to determine area-
averaged vertical turbulent fluxes. Both systems
are owned by the University of Braunschweig and
equipped with sophisticated sensors to measu-
re turbulent fluctuations and fluxes very precise-
ly. The experimental site near the meteorological
observatory at Lindenberg / Germany was cha-
racterized by its strong heterogeneity.

For the Helipod a square-shaped relatively small
flight pattern of 10 km x 10 km was chosen, while
the Do 128 flew on a 15 km x 15 km pattern. This
geometry was chosen to meet the ratio of air-
speed (Helipod: 40 ms~!, Do 128: 60 ms~!) and
to achieve simultaneous flights at three altitudes
above the heterogeneous site (Fig. 1). The lo-
west flight level was at 140 m altitude for the He-
lipod and at 245 m for the Do 128. The other two
common levels were located at 490 m and 760
m. During the flights the boundary layer height
was between z; = 600 and 800 m. The flights,

a comparison with ground-based stations, wind-
profiler/RASS, tower, and scintillometer measu-
rements, and a demonstration of the reliable re-
sults are given by Bange et al. (2002) and Engel-
bart and Bange (2002).

The Fig. 6 shows a collection of all involved in-
struments for the afternoon of 18 June, 1998.
The interpolation of the 3D-box pattern led to
different vertical gradients of the vertical turbu-
lent heat flux, and therefore to different extrapo-
lated surface heat fluxes. While the differences
between the two airborne systems were not that
large compared to the statistical errors of the
ground-based systems, the analysis of the lo-
west flights of the Helipod and the Do 128 yield
even better results: With the LLF+IM method ve-
ry similar vertical gradients of the heat flux were
calculated for both airborne systems. With on-
ly a small discrepancy of less than 10 Wm—2
to each other, the extrapolated lines calculated
with LLF+IM matched the ground-based micro-
meteorological stations and the scintillometer, as
well as the upper tower measurements.
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Fig. 7: Sensible surface heat fluxes measured with the
Helipod (filled circles) and a 99 m tower (blue trian-
gle) during the LIDAR-Autumn-Campaign. The black
lines depicts the linear interpolation of the results
from the 3D-box flight. The short red line displays the
results yielded from the application of the LLF+IM
method to only the lowest flight level.

When using the 3D-box method the calculations
of the surface fluxes are dependent on the deve-
lopment of the ABL height z; since atmospheric
quantities scale with it (Deardorff scaling). Since



the determination of z; is usually not very accura-
te, this adds an uncertainty to the calculation of
the surface fluxes. The low-level method has the
advantage of not requiring the knowledge of the
boundary-layer height. A more detailed analysis
of the fluxes and the methods is given by Zittel
et al. (2002) and Zittel et al. (2003).

5. LIDAR-AUTUMN-CAMPAIGN 2002

The LIDAR-Autumn-Campaign in 2002 was car-
ried out at the same site as the LITFASS-98 ex-
periment. The goal of this short experiment, who-
se analysis and evaluation is on the way, was the
comparison of vertical latent heat fluxes measu-
red by a DIAL (a differential absorption LIDAR)
and the Helipod. The data shown here were de-
rived from a 3D-box flight pattern performed in
a CBL. Since the DIAL was not able to measu-
re the sensible heat flux and the humidity fluxes
were not yet analyzed by the time of writing, the
Helipod measurements were compared with the
99 m tower of the Lindenberg site (Fig. 7). Again
there is a clear discrepancy between the vertical
gradient of the flux calculated by linear interpo-
lation of the 3D-box results and the LLF+IM me-
thod. But since the lowest flight was close to the
surface, the extrapolated surface fluxes differed
less than 10 Wm~2 to each other. The mast mea-
surement was within the error bar of the Helipod
measurement at about 100 m altitude.

Fig. 8: Grid flight pattern during the Tharandt experi-
ment. This pattern was flown when the convective BL
was already established. The difference of wood and
grass land is clearly visible by surface temperature
(colors) measured by the Do 128 aircraft.

6. THARANDT 2001 EXPERIMENT

During the Tharandt experiment in the framework
of the STINHO-1 campaign, no 3D-box pattern
but a low-level grid pattern (Fig. 8) was flown with
the Do 128 research aircraft. The site consisted
mainly of a large forest surrounded by grassland
and agriculture. The difference in surface tempe-
rature was clearly visible in the infra-red measu-
rements performed by the Do 128. Due to its lar-
ger surface roughness it was expected that the
forest developed larger sensible heat flux than
the surrounding grass, even though the surface
temperature of the latter was significantly higher.

To prove this thesis the LLF-IM method was app-
lied to the airborne measurements at about 150
m above the ground (Fig. 9). Although the heat
fluxes measured at the flight altitude differed on-
ly by a few Wm~=2 from each other, at the surface
the flux above the forest was about 10 Wm~2 lar-
ger than above the surrounding grassland. This
was due to the clearly larger vertical flux gradi-
ent, that belonged to the forest. At about 350 m
above the ground the extrapolated flux profiles of
grassland and wood were united. Whether this is
a kind of a turbulent flux blending height will be
subject to further research.
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Fig. 9: Vertical turbulent heat fluxes above wood and
grassland were determined during the Tharandt 2001
experiment with the Do 128 aircrafft.



7. OUTLOOK

There is still a lot of data to analyze: During the
LITFASS field experiments in 1997, 1998, 2002,
and 2003 the Helipod performed low-level flights
above heterogeneous terrain that consisted of fo-
rest, grassland, agriculture, and lakes. Various
flight patterns were used at different times of the
day and under different synoptic circumstances.
Among others, one flight pattern will enable the
analysis of turbulent fluxes above the individual
surface types as in the Tharandt experiment.

The inverse method approach will be extended
and improved on further airborne measurements.
The next aim is to determine more precise crite-
ria to judge the quality of the calculations, and to
apply the method to latent heat and momentum
fluxes. The latter includes the difficulties of an ob-
viously not linear profile near the surface and the
need of a non-linear inverse model.

The obvious systematic difference in the verti-
cal flux gradients, that is possibly caused by the
boundary-layer scaling, will be another topic of
future analysis.
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